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Abstract

Awareness of the adverse effects of exposure to pollutant mixtures, possibly much more severe than individual chemicals, has
drawn attention towards the necessity of using multi-residue methods to obtain the most possible comprehensive information
on exposome. Among the different biological matrices used for exposure assessment, hair enables to detect the largest number
of chemicals, including many classes such as persistent pollutants, hydrophilic metabolites and metals. Most biomonitoring
studies are however focused on a limited number of pollutants and only give a partial information on exposure. Combining
several multi-residue methods, the present study aimed at assessing the exposure of a population to an extensive variety
of chemicals by hair analysis. One hair sample was collected from each participant (55 children and 134 adults). Samples
were analysed with three different multi-residue methods, targeting, respectively, 152 organic pollutants (pesticides, PCBs,
bisphenols, PBDEs), 62 polycyclic aromatic hydrocarbons (PAHs) and metabolites, nicotine and cotinine and 36 metals.
From 33 to 70 organic chemicals were detected in each child’s hair sample, and from 34 up to 74 in adults. From 7 to 26 PAH
were detected per child, and 7 to 21 in adults. Twenty-three to 27 metals were detected per child and 21 to 28 per adult. The
highest median concentration were observed for zinc (143 pg /mg in children; 164 pg /mg in adults), bisphenol A (95.9 pg/
mg in children; 64.7 pg/mg in adults) and nicotine (66.4 pg/mg in children; 51.9 pg/mg in adults). The present study provides
the most comprehensive exposure assessment ever and highlights the simultaneous exposure to multiple classes of pollutants
in the general population. The results support the use of multi-residue methods for future studies on exposure-associated
effects, to document exposome and better consider the effect of chemical mixtures.
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Introduction

The concept of exposome, defined by Wild (2012) as “every
exposure to which an individual is subjected from concep-
tion to death”, has been developed on the ground that human
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was simultaneously exposed to several stressors that could
all influence health, acting individually or in combination.
Exposure to chemical pollutants is considered an important
part of exposome, and a great deal of scientific studies asso-
ciated various pollutants with different health issues (Global
Alliance on Health and Pollution 2019, World Health Organ-
ization 2020). Indeed, for the year 2018, pollution was con-
sidered responsible for 9 million deaths worldwide, which
corresponds to 16% of the total global deaths, and to 21% of
all deaths from cardiovascular disease, 26% of deaths due to
ischaemic heart disease, 23% of deaths due to stroke, 51%
of deaths due to chronic obstructive pulmonary disease, and
43% of deaths due to lung cancer” (Landrigan et al. 2018).
Anthropogenic activities are usually considered the main
contributors to chemical exposome, with at the forefront
industrial activities, transports and agriculture, which are
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responsible for the contamination of human surroundings,
water and food, with various chemicals such as metals, per-
sistent organic pollutants, pesticides, flame retardants and
polycyclic aromatic hydrocarbons (PAH) among others. As
a consequence of this global contamination, the simultane-
ous exposure to a multitude of chemicals has become almost
unavoidable for the general population, and made even more
complex the understanding of exposure-induced adverse
effects on health. Indeed, an increasing number of studies
demonstrated that multiple chemical exposure can lead to
different or stronger effects than exposure to each chemi-
cal separately, and point out the need of novel approaches
allowing more comprehensive exposure assessment (Carlin
et al. 2013; Kortenkamp 2014; Silva et al. 2002; Sarigiannis
and Hansen 2012; Kostoff et al. 2018; Docea et al. 2019;
Tsatsakis et al. 2017).

Nevertheless, most biomonitoring studies only targeted
a few number of chemicals and therefore only provided
partial information on exposome (Carlin et al. 2013; Braun
et al. 2016). Indeed, the simultaneous assessment of expo-
sure to chemicals from different classes remains a signifi-
cant challenge (Hernandez et al. 2017). On the one hand,
several different pre-analytical preparations and analyti-
cal techniques may be needed to face the various phys-
icochemical specificities of the different compounds. On
the other hand, assessing exposure to different chemical
classes of pollutants usually require the analysis of differ-
ent types of specimens (Haines et al. 2017; Vorkamp et al.
2021). As an example, persistent organic pollutants such
as organochlorine pesticides and PCBs are usually ana-
lysed in plasma with gas chromatography-based method,
whereas hydrophilic pesticides, metabolites and phenols
are analysed in urine, preferably with liquid chromatog-
raphy. Concerning metals, for which ICP-MS is the most
common technique used nowadays, both urine and blood
can often be used, although specific information such as
speciation can lead to privilege one matrix or the other.
In parallel to fluids, other matrices have gained attention
for the analysis of chemical pollutants, and hair in par-
ticular appears an interesting candidate to conduct multi-
residue analysis. The first studies presenting the detection
of metals in hair actually date back to the 50’s to 70’s and
have been followed by a plethora of articles confirming
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the relevance of metal concentration in hair as a proxy of
body content in various contexts such as environmental
contamination, occupational exposure, or even to assess
micronutrient status (Appenzeller 2015; Li et al. 2011;
Protano et al. 2020; Rodrigues et al. 2008; Shah et al.
2011). Concerning organic pollutants, although the first
studies only focused on persistent chemicals such as diox-
ins, PCBs and organochlorine pesticides, hair analysis was
further along extended to many other groups of pollutants
(Appenzeller and Tsatsakis 2012). Indeed, the most recent
studies in the field demonstrated the possibility to detect in
hair, pesticides from more than 20 different chemical fami-
lies (and including hydrophilic compounds and metabo-
lites) (Peng et al. 2020a; Beranger et al. 2018), bisphenols,
phthalate and plasticizer metabolites (Peng et al. 2020b;
Fays et al. 2021), as well as PAHs and their metabolites
(Palazzi et al. 2019, 2018). These studies were conducted
on quite significant numbers of subjects and provided the
first illustrations of differences in exposome between dif-
ferent populations. Nevertheless, although targeting sig-
nificant numbers of chemicals, each of these studies was
focused on specific groups of pollutants and therefore only
provided partial information on the chemicals exposome of
the populations under study. Moreover, all were conducted
on specific age subgroups (either on adults or on children),
which did not allow to investigate different exposome pat-
tern between children and adults from the same area.

The present study was conducted with the aim of obtain-
ing the most comprehensive information possible on the
human chemical exposome with biomonitoring approaches.
For this purpose, we combined the most up-to-date method-
ologies developed and validated by our team for the analysis
of chemical pollutants in hair. This approach, allowing the
analysis of 225 organic chemicals (pollutants and pollutant
metabolites from various chemical families) and 36 metals,
represents the highest number of biomarkers of exposure
simultaneously targeted in hair samples. The methodology
was applied to hair samples were collected from 55 children
and 134 adults, all living in the same city located in the
North region of France. The results were used to explore
the local specificities in the chemical exposome compared
to other regions, and allowed investigating for the first time
the differences in exposure between children and adults liv-
ing in the same place.
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Material and Methods
Study Area and Description of the Population

A total of 189 volunteers, all inhabitants of Grande-Synthe
city, including 134 adults and 55 children took part in the
present study. The age of the adults ranged from 18 years
old to 85 years old. Children age ranged from 1 year old to
16 years old. All the participants were duly informed about
the study protocol and objectives and provided an informed
consent. The area of Grande-Synthe is an urban region of
approximately 21 Km? and 23,634 inhabitants in 2015. This
city is located at the north coast of the France, at 51°00'50"N
2°18'10"E specifically. It belongs to the region of Nord-Pas-
de-Calais, district of Dunkerque, which is one of the most
urbanized regions of France.

Sampling

Participant inclusion and hair sample collection was con-
ducted on the second semester of 2017. Hair was collected
by cutting a lock at the vertex region of the scalp where the
hair growing is more homogeneous (Kintz et al. 2015). Then
the lock was placed in an aluminium foil, labelled and sent
for analysis. A maximum of 9 cm length, starting from the
skin, were used for the chemical analysis. This length was
determined based on previous study, where there was not
found significant differences in the concentration of chemi-
cals detected in hair segments until 9 cm (Beranger et al.
2018).

Chemical Analysis

The selection of the pollutants targeted here was based on
studies previously published (Beranger et al. 2020, 2018;
Iglesias-Gonzélez et al. 2020; Peng et al. 2020a; Palazzi
et al. 2019, 2018). Overall, about 180 pesticides and/or
metabolites were selected a priori, based on: (1) sales data
(in tons, for the south-western and north-eastern regions),
provided by pesticide suppliers, as required since 2008
(Agriculture 2012); (2) priority pesticides in terms of food
safety, based on the probability of exceeding the acceptable

daily intake in the general French population (Nougadere
et al. 2014); (3) data on domestic uses or indoor environment
contamination (air, dust) in France, indexed in a summary by
the national observatory of pesticide residues (ORP 2010),
completed by an expert assessment based on more recent
data; (4) the international expert assessment conducted in
2010 to guide the French biomonitoring strategy (Fillol et al.
2014). The list of polycyclic aromatic hydrocarbons (PAHs)
analysed in the hair samples was based on the US-EPA pri-
ority list and on previous biomonitoring studies based on
hair analysis (Palazzi et al. 2019, 2018). The selection of
metals was based on technical feasibility.

Three groups of chemicals were defined according to the
analytical methods used. Group 1: pesticides, PBDEs, PCBs
and bisphenols. Group 2: PAHs, OH-PAHSs, nicotine and
cotinine. Group 3: metals. Since all the samples collected
during this study did not present a sufficient amount to apply
the three methods, priority was given as following: group 1,
group 2 and group 3. For the analysis of pesticides, PCBs,
PBDE:s and bisphenols 157 samples were suitable, 40 from
children and 117 from adults. Ninety-seven samples were
used for the analysis of PAHs, OH-PAHS, nicotine and coti-
nine, 33 from children and 64 from adults. For metal analysis
52 samples were suitable, 21 from children and 31 from
adults. Thirteen samples (8 from children and 5 from adults)
did not present sufficient amount for any analysis and were
therefore excluded from the study.

Decontamination and Extraction

Hair samples were washed with three successive baths of
(1) SDS (Sodium dodecyl sulphate from Sigma-Aldrich
— ReagentPlus*L4509), (2) ultrapure water (Millipore-
AFS-8 system) and (3) methanol (Biosolve-Analytical
grade) under agitation, following the validated protocol
described in Duca et al. (2014). Then, samples were put in a
tissue, gently dabbed, and placed under soft air flow to dry.

(1) Pesticides, PCBs, PBDEs and bisphenols: Once the
samples were dried, they were placed in a stainless
grind jar for pulverization using a ball mill Retsch
MM200 at 25 Hz. 50 mg of hair powder per sample
were placed in a 4 ml screw neck glass vials (La-Pha-
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Pack) with 10 pl of internal standard solution (stable
isotope labelled analogues (Hardy et al., 2015) and 1 ml
of a mixture of acetonitrile:water at 80:20 (v/v) (Bio-
solve-ULC/MS grade) and placed under agitation at
37 °C, 350 spm during 12 h in a New Brunswick-G25
incubator shaker. The standards were purchased from
Dr. Ehrenstorfer, Sigma-Aldrich, Toronto Research
Chemicals (Toronto, ON, Canada), Cambridge Isotope
laboratories (Tewksbury, MA, USA) and US Biological
(Swampscott, MA, USA).

(2) Polycyclic aromatic hydrocarbons, nicotine and coti-
nine: After drying, a hydrolysis with 1 ml of 1 M
NaOH solution and 20pL of internal standard solution
at 40 °C overnight was done.

(3) Metals: After pulverization, between 20 and 50 mg
were placed in a 4 ml screw neck glass vials (La-Pha-
Pack) and sent to the Laboratoire National de Santé
(L-3555 Dudelange, Luxembourg) for analysis.

Chemical Analysis: Pesticides, PCBs, PBDEs and Bisphenols
(Group 1)

The methodology followed was validated and fully described
in Hardy et al. (2015) and Beranger et al. (2018), and used
in previous publications (Beranger et al. 2018; Iglesias-
Gonzélez et al. 2020; Peng et al. 2020b, 2020a; Hardy et al.
2021).

The day after extraction samples were centrifuged in a
Sigma 4—-16 KS during 10 min at 2800 g. The supernatant
was split to perform three different type of analysis.

(1) Pesticides and non-persistent organic pollutants ana-
lysed with LC-MS/MS: 200 ul were used for LC-MS/
MS (liquid chromatography coupled with tandem mass
spectrometry) analysis. For that, extracts were evapo-
rated at 37 °C under soft nitrogen stream flow until dry-
ness, reconstituted in 50 pl of acetonitrile:ammonium
acetate buffer pH6 (10 mM) 75:25 (v/v) mixture and
centrifuged at 18,000 X g. for 7 min (Centrifuge Sigma
1-16 K). Supernatants were recovered and placed in
an injection vial (screw neck vials 2 ml, La-Pha-Pack)
with micro-insert of 200 ul (La-Pha-Pack) for injection
on a LC-MS/MS equipment (Waters).

(2) Pesticides and persistent organic pollutants analysed
with GC-MS/MS by SPME: 300 pl were placed in a
10 ml screw neck glass vial with metal caps (Supelco®)
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with 7.6 ml of phosphate buffer at pH7 (1 M) to per-
form solid-phase micro-extraction (SPME), applied for
parent pesticides and other persistent pollutants. The
analysis was done on a GC-MS/MS (gas chromato-
graph equipped with a triple quadrupole mass spec-
trometer from Agilent Technologies 7000A model).

(3) Pesticides and persistent organic pollutants analysed
with GC-MS/MS by liquid injection: 300 ul were used
for the analysis of metabolite compounds and some per-
sistent pollutants. The extract was evaporated at 37 °C
under soft nitrogen stream flow, followed by adding
30 mg of potassium carbonate (K,CO; from Merck-
ACS, ISO analyse 104,928), 1 ml of acetonitrile (Bio-
solve-ULC/MS grade) and 100 ml of a mix of acetoni-
trile (Biosolve-ULC/MS grade) and PFBBr (2, 3, 4, 5,
6-pentafluorobenzyl bromide, Sigma-Aldrich-101052)
at 75:25 (v/v). The mixture was heated at 80 °C during
30 min in a heating chamber (Binder-FD53). The liquid
phase was placed in a 6 ml evaporation tube (Corning-
PYREX®) for evaporation to dryness. The extract was
reconstituted in 200 pl of ethyl acetate (Biosolve-AR),
transferred to a micro-insert and to safe-lock tubes of
1.5 ml (Eppendorf) and centrifuged at 18,000 X g. for
7 min (Centrifuge Sigma 1-16 K). The supernatant was
placed in an injection vial (screw neck vials 2 ml, La-
Pha-Pack) with micro-insert of 200 ul (La-Pha-Pack)
and put under evaporation. Extract were reconstituted
in 20 pl of ethyl acetate (Biosolve-AR) and injected in
a GC-MS/MS.

The GC-MS/MS equipment was constituted by a Gas
chromatograph equipped with a capillary column, a split/
split-less injector, a NCI source, an oven (Agilent Technolo-
gies-7890), an autosampler (Agilent Technologies-CTC Pal)
and a shaker-incubator; and by a triple quadrupole mass
spectrometer (Agilent Technologies 7000A) and a computer
(HP Workstation XW4600, Windows Vista Business).

The LC-MS/MS equipment was constituted by liquid
chromatograph (Atlantis, Waters), a pre-column with 2 um
filter (Waters), a 2.1 X 150 mm column (Acquity UPLC®
HSS T3 1.8 um; Waters), a sample manager, a quaternary
solvent pump equipped with acetonitrile (Biosolve-ULC/MS
grade) and ammonium acetate buffer at pH6 10 mM, work-
ing in a gradient mode. The injection volume was 10 ul;
and by a triple quadrupole mass spectrometer Xevo TQS
(Waters) and a HP computer with MassLynx software.
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Chemical Analysis: Polycyclic Aromatic Hydrocarbons,
Nicotine and Cotinine (Group 2)

The methodology was already described in previous publica-
tions (Palazzi et al. 2018, 2019; Grova et al. 2013).

PAHs and PAH metabolites: The day after the overnight
hydrolysis, extracts were neutralized with a hydrochloric
acid solution at 2 M and 1 ml of acetate buffer (0.2 M, pH
1). A liquid/liquid extraction (LLE) was performed with
ethyl acetate and cyclohexane 50/50 (v/v) (Biosolve-diox-
ins). The organic layer which contained PAHs and PAHs
metabolites part was taken for a partial evaporation using
a soft nitrogen steam flow at 37 °C with also an addition
of n-heptane (Promochem, picograde) and then, reconsti-
tuted in 1 ml cyclohexane (Biosolve-dioxins). The aqueous
layer was kept for nicotine and cotinine extraction (details
described in the section below). A solid-phase extraction
was performed as a purification step on Envi-Chrom P car-
tridges (Superlclean®, Sigma-aldrich), elution was done
with 2 ml of cyclohexane/ethyl acetate 50/50 (v/v) (Bio-
solve-dioxins). Extracts were partially evaporated (in the
same conditions as mentioned before) with an addition of
400 pl of water (Biosolve-ULC/MS grade). Then, a second
LLE with methanol and cyclohexane (Biosolve-dioxins)
was realized to separate PAHs from the metabolites. The
aqueous phase with PAHs metabolites was evaporated until
dryness followed by a derivatization step using S50pL MtB-
STFA (Sigma-aldrich) during 1 h at 60 °C. The final extract
was then injected on the GC-MS/MS (Agilent Technologies
7000A model). The organic phase which contained PAHs
went under saponification reaction with potassium hydroxide
7% during 1 h at 90 °C. A final LLE was done with ethyl
acetate and cyclohexane 50/50 (v/v) (Biosolve-dioxins) and
water (Biosolve-ULC/MS grade). The final extracts was con-
centrated until 50pL with an evaporation step prior to the
GC-MS/MS injection.

The GC-MS/MS equipment was equivalent to the previ-
ous sections except for the ionization source which was an
electrical impact one.

Nicotine and cotinine: A carbonate buffer (2 M, pH 10)
was added to the aqueous layer which contained nicotine and
cotinine in order to reach pH 10. A double LLE with 2 ml
of ethyl acetate was done. The organic layer was evaporated
to dryness (in the same conditions as mentioned before) and
reconstituted with 250pL of acetonitrile/ammonium acetate

buffer 10 mM pH6 25:75 (v/v) which was placed on the
LC-MS/MS equipment (Waters).

The LC-MS/MS equipment was equivalent to the
previous sections except for the column which was a
2.1 x 100 mm column (Acquity UPLC® HSS T3 1.8 pm;
Waters).

Chemical Analysis: Metals (Group 3)

Metal concentrations were determined using ICP/MS
(inductively coupled plasma mass spectrometry). The EN
13,805:2014 (CEN 2019) method was adapted for metal
determination. To 20—-40 mg of hair powder was placed in
a polytetrafluoroethylene (PTFE) vessel with 4 mL of nitric
acid (HNO;) (65%), 1 mL of hydrogen peroxide (H,0,)
(31%) and 1 mL of water (H,0). The mixture was left to
react for 5 min at room temperature and then heated over
30 min gradient to 180 °C by a Mars5 Xpress microwave
(CEM Cooperation). This temperature was maintained over
other 30 min. 1 mL of the solution obtained was diluted
with 9 mL of internal standard (10 ppb of terbium (Tb),
yttrium (Y) and scandium (Sc) in 5% HNO;). Metal analyses
were carried out in duplicate on an Agilent 7700 X ICP-MS
(Agilent Technologies, Waldbronn, Germany) in helium
(He) collision cell modus and using external calibration
(0 pg/L—1000 pg/L).

Quality Controls, Limit of Detection and Validation
Parameters

Quality controls were added in the different analytical runs
of the different groups of biomarkers. Regarding group 1,
in each analytical run, nine different quality controls were
analysed along with the samples. The quality controls con-
sisted in one blank matrix and eight controls supplemented
at different concentrations: 0.5, 1, 2, 5, 10, 20, 50, 100 pg/
mg. For group 2, in each analytical run, twelve different
quality controls were analysed along with the samples. The
quality controls included three solvent blanks, one blank
matrix and eight controls supplemented at different concen-
trations: 0.1, 0.2, 0.5, 1, 2, 10, 50, 100 pg/mg. The solvent
blanks were only included in group 2 to determine the traces
of polycyclic aromatic hydrocarbons that could be present
in the solvents used for extraction. For group 3, 2 samples
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Fig. 1 Number of biomarkers tested (bright) and detected (dark) for
each analytical group (blue) and for the sum of the biomarkers tested
(pink) in this study in children and adults’ hair. Brackets represent the
lowest and the highest number of biomarkers detected per sample

of certified reference material (CRM — National Institute for
Environmental studies, Japan) were analysed within each run
(beginning and end).

The limits of detection (LODs) were defined as the
minimum value detected in the present study, for each bio-
marker, according to the approached used in previous studies
(Beranger et al. 2018; Iglesias-Gonzélez et al. 2020; Palazzi
et al. 2018; Peng et al. 2020a). Other validation parameters
(limits of quantification, accuracies, variabilities and recov-
eries) were fully detailed in previous articles: Beranger et al.
(2018), Peng et al. (2020b), Hardy et al. (2015), Palazzi et al.
(2018), Grova et al. (2013).

Statistical Analysis

The raw data were used for the calculation of percentage of
positive detection, percentiles, minimum and maximum val-
ues. These calculations were done on Microsoft Excel version
2013. Spearman and Pearson correlations, 7-test and z-test
were done using Systat Software, Inc. Sigma Plot for Windows
version 12.5. For correlations and t-test only the biomarkers
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detected >70% were used. Values under the LOD were sub-
stituted by LOD/2. PCA analysis were conducted using RStu-
dio version 1.1.1463. Only biomarkers detected >90% in each
area and > 50% in total (all areas together) were used. Values
lower than the LOD were substituted by 0 and then, the con-
centration values + 1 were log transformed.

Results
Biomarkers Detection Frequency and Concentration
Pesticides, PCBs, PBDEs and Bisphenols

All the individuals tested positive to several pollutants.
Overall, the number of biomarkers detected per children
ranged from 33 up to 70 (mean=>51) and from 34 up to
74 in adults (mean=55) (Fig. 1). In children, 24 biomark-
ers were detected in more than 90% of the samples, and 15
were detected in all of them (Table 1). The highest median
concentrations were observed for bisphenol A: 95.9 pg/mg,
p-nitrophenol (PNP): 16.1 pg/mg, bisphenol S: 12.2 pg/mg.
In adults, 24 biomarkers were detected in more than 90%
and 12 were detected in all of them. The highest median
concentrations were also observed for bisphenol A: 64.7 pg/
mg, PNP: 17.9 pg/mg, bisphenol S: 9.59 pg/mg. The high-
est concentration was observed in children for bisphenol S
(6387 pg/mg) and in adults for bisphenol A (11,225 pg/mg),
respectively. Nine biomarkers (in children) and 10 (in adults)
were detected in 75 to 90% of the samples. Eleven biomark-
ers (in children) and 18 (in adults) were detected in 50 to
75% of the samples. Seventy-two compounds (in children)
and 84 (in adults) were detected in 50% or less. Finally, 12
biomarkers were not detected in any of the samples analysed.

Nicotine, Cotinine and Polycyclic Aromatic Hydrocarbons

Nicotine was detected in 80% of the children (median
concentration = 66.4 pg/mg) and in 73% of the adults
(median=51.9 pg/mg) (Table 2). Cotinine was detected in
96% of the children (median=3.59 pg/mg) and in 97% of
the adults (median=3.19 pg/mg).

Regarding parent PAHs and their metabolites, from 5 up
to 24 (mean = 13) compounds were detected in children,
and from 5 up to 19 (mean=13) in adults (Fig. 1).
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Table 3 (continued)

&

P-value z-test

children
P-value t-test

Highest detected value Comparison between adults and
Adults

(ng/mg)
Children

95% Percentile (ug/
Adults

mg)
Children

75% Percentile (ug/
Adults

mg)
Children

50% Percentile (ug/
Adults

mg)
Children

Adults

mg)
Children

Positive detections (%) 25% Percentile (ug/
Adults

Children

LOD (ug/mg)

Compound

Springer

0.34

0.70

0.24

0.33

0.18

0.06

0.09

0.05

0.05

0.03

0.04

100

100

0.02

Zirconium (Zr)

Results of the statistical comparison between adults and children regarding concentration (t-test) and percentage of detection (z-test)

LOD corresponds with the minimum value detected. If a biomarker was not detected in any of the samples, no values were included

Statistical t-test was only performed on biomarkers detected over the 70%

Statistical z-test was not performed on biomarkers where the percentage of detection was the same or 0 for both adults and children

2

3)

compounds (DMP, propiconazole, 2,4-D, fipronil
sulfone, diflufenican, prosulfocarb, terbutryn and
1-(3,4-dichlorophenyl)-urea) presented higher concen-
trations in children. The other 7 (y-HCH, DEP, TCPy,
3Me4NP, CICF;CA, MCPA and metolachlor) showed
higher concentrations in adults. For the 131 biomarkers
that presented different detection rate between adults
and children, this difference was significant for 33 (13
more detected in children vs 20 more detected in adults)
(Fig. 2). When children and adults were considered sep-
arately regarding correlation with age, 10 biomarkers
(y-HCH, thiabendazole, azoxystrobin, mecoprop, 2,4-
D, imidacloprid, carbendazim, 1-(3,4-dichlorophenyl)
urea, bisphenol A and bisphenol S) showed significant
negative correlations between age and exposure in chil-
dren. Only two compounds (fipronil and atrazine des-
thyl) showed significant positive correlation. In adults,
11 biomarkers (y-HCH, PCP, HCB, 3Me4NP, Cl1,CA,
3-PBA, thiabendazole, pyraclostrobin, carbendazim,
boscalid and 1-(3,4-dichlorophenyl)-3-methyl-urea)
showed significant positive correlations (Table 4).
Only 2 parent PAHs, chrysene and indenol[1,2,3-cd]
pyrene, presented significantly different concentra-
tions between adults and children (Table 2). Chrysene
was more detected in children and indenol[1,2,3-cd]
pyrene in adults. When children and adults were con-
sidered separately regarding correlation with age, two
parent PAH (benz(a)anthracene and benzo(k)fluoran-
thene) and two PAH metabolites (1-OH-naphthalene
and 2-OH-Fluorene) showed significant negative cor-
relations in children. In adults, only one parent PAH
(Benzo(ghi)perylene) and two metabolites (2-OH-
naphthalene and 4-OH-phenanthrene) showed signifi-
cant correlations: negative coefficients for Benzo(ghi)
perylene and 4-OH-phenanthrene and positive for
2-OH-naphthalene (Table 5). Thirty four biomarkers
presented differences in detection rate between adults
and children, which were significant for 3 biomarkers
(acenaphthene and 1-OH-phenanthrene more detected
in adults and fluoranthene in children).

Four metals (cobalt, magnesium, lead and antimony)
showed significant differences between adults and chil-
dren (Table 3), being children more exposed to lead and
antimony. In children, age was negatively correlated
with tin concentration in hair. In adults, age was nega-
tively correlated with boron and bismuth concentration
in hair (Table 6). For the 11 biomarkers that presented
different detection rate between adults and children,
this difference was significant for 4 (mercury was more
detected in adults and cadmium, antimony and uranium
in children).
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Fig.2 Percentage of detection of biomarkers presenting significant difference (z-test) between children and adults

Discussion

Targeting 261 biomarkers, the present study is the first one
assessing exposure to such a wide range of pollutants in
human. The average number of biomarkers detected in chil-
dren and adults was 88 and 94, respectively, and reached
104 and 121 at the maximum (Fig. 1). These results clearly
highlight that simultaneous exposure to different classes of
pollutants (both organic and metals) can be considered as
a baseline in modern human, as previously suggested with
a lower number of biomarkers in recent studies conducted
on different adult and children populations (Beranger et al.

2018; Iglesias-Gonzalez et al. 2020; Palazzi et al. 2019,
2018; Peng et al. 2020a). In parallel, an increasing amount
of literature is pointing out the effect of multiple exposure.
Many studies demonstrated that synergies between several
pollutants might lead to different effects than each pollutant
separately. For instance, Silva et al. (2002) demonstrated on
yeast cell culture that a mixture of 8 contaminants (includ-
ing organochlorines and bisphenol A) displayed estrogenic
activity 20 times higher than the summed effect of each
chemical alone at equivalent concentration. In another study
conducted on mussels, Song et al. (2016) demonstrated
that combination of benzo(a)pyrene (polycyclic aromatic

@ Springer
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Table 4 Pearson and Spearman correlation coefficients and p-values between concentration and age of pesticides and bisphenols detected >70%

of the samples

Compound Children Adults

Pearson correlation Spearman correlation Pearson correlation Spearman correlation

Coefficient  p-value Coefficient p-value Coefficient  p-value Coefficient  p-value
y-HCH -0.38 0.02* —-0.31 0.05 0.2 0.03* 0.24 0.01*
a-Endosulfan - - - - 0.09 0.36 —0.05 0.57
Pentachlorophenol (PCP) -0.24 0.14 -0.19 0.24 0.05 0.56 0.38 <0.001*
Hexachlorobenzene (HCB) -0.28 0.08 -0.24 0.14 0.31 0.001* 0.33 <0.001*
DMP 0.00 1.00 0.09 0.60 —-0.04 0.65 0.15 0.1
DEP 0.09 0.57 -0.19 0.24 0.02 0.83 0.01 0.88
DETP 0.16 0.33 0.01 0.94 —0.003 0.98 0.01 0.92
TCPy 0.19 0.26 0.16 0.34 0.09 0.29 0.05 0.58
P-Nitrophenol (PNP) 0.20 0.21 0.17 0.29 0.19 0.05 0.16 0.09
3Me4NP —-0.09 0.60 -0.16 0.34 0.16 0.08 0.32 <0.001%*
CL,CA —0.08 0.64 -0.23 0.17 0.112 0.24 0.19 0.04*
CICF;Ca 0.25 0.12 -0.22 0.19 0.16 0.08 0.14 0.14
3-PBA 0.04 0.80 -0.24 0.15 —-0.01 0.93 0.28 0.003*
PCB180 - - - - 0.39 <0.001* 0.53 <0.001*
Difenoconazole -0.19 0.24 —0.09 0.60 - - - -
Propiconazole —-0.01 0.94 -0.14 0.38 —-0.05 0.63 -0.07 0.47
Thiabendazole -0.31 0.06 -0.52 <0.001* —-0.01 0.89 0.25 0.01*
Azoxystrobin -0.37 0.02* -0.57 <0.001*  0.004 0.96 0.14 0.13
Pyraclostrobin - - - - 0.24 0.01* 0.32 0.001*
Trifloxystrobin - - - - 0.05 0.6 0.16 0.08
Mecroprop -0.42 0.01* -0.57 0.002* 0.09 0.35 0.1 0.27
MCPA —-0.09 0.57 -0.27 0.09 0.17 0.07 0.09 0.33
24-D -0.39 0.01* -0.54 <0.001* 0.11 0.26 0.1 0.29
Trifluralin -0.29 0.08 -0.27 0.10 0.04 0.65 0.03 0.78
Pendimethalin —-0.04 0.82 0.03 0.86 - - - -
Imidacloprid -0.38 0.02* -0.59 <0.001* - - - -
Fipronil 0.37 0.02* 0.28 0.08 —-0.06 0.52 -0.05 0.58
Fipronil sulfone 0.30 0.07 0.21 0.20 -0.05 0.62 -0.07 0.43
Carbendazim -0.24 0.14 —-0.58 <0.001* -0.02 0.81 0.19 0.04*
Propoxur - - - - 0.07 0.44 0.16 0.09
Boscalid - - - - 0.11 0.23 0.33 <0.001*
Diflufenican —-0.01 0.94 -0.26 0.11 0.13 0.17 0.08 0.41
Prosulfocarb -0.18 0.28 —-0.04 0.82 —0.003 0.98 -0.06 0.56
Atrazine desthyl 0.44 0.001*  0.30 0.07 - - - -
Terbutryn -0.13 0.41 -0.22 0.18 -0.07 0.43 0.09 0.35
1-(3,4-dichlorophenyl)-3-methyl-urea ~ —0.13 0.44 —-0.08 0.65 0.22 0.02* 0.18 0.05
1-(3,4-dichlorophenyl)-urea -0.27 0.10 -0.46 <0.001* -0.12 0.2 -0.07 0.48
Fenuron - - - - —0.06 0.55 0.02 0.86
Metolachlor —-0.06 0.72 —-0.06 0.73 0.1 0.3 0.12 0.21
Lenacil 0.21 0.20 0.01 0.96 - - - -
Bisphenol A -0.37 0.02* -0.60 <0.001* -0.04 0.65 0.01 0.93
Bisphenol S -0.20 0.21 —-0.76 <0.001* 0.19 0.04 0.18 0.12

If a compound does not show a value in the table is because it was not detected >70% of the samples of the group

*p-value <0.05
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Table 5 Pearson and Spearman correlation coefficients and p-values between concentration and age of nicotine, cotinine and of the (OH)-PAHs

detected >70% of the samples

Compound Children (n=30) Adults (n=67)

Pearson correlation Spearman correlation Pearson correlation Spearman correlation

Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value
Nicotine -0.01 0.95 -0.27 0.16 0.06 0.63 -0.14 0.31
Cotinine -0.22 0.26 -0.28 0.14 —0.002 0.99 -0.03 0.79
Fluoranthene -0.20 0.32 -0.23 0.26 - - - -
Benz[a]anthracene —0.48 0.01%* —-0.45 0.02* - - - -
Chrysene —0.11 0.61 -0.38 0.05 -0.07 0.58 -0.16 0.23
Benzo(b)fluoranthene - - - - —0.18 0.15 -0.12 0.33
Benzo(k)fluoranthene -0.40 0.04* -0.35 0.08 -0.01 0.96 -0.03 0.82
Indeno[1,2,3-cd]pyrene 0.24 0.23 0.21 0.29 0.11 0.41 0.19 0.13
Benzo(ghi)perylene -0.17 0.42 -0.22 0.28 -0.17 0.19 -0.26 0.04%*
1-OH-Naph -0.49 0.01%* -0.48 0.01°%* 0.16 0.22 0.19 0.12
2-OH-Naph 0.10 0.59 0.13 0.50 0.19 0.11 0.28 0.03%*
9-OH-Fluorene -0.10 0.63 -0.11 0.58 -0.22 0.08 -0.16 0.21
2-OH-Fluorene -0.51 <0.001* -0.53 0.004* 0.11 0.38 0.15 0.23
4-OH-Phenanthrene 0.31 0.10 0.04 0.80 -0.28 0.02%* -0.32 0.01°%*

If a compound does not show a value in the table is because it was not detected >70% of the samples of the group

*p-value <0.05

hydrocarbon) and dichlorodiphenyltrichloroethane (DDT,
organochlorine pesticide)-induced dysregulation of proteins
involved in gills’ osmotic regulation and gonad metabolism,
which were not affected when each chemical was alone.
Mixtures can therefore induce adverse effects that were not
observed, or only observed at higher level of exposure, with
individual pollutants (Silva et al. 2002; Song et al. 2016;
Starr et al. 2012; Shukla et al. 2017; Christen et al. 2014,
Kortenkamp 2007; Orton et al. 2014). Consequently, the
“safe” level of exposure established for a specific pollutant
could actually lead to adverse effects due to co-exposure to
other chemicals, and should be re-evaluated accordingly by
regulatory agencies, who besides highlighted the need of
methodologies allowing for the analysis of multiple pollut-
ants simultaneously (Carlin et al. 2013; Kortenkamp 2014;
Kostoff et al. 2018).

A detailed comparison with other studies was conducted
on biomarkers common to several articles and detected
in>50% of the subjects. The median concentrations sug-
gested equivalent or lower exposure levels of the population
under study for most of the organic pollutants that could be
compared: organochlorines, PCBs, organophosphates, pyre-
throids, pesticides, nicotine, cotinine and PAHs (Fig. 3 and
SI). Results obtained for metals were more balanced, since
five metals presented here median concentration equivalent
to, or above the highest values reported in the literature:
chromium, copper, iron, aluminum and nickel (Fig. 3 and
SI).

Metal emissions to the environment are predominantly
derived from fuel combustion, coal-fired power plant and
industrial processes (particularly metal production) (Row-
botham et al. 2000; Reis et al. 2014). Although no data
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Table 6 Pearson and Spearman correlation coefficients and p-values between concentration and age of metals detected >70% of the samples

Compound Children (n=20) Adults (n=32)

Pearson correlation Spearman correlation Pearson correlation Spearman correlation

Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value
Silver (Ag) 0.28 0.24 -0.05 0.84 0.11 0.56 0.02 0.92
Aluminium (Al) 0.10 0.66 -0.34 0.15 0.12 0.52 -0.20 0.27
Gold (Au) —-0.10 0.69 —-0.08 0.73 - - -
Boron (B) 0.15 0.53 0.35 0.13 -0.29 0.10 -0.37 0.04*
Barium (Ba) 0.02 0.93 0.11 0.65 -0.02 0.89 —-0.08 0.67
Bismuth (Bi) —0.05 0.82 -0.28 0.22 -0.39 0.02* -0.37 0.04*
Cobalt (Co) 0.34 0.15 0.17 0.47 0.14 0.44 0.02 0.91
Chromium (Cr) 0.26 0.26 0.14 0.56 —0.16 0.39 -0.11 0.56
Copper (Cu) —-0.06 0.79 —0.05 0.84 —0.16 0.39 0.06 0.76
Iron (Fe) 0.12 0.60 0.08 0.73 —-0.16 0.40 -0.08 0.67
Magnesium (Mg) 0.06 0.80 0.02 0.92 -0.26 0.14 -0.16 0.37
Manganese (Mn) 0.06 0.81 -0.14 0.55 0.06 0.76 0.02 0.93
Molybdenum (Mo) 0.28 0.23 0.20 0.40 -0.12 0.50 -0.13 0.47
Nickel (Ni) 0.10 0.68 0.23 0.92 0.07 0.69 —0.05 0.77
Lead (Pb) -0.38 0.10 —-0.44 0.05 -0.22 0.23 -0.12 0.51
Antimony (Sb) -0.18 0.45 —0.31 0.18 —0.10 0.59 -0.17 0.36
Selenium (Se) 0.07 0.76 0.20 0.39 -0.29 0.11 -0.33 0.07
Tin (Sn) —0.16 0.49 —0.46 0.04* -0.10 0.62 -0.02 0.92
Strontium (Sr) 0.22 0.36 0.32 0.17 -0.02 0.90 —0.03 0.89
Titanium (Ti) 0.24 0.32 0.22 0.36 0.11 0.56 —0.06 0.74
Uranium (U) 0.08 0.75 0.23 0.33 - - - -
Vanadium (V) 0.44 0.05 0.34 0.15 -0.23 0.20 -0.25 0.17
Zinc (Zn) 0.40 0.08 0.35 0.13 0.14 0.46 0.22 0.23
Zirconium (Zr) -0.14 0.57 -043 0.06 0.06 0.76 -0.20 0.26

If a compound does not show a value in the table is because it was not detected >70% of the samples of the group

*p-value <0.05

were collected in the present study to investigate the pos-
sible sources of exposure to metals (which was beyond the
scope of this study), the contribution of the intense industrial
activity (e.g. oil refinery, metal recycling, alloys and steal
production) in the close vicinity of Grand-Synthe to metal
exposure cannot be excluded. The results were particularly
of concern for chromium, which is the most toxic of the met-
als pointed out here, and which presented concentration in
hair one order of magnitude higher than values reported in
the other studies (Fig. 3 and SI). Although metals concentra-
tion in hair does not allow to conclude on the risk associated

@ Springer

with exposure, the present results suggest that specific atten-
tion has to be drawn to metal exposure in this population,
particularly chromium.

In parallel to comparing each biomarker “one by one”
between different studies, the use of multi-residue methods,
which provide more comprehensive information on expo-
some, also allows the use of more sophisticated statisti-
cal analysis such as principal component analysis (PCA).
Nevertheless, this approach can only be used to compare
populations in which the same biomarkers were analyzed.
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The results obtained in the present study were therefore
compared to previous studies conducted by our team with
similar methodologies, on children and adults, in France and
in China (Beranger et al. (2018), Iglesias-Gonzalez et al.
(2020) and Peng et al. (2020a)). Concerning children expo-
sure to pollutants of group 1 (pesticides and PCBs), although
the subjects from Grande-Synthe were not clearly separated
from children living in other parts of France, the location
of this group on the left part of the figure suggests lower
global exposure (Fig. 4a). In particular, 3-PBA and Cl,CA,
which were the variables that contributed the most to the
PCA, presented the lowest median concentration in Grande-
Synthe compared to the other French children (0.9 pg/mg
vs 2.36 pg/mg for 3-PBA and 0.89 pg/mg vs 2.83 pg/mg
for C1,CA).

For adults, PCA revealed clearly separated clusters
between China and France, highlighting different expo-
some between the countries. Moreover, although the two
French groups were not clearly separated, the position of the
ellipse corresponding to Grande-Synthe population suggests
that people from this group had on average lower global
exposure than the other French subjects (Fig. 4b). The new
policies implemented in Grande-Synthe by the cityhall in
regard to the nutrition of the population could explain the
lower exposure compared to other regions. Since 2011, the
city of Grande-Synthe implemented a 100% organic diet in
the schools and, since 2018, the city is producing their own
organic vegetables (Mairie de Grande-Synthe). Most of the
biomarkers that were highly detected in this study are actu-
ally still found in many consumable products, especially
from animal origin and public water in France (ANSES
2019). This suggests that exposure of this population would
be due to the consumption of food from national or interna-
tional market rather than to local contamination.

Concerning polycyclic aromatic hydrocarbons (PAH),
which are mainly produced from fossil fuel combustion
(e.g. in transports and industrial activities) and are usu-
ally considered reliable biomarkers of “global pollution”,
the data obtained for adults in the present study were
compared to results obtained from adult women living in
2 Chinese cities (Palazzi et al. 2018). This comparison
clearly showed lower concertation of biomarkers in the
hair of adults in Grande-Synthe (Fig. 5a), suggesting lower
global exposure to PAH. For instance, the median concen-
tration of benzo(a)anthracene in the Chinese cities was
0.69 pg/mg (Dalian) and 1.58 pg/mg (Baoding) compared

to 0.09 pg/mg in Grande-Synthe. Similarly, benzo(k)
fluoranthene concentration amounted to 0.56 pg/mg and
1.32 pg/mg in Dalian in Baoding, respectively, compared
to 0.23 pg/mg in the French city.

The data concerning PAH in children living in Grande-
Synthe were compared to results obtained from children
living in Paris (Palazzi et al. 2019). Once again, despite
a slight overlap between the 2 groups, the results suggest
lower global exposure of the children living in Grand-
Synthe (Fig. 5b).

As mentioned above, PAH are considered reliable bio-
markers of exposure to global pollution, which on the other
hand, is often assessed by atmospheric fine particles. The
concentration values of atmospheric PM,, at the time of
hair collection in the different studies used here for com-
parison were, respectively, 43.8 ug/m? for Paris, 54.8 pg/
m? for Dalian and 120 pug/m?® for Baoding, compared to
4.37 pug/m? for Grande-Synthe (AQICN 2020), which sug-
gests lower pollution in Grande-Synthe and is therefore in
line with the results obtained from hair analysis.

As mentioned above, synergies between different chemi-
cals can modify and possibly increase their toxicity when
they are in combination, which is commonly known as the
“cocktail effect”. A pollutant might therefore induce (trig-
ger or exacerbate) different biological effects depending on
the background exposome accompanying it. As highlighted
in the present study, exposome can differ in both composi-
tion and intensity between different population groups. This
might lead to different effect of one specific pollutant for
populations having different background exposome (on top
of genetic/susceptibility differences) and explain contradic-
tory results between different studies. Eventually, the possi-
ble importance of background exposome on pollutants toxic-
ity strongly suggests that in the study of exposure-associated
effects, multi-residue methods have to be privileged to better
document the background exposome of the population under
study.

The number of biomarkers of group 1 presenting signifi-
cantly different detection frequency between adults and chil-
dren (n=33) was much higher than the number that would
be due to chance (n=6.5). Similarly, the biomarkers present-
ing significantly different concentration between children
and adults (n=15) were ten times higher than the number
that would be due to chance (n=1.5). No unilateral ten-
dency was observed and the most exposed group (children or
adults) was different depending on biomarkers (Fig. 2). This
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«Fig.3 Comparison of the median values of the present study versus
studies performed in France and worldwide for a the first group (pes-
ticides, PCBs and bisphenols), b nicotine, cotinine, PAHs and metab-
olites and ¢ metals

suggests that the differences observed here might rather be
due to different behaviour between adults and children (e.g.
diet) than to global contamination of the environment that
would affect children and adults in a more similar manner.

Differences between adults and children were much less
marked for PAH and metals, possibly suggesting that spe-
cific behaviour (diet, habits...) would play a lesser role in
exposure to these pollutants than environmental contamina-
tion. This hypothesis is in line with previous studies report-
ing that populations living in areas with different levels of
atmospheric pollution had significantly different concentra-
tion of PAH in hair (Palazzi et al. 2018, 2019).

In biomarkers of group 1 and 2, the number of signifi-
cant correlations between age and biomarker concentration
observed among adults and children separately (20 and 24,
respectively) was also greater than if due to chance (10 in
total). In adults, almost all the significant associations were
positive (Tables 4 and 5). For persistent pollutants such as
y-HCH, pentachlorophenol, hexachlorobenzene and PCB
180, the positive association might be attributed to bioaccu-
mulation over life, as it has already been described for such
persistent pollutants (Geyer et al. 2000). In parallel, differ-
ences in lifestyle and particularly food preferences among
the different age classes could also explain these associa-
tions. For non-persistent chemicals, bioaccumulation is
unlikely and only age-specific behaviour may account for
differences in exposure.

Contrary to adults, almost all the significant associations
observed between age and biomarker concentration in children
were negative (Tables 4 and 5). Here again, different behaviour
between age classes, such as food preferences or hand-to-mouth
behaviour in youngest children, may explain the inverse asso-
ciations. For instance, the higher concentration of bisphenols
A and S in the youngest children might be linked to their pres-
ence in toys and baby bottles. Actually, although bisphenol A
has been substituted by its analogue bisphenol S in the Euro-
pean Union, many imported products still contain it, which
eventually results in the presence of these two chemicals in

children environment (Vandenberg et al. 2007; Wu et al. 2018;
Zalmanovi et al. 2016).

In parallel, other hypotheses may be proposed to explain
the inverse associations between biomarkers concentra-
tion and age in children. For PAH that are often present
as atmospheric pollution, the inverse association observed
here could be explained by the height of the children, which
is directly associated with age. As previously suggested by
Palazzi et al. (2019) the higher exposure of younger children
could be due to their closer proximity to the ground. This
hypothesis is supported by several studies that demonstrated
vertical gradient of PAH concentration with higher values
close to the ground (Tao et al. 2007; Nakashima et al. 2014).

Higher exposure of younger children could also be
explained by age-related metabolic and physiological differ-
ences, such as alveolar ventilation-to-body weight ratio and
basal metabolic rate, which are inversely associated with age
(Price et al. 2003; Griffiths et al. 1990; Molnar and Schutz
1997).

Conclusion

The present study is the first one to assess the exposure of
children and adults belonging to the same population to such
an extensive number of biomarkers from different chemical
families with targeted methods. The results provide a com-
prehensive description of the chemical exposome of the pop-
ulation under study, highlighting the simultaneous exposure
of each individual to many chemicals from different classes.

The results demonstrate how background exposure can
differ depending on the population and support the use of
multi-residue methods in order to better characterize expo-
some and highlight the specificities of the population under
study.

This study also demonstrated differences between adults
and children in the association between exposure and age:
while adults seem to present higher concentrations at older
ages, children seem to be more exposed at younger ages.
This suggests that equivalent level exposure (e.g. due food
and environmental contamination) would eventually lead to
significantly different internal dose of pollutants between
individuals within the same population.
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