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ARTICLE INFO ABSTRACT

Keywords: The Flemish Environment and Health Study (FLEHS) collects information on internal exposure to a broad range
Per-and polyfluoroalkyl substances of environmental chemicals in the general population in Flanders, the Northern region of Belgium. The aim is to
Plasticizers

establish biomonitoring exposure distributions for the general population in support of public health and

gz::ilzzzz halogenated compounds environmental policy, environmental risk assessment and risk management decisions. In 2017-2018, urine and
Teenagers blood samples were collected from 428 teenagers by a stratified clustered two stage randomized design. Samples

were analyzed for a broad range of biomarkers related to exposure to chlorinated and newer pesticides,
brominated and organophosphate flame retardants (BFR/OPFR), polychlorinated biphenyls (PCBs), bisphenols,
phthalates and alternative plasticizers, per-and polyfluoroalkyl substances (PFAS), polycyclic aromatic hydro-
carbons (PAHs), benzene, metals and trace elements. The geometric mean levels and percentiles of the distri-
bution were estimated for each biomarker, for the whole study population and following stratification for sex, the
household educational attainment and the residence area’s urbanicity.

Geometric means of biomarkers of lead, dichlorodiphenyltrichloroethane (DDT), PCBs, PAHs, regulated
phthalates and bisphenol A (BPA) were lower than in the previous FLEHS cycles.

Most biomarker levels were below health-based guidance values (HB-GVs). However, HB-GVs of urinary
arsenic, blood lead, blood cadmium, sum of serum perfluorooctane sulfonate (PFOS) and perfluoro-1-
hexanesulfonate (PFHxS) and the urinary pyrethroid metabolite (3-PBA) were exceeded in respectively 25%,
12%, 39.5%, 10% and 22% of the teenagers. These results suggest that the levels of exposure in the Flemish
population to some environmental chemicals might be of concern.

At the same time, we noticed that biomarkers for BPA substitutes, metabolites of OPFRs, an expanded list of
PFAS, glyphosate and its metabolite could be measured in substantial proportions of participants. Interpretation
of these levels in a health-risk context remains uncertain as HB-GVs are lacking.

Household educational attainment and residential urbanicity were significant exposure determinants for many
biomarkers and could influence specific biomarker levels up to 70% as shown by multiple regression analysis.

Exposure biomarkers
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The research consortium also took care of the broader external communication of results with participants,
policy makers, professional groups and civil society organizations. Our study demonstrated that teenagers are
exposed to a wide range of chemicals, it demonstrates the success of public policies to reduce exposure but also
points to concern and further priorities and needs for follow up.

Abbreviations HBM Human biomonitoring
HBM I HBM-I value
1-OH PYR 1- Hydroxypyrene HBM II HBM-II value
2,4-D 2,4-Dichlorophenoxyacetic acid HCB Hexachlorobenzene
3-PBA  3-Phenoxybenzoic acid HCH Hexachlorohexane
AML Algemeen Medisch Laboratorium IARC International Agency for Research on Cancer
AMPA  Aminomethylphosphonic acid ISCED International Standard Classification of Education
ANOVA Analysis of Variance LOD Limit of Detection
As Arsenic LOQ Limit of Quantification
BBOEHEP 2-Hydroxyethyl bis(2-butoxyethyl) phosphate MEHP  Mono-(2-ethylhexyl) phthalate
BBzP Benzyl butyl phthalate MEP Monoethyl phthalate
B-Cd Blood cadmium MiBP Mono-isobutyl phthalate
BDCIPP Bis(1,3-dichloro-2-propyl) phosphate Mn Manganese
BE Biomonitoring Equivalent MnBP Mono-n-butyl phthalate
BFR Brominated flame retardants n Sample size
BMI Body Mass Index NAPH  Naphthalene
BPA Bisphenol A NES Neurobehavioral Evaluation System
B-Pb Blood lead NUTS Nomenclature of Territorial Units for Statistics
BPF Bisphenol F OH Hydroxy
BPS Bisphenol S OPFR Organophosphate flame retardants
CAS Chemical Abstracts Service 0OXC Oxychlordane
Cd Cadmium P50 50th Percentile
CHOL  Cholesterol P90 90th Percentile
CI Confidence Interval P95 95th percentile
Cr Creatinine PAHs Polycyclic aromatic hydrocarbons
cx-MEPP Mono-(2-ethyl-5-carboxypentyl) phthalate Pb Lead
DDE Dichloro-diphenyl-dichloroethylene PBDEs  Polybrominated diphenylethers
DDT Dichloro-diphenyl-trichloroethane PCBs Polychlorinated biphenyls
DEHA  Di-(2-ethylhexyl) adipate PFAS Per-and polyfluoroalkyl substances
DEHP Bis(2-ethylhexyl) phthalate PFDA Perfluoro-n-decanoic acid
DEHTP Di-(2-ethylhexyl) terephthalate PFHxS  Perfluoro-1-hexanesulfonate
DEP Diethyl phthalate PENA Perfluorononan-1-oic acid
DiBP Diisobutyl phthalate PFOA Perfluorooctanoic acid
DINCH Di-(iso-nonyl)-cyclohexane-1,2-dicarboxylate PFOS Perfluorooctane sulfonate
DnBP Dibutyl phthalate PHE Phenanthrene
ECHA European Chemicals Agency PIH Provincial Institute of Hygiene of Antwerp
EFSA European Food Safety Agency RQ Risk Quotients
EHPHP 2-Ethylhexyl phenyl phosphate S Serum
eNO Exhaled nitrogen oxide SD Standard deviation
ETS Environmental Tobacco Smoke SES Socio-economic status
EU European Union SG Specific Gravity
FAOSTAT Food and Agriculture Organization of the United Nations B-HCH  Beta-hexachlorocyclohexane
FLEHS Flemish Environment and Health Study t,t’-MA  t,t’-Muconic acid
FLU Fluorene TCPy 3,5,6-Trichloro-2-pyridinol
GDPR  General Data Protection Regulation TG Triglycerides
GerES  German Environmental Survey TI Thallium
y-HCH  Gamma-hexachlorocyclohexane TN Trans-nonachlor
GLY Glyphosate TRA Toxic relevant arsenic
GM Geometric Mean 18) Urinary
HB-GVs Health-based guidance values US-CDC US-Centers for Disease Control and Prevention

1. Introduction

Environmental health concerns and a decree of Preventive Health

the mandatory set up of a network for surveillance of human exposure
and/or effects of exposure to physical and chemical factors in the pop-
ulation, intending to take measures to protect public health. As a follow-
up, every five years since 2002, a cross-sectional cohort was established
to assess the complex relationship between environmental pollution and

Care voted in 2003 in Flanders, the Northern region of Belgium, led to



G. Schoeters et al.

health. The Flemish Environment and Health Study (FLEHS) recruits a
sample of a selected age group that is representative of sex and
geographical area. Targets are set to include participants from different
socio-economic statuses and the degree of urbanization of their resi-
dential neighborhood. FLEHS periodically measures concentrations of
environmental chemicals and/or their metabolites in blood and urine of
the study participants and relates it to their personal environment and
life style (Schoeters et al., 2012). These exposure biomarkers, measured
in easily accessible body fluids or tissues, aggregate chemical uptake
from different sources and exposure routes and reflect the internal dose
of a chemical (Angerer et al., 2007). In the fourth FLEHS campaign,
FLEHS IV (2016-2020), 80 exposure biomarkers, belonging to eight
different chemical classes, were measured including regulated com-
pounds and substitutes that replace regulated and banned compounds.

Teenagers of 14 and 15 years old were included in FLEHS IV. They
are considered sentinels of their local living environment and have been
included in each of the FLEHS cycles. Teenagers may be particularly
vulnerable to environmental exposures. The biology of adolescence is
distinctive and provides opportunities for unique actions of toxicants
both in terms of disruption of function and disruption of maturation
(Golub, 2000). Getting adolescents involved in a human biomonitoring
(HBM) study raises awareness of lifestyle and environment and how this
may connect to exposure to hazardous chemicals and their health.

Exposure biomarkers were selected for chemical substances known
to be toxic to humans (in particular carcinogenic or endocrine disruptor
effects) and present in the environment of the Flemish population. We
included biomarkers for chemicals that are associated with the resi-
dential neighborhood’s spatial planning (metals, combustion-related
compounds, pesticides), dietary habits (metals, persistent organic
compounds, pesticides, plasticizers, per-and polyfluoroalkyl substances)
and housing (combustion-related compounds, flame retardants, plasti-
cizers). We also included biomarkers that were measured in previous
HBM cycles, allowing to evaluate changes over time. For some of these
substances, regulation at the European Union (EU) level and the member
states exists. The efficiency of the regulation to decrease human expo-
sure can be checked by HBM. As regulated substances are often replaced
by other substances for which information on exposure and health ef-
fects is lacking, we also included biomarkers for chemicals of emerging
concern.

This manuscript provides an overview of the internal exposure dis-
tributions of biomarkers in Flemish teenagers and puts them in a health
risk context if health-based guidance values (HB-GVs) are available
(Wilhelm, 2014). HB-GVs are considered as biomonitoring concentra-
tions that are linked by physiology based pharmacokinetic modelling to
chemical-specific intake limits. They correspond to binding effect levels
derived from experimental animal studies or directly from human data
based on a relationship between internal concentrations and health ef-
fects (Apel et al., 2020a). We compared the recent measurements in
FLEHS IV with the levels measured in the previous cycles (Schoeters
et al.,, 2017). Furthermore, we tested whether internal exposure to
environmental chemicals was different depending on the urbanicity of
the residence area and on the household educational attainment, as a
proxy marker for socio-economic status (SES). Next to that, insight is
given in the way these results were reported back to the participants and
to the community they belong to.

2. Materials and methods
2.1. Study design and sampling

Four hundred twenty-eight teenagers aged 14 and 15 years old, took
part in the FLEHS IV study. The sampling was organized between
September 2017 and June 2018 according to a stratified clustered two
stage sampling design. Within the age group, the study sample was
representative of geographical location and sex. The first stratification
corresponded with the Flemish provinces which are considered as level
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2 according to the nomenclature of territorial units for statistics (NUTS)
in the EU. The number of participants per province was proportional to
the number of inhabitants per province. Primary sampling units were
schools that were randomly selected in each province. Distances be-
tween schools had to be at least 20 km and one school in the highest
quartile of socially deprived attendants was included in each province to
ensure participation of all socio-economic categories. Teenagers and one
of the parents had to give their signed informed consent. Further in-
clusion criteria were: living in Flanders for at least five years and teen-
agers and parents mastered enough Dutch to fill out extensive
questionnaires. Exclusion criteria were: more than one questionnaire not
filled out, blood and urine sample missing, being held back in school for
more than one year, attending a boarding school. Data of one subject
were not considered in the analysis due to pregnancy. The FLEHS IV
study protocol was approved in June 2017 by the Antwerp University
Hospital  Ethics committee  (Belgian registration = number
B300201732753). Included as well was a statement on the report-back
of the individual exposure results to the parents and teenager, and if
preferred to their general practitioner. The medical practitioner of the
Provincial Institute of Hygiene (PIH) also intercepted individual ques-
tions of respondents on their results afterwards.

Before clinical examination, teenagers filled out extensive ques-
tionnaires on health status and life style patterns such as the use of
cosmetics, tobacco and alcohol, dietary habits, time spent in traffic, and
their opinion on their environmental risk perception, attitudes and eco-
behavior. Additionally, a short questionnaire was filled out at the day of
sampling on recent exposure (i.e. within the last three days), e.g.
smoking, medication, alcohol and food consumption. Parents filled out a
questionnaire on the home environment, the housing conditions, preg-
nancy of the data subject, SES (e.g. educational level of the parents,
household income). Teenagers and parents together filled out the food
questionnaire. The participants chose to use electronic or paper ques-
tionnaires; the latter was preferred by 60% of parents and 40% of
teenagers. The main characteristics of the study participants are pre-
sented in Table 1 and compared to information of the general Flemish
population of the same age group to check representativity of the FLEHS
IV study participants.

Clinical examinations were organized at the school location, they
took about 1 h and were performed by trained nurses. The teenagers
donated a urine sample of minimally 46 mL, a hair sample of 3 cm that
was taken close to the scalp and a 35 mL blood sample. Urine samples
were collected in clean metal-free polyethylene containers; they were
kept at 4 °C and processed within 24 h. Samples were divided into ali-
quots with glass vials as recipients for measurement of the biomarkers
for plastic compounds, polypropylene tubes for measurement of the
biomarkers for benzene, PAHs and arsenic species. Metal-free poly-
ethylene tubes were used for measurement of the other metal bio-
markers. Until analysis, all samples were kept at —20 °C, except the vials
for measurement of biomarkers of benzene and PAHs that were kept at
—80 °C. The blood samples were immediately processed: 2 aliquots of
whole blood and serum were kept at 4 °C and stored at —20 °C or —80 °C
within 12 h in a central lab. When field work was finished, all samples,
together with field work blanks and control samples, were shipped on
dry ice to the analytical laboratories until sample work-up.

Clinical examinations included measuring body height and body
weight while teenagers were not wearing shoes but were fully clothed.
Abdominal circumference provided information on obesity risk. Blood
pressure was measured according to the European Society of Hyper-
tension guidelines using an automated blood pressure instrument.
Exhaled nitrogen oxide (eNO) was measured as an indicator for airway
inflammation. A Neurobehavioral Evaluation System computerized
battery of tests (NES) was used to assess sustained attention, short-term
memory and manual motor speed. Sustained attention was assessed by
continuous performance and Stroop test, the short-term memory by the
digit span forward and backward and the motor speed by a finger tap-
ping task (Kicinski et al., 2016). Collection, storage, transfer, and use of
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Table 1

Main characteristics of teenagers (14-15 years) selected in the FLEHS IV study in
comparison with the Flemish population at age 15. Sample size and % of the
study population.

FLEHS IV Flemish reference population 15 years
Sex Statbel 2018 [1]
Boys 199 34502 (51.3%)
(46.5%)
Girls 229 32795 (48.7%)
(53.5%)
Age (years)
<14.5 117
(27.3%)
14.5-15.5 277
(64.7%)
>15.5 34 (7.9%)
Educational level Number of students in the third year of
secondary education in schools of the Flemish
region, 2017-18(2]
Vocational 79 20.6%
education (18.5%)
Technical 133 27.9%
education (31.1%)
General education 216 49.6%
(50.5%)
Art education 0 (0%) 1.9%

Household educational
attainment (ISCED)

Statbel 2018 [3]

Primary 26 (6.2%) 19%
Secundary 140 40%
(33.4%)
Tertiary 254 41%
(60.4%)
Country of birth Flemish region, 2016 [4]
Non-EU 43 11.3%
(10.1%)
EU 36 (8.4%) 9.2%
Belgium 348 79.5%
(81.5%)
Urbanicity Eurostat 2016
(Eurostat)
Rural areas 59 9%
(13.8%)
Towns and suburbs 311 72%
(72.7%)
Cities 58 19%
(13.6%)
Province of Statbel, 2018 [1]
residence
Antwerp 117 28.2%
(27.3%)
East-Flanders 91 23.0%
(21.3%)
West-Flanders 82 18.2%
(19.2%)
Limburg 62 13.3%
(14.5%)
Flemish-Brabant 76 17.4%
(17.8%)
Season
Autumn 100
(23%)
Winter 138
(32%)
Spring 190
(44%)
Summer 0 (0%)
Smoking behavior Student survey, 2016-2017 [5]
Never or once 409 93.1%
(95.8%)
Seldom 8 (1.9%) 4.1%
Daily 10 (2.3%)  2.7%
Exposure to environmental tobacco smoke
Yes 161
(38.2%)
No 261
(61.9%)

International Journal of Hygiene and Environmental Health 242 (2022) 113972

Table 1 (continued)

FLEHS IV Flemish reference population 15 years
Alcohol use Student survey 2016-2017 [5]
Never or very 365 68.2%
seldom (85.7%)
< weekly 52 23.4%
(12.2%)
Weekly 9 (2.1%) 8.4%
Body Mass Index Food consumption survey 2014 [7]
boys [6]
Underweight 17 (8.5%) 10.0%
Normal weight 152 77.6%
(76.4%)
Overweight, 30 12.5%
obese (15.1%)
Body mass Index Food consumption survey 2014 [7]
girls [6]
Underweight 18 (7.9%) 10.7%
Normal weight 156 69.0%
(68.1%)
Overweight, 55 20.4%
obese (24.0%)

M1 https://Statbel.fgov.be/.

121 http://www.ond.vlaanderen.be/.

1] https://Statbel.fgov.be/; Highest educational level of Flemish adults be-
tween 25 and 64 years (n = 3 445 221) with BSO: Vocational Secondary Edu-
cation, TSO: Technical Secondary Education, ASO: General Secondary
Education, KSO: Artistic Secondary Education.

] Flemish Regional Indicators (VRIND) 2017; https://www.vlaanderen.be
/publicaties/vrind-2017-vlaamse-regionale-indicatoren.

151 Flemish Expertise Centre Alcohol and drugs: questioning of students 13-16
years- (2016-2017), https://www.vad.be/.

1] Flemish growth curves of 2004, https://www.vub.be/groeicurven/.

71 Sciensano 30/08/2019, information from Flemish students (10-17 years);
International Obesity Task Force Criteria used as cut off points.

data were carried out according to the European General Data Protec-
tion Regulation (GDPR, Regulation (EU) 2016/679). The database was
registered at the Belgian Committee for Privacy Protection
(VT005081316). All data were pseudonymized prior to further analysis.
According to the communication strategy and its agreed guiding prin-
ciples, the participants received their interpretable personal results,
positioned against the median and 90th percentile of the total study
group and compared to the thresholds (HB-GVs). They also received a
summary of the aggregated study results; background information on
the chemical substances and suggestions for health promotional mea-
sures. The generic information is also made available on the website
https://www.milieu-en-gezondheid.be/, including short video pre-
sentations. It is the consortium’s broad interdisciplinary configuration -
including toxicologists, biologists, medical scientists, statisticians and
social scientists - that ensures the combination of these different com-
ponents in the study design.

2.2. Selection and analysis of exposure biomarkers

Arsenic (As), cadmium (Cd), lead (Pb) and thallium (TI) were
included as metals. Biomarkers for these compounds have been
measured in previous cycles.

PAHs and benzene were selected as combustion-related compounds.
We have biomonitoring data from previous FLEHS studies for the pyrene
metabolite 1- hydroxypyrene (1-OH PYR) and for t,t’-muconic acid (t,t’-
MA) as benzene metabolite. In the present study, we included additional
metabolites for some more volatile PAHs: naphthalene (NAPH), phen-
anthrene (PHE) and fluorene (FLU).

Plastic compounds included bisphenols and metabolites of phtha-
lates that were measured in the urine samples.

To assess exposure to pesticides, biomarkers for pyrethroids, chlor-
pyrifos, the phenoxyherbicide 2,4-dichlorophenoxyacetic acid (2,4-D)
and glyphosate (GLY) and its metabolite aminomethylphosphonic acid
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(AMPA) were measured for the first time in Flemish teenagers. Legacy
pesticides, such as beta-and gamma-hexachlorocyclohexane (-HCH and
y-HCH), p,p’-dichloro-diphenyl-trichloroethane (DDT) and its metabo-
lite p,p’-dichloro-diphenyl-trichloroethane (DDE), the chlordane-
related compounds oxychlordane (OXC) and trans-nonachlor (TN) and
the fungicide hexachlorobenzene (HCB) were measured in serum sam-
ples in FLEHS IV and in previous studies.

Flame retardants measured in serum included the polybrominated
diphenylethers (PBDEs), while metabolites of organophosphate flame
retardants (OPFRs), that are replacing the PBDEs, were measured in
urine. Other persistent substances that were measured are marker PCBs
(PCB138, PCB153 and PCB180) and PFAS. Marker PCBs were also
measured in teenagers in all three previous FLEHS studies. We measured
for the first time in serum of teenagers, recruited from the general
population, twelve different long-chain perfluoroalkyl substances,
including perfluorooctane sulfonate (PFOS), perfluorooctanoic acid
(PFOA), perfluorononan-1-oic acid (PFNA) and the slightly shorter
perfluorohexane-1-sulphonic acid (PFHXS) (Supplemental Material S 1).

Table 2 lists the targeted parent compounds, the biomarkers that
were selected, the analytical methods and the references to publications
that report on the treatment of samples, analytical methods and quality
assurance protocols. Table 2 also lists the Limit of Detection (LOD) or
Limit of Quantification (LOQ) as provided by the analytical laboratories.
Information on linearity, reproducibility, repeatability, accuracy, pre-
cision and quality assurance procedures of each of the analytical
methods was collected. Triglycerides (TG) and cholesterol (CHOL) were
routinely measured in blood samples. The following formula calculated
total blood lipid concentration- TL = 1.33*TG + 1.12*CHOL*148 (g/L)
(Covaci and Voorspoels, 2005) and was used to standardize lipid-soluble
serum biomarkers. Specific gravity (SG) and creatinine (Cr) were
determined in urine by refractometry and the Jaffe method at the
General Medical Laboratory (Algemeen Medisch Laboratorium -AML,
Antwerp, Belgium). Urinary biomarker concentrations were normalized
for SG using the following formula: biomarkersG = Cpiomarker *
(1.024-1)/(SG-1) with biomarkersg as the normalized biomarker con-
centration, Cpiomarker @S the measured biomarker concentration per liter
urine and SG as the specific gravity of the urine sample (Pearson et al.,
2009). Urinary dilution was checked based on criteria set for unsub-
stituted urine samples (Barbanel et al., 2002). All urine samples had SG
above 1.001 and Cr above 5 pg/dL.

2.3. Statistical analysis

Detection frequencies were calculated for each chemical biomarker.
Statistical analyses were carried out if biomarker values were above
LOQ in at least 60% of the samples. Values below the LOQ were imputed
with a random value (between 0 and the LOQ), drawn from the esti-
mation of the lognormal distribution of all values by fitting a truncated
lognormal distribution using only values above the LOQ (Lubin et al.,
2004). The median, 90th and 95th percentile (P90, P95) and the geo-
metric mean (GM) with 95% confidence interval (95% CI) were calcu-
lated. The CI for the percentiles are distribution-free using order
statistics (Hahn et al., 2016). PCBs are reported as the sum of the marker
PCBs (PCB138, PCB153, PCB180).

The proportion of participants with values above HB-GVs was
calculated for biomarkers for which HB-GVs were available. We selected
HB-GVs derived by international organizations such as the European
Chemicals Agency (ECHA) or the European Food Safety Agency (EFSA),
or published in peer-reviewed literature with preference to more
recently derived values (Table 3). In addition, risk quotients (RQ) were
calculated as the ratio of the biomarker concentration, at the GM or P95,
to the chemical-specific HB-GV: RQ = [biomarker]/HB-GV).

Several biomarkers have been measured in the same age group in
previous FLEHS studies, starting from 2002. Comparisons in time until
FLEHS III have been published earlier (Schoeters et al., 2017). To allow
comparison with previous FLEHS cycles, biomarkers were treated in the
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same way as in previous cycles. Values below LOD/LOQ were imputed
by half LOD/LOQ. To check analytical comparability, biobank samples
from previous FLEHS cycles were included in the present analytical runs.
Multiple regression models were established based on the pooled dataset
of the different cycles to evaluate the influence of time on chemical
biomarker concentrations. To account for differences in composition of
the sampled study participants between the successive cycles, all models
were adjusted for sex, smoking, age and body mass index (BMI). Addi-
tionally, urinary biomarkers were adjusted for Cr and lipid soluble
serum biomarkers were adjusted for blood lipids. All these variables
were categorized (Table 1). Analysis of variance (ANOVA) was used to
test for differences among biomarker-specific GMs of different FLEHS
studies. If differences were statistically significant (p < 0.05), a two
sided t -test was used to assess the difference of the GM of the FLEHS IV
HBM data with those of previous studies. This allows complementing the
time trend analysis (Schoeters et al., 2017) with the new data of the
FLEHS 1V study.

We also tested whether neighborhood urbanicity and SES of the
household influenced the exposure biomarkers. Urinary biomarkers
were normalized to SG, lipid soluble serum biomarkers were normalized
to serum lipids. Participants’ home addresses were geocoded. The
Eurostat definition of urbanicity was used to classify the degree of ur-
banization of the residence area. The Eurostat definition is based on a
combination of geographical contiguity and population density, applied
to 1 km? population grid cells (Eurostat, 2018). Eurostat defines
neighborhoods as 1) cities: densely populated areas where 50% or more
of the population lives in urban centers with a population density of at
least 1500 inhabitants per km? and at least 50 000 inhabitants, 2)
towns/suburbs: intermediate density areas where 50% or more of the
population lives in urban clusters with a population density of at least
300 inhabitants per km? and a minimum population of 5000 inhabitants,
3) rural areas: sparsely populated areas outside of city centers and urban
clusters. The variable could be calculated for all participants.

The highest household educational attainment was taken as a proxy
for the SES of the household. The information was available for 420 out
of 428 participants. Individuals with missing values were not included in
the analysis. Three categories were considered based on to the Belgian
education system: primary (no educational attainment, primary school,
lower secondary school), secondary (higher secondary school) and ter-
tiary (higher education attainment). These levels correspond to the
codes 0-2, 3-4 and 5-8 of the International Standard Classification of
Education (ISCED). To test the influence of neighborhood urbanicity and
SES of the household on the exposure biomarkers, multiple regression
models were built. The exposure markers were used as dependent var-
iables. They were log-transformed to achieve normal distributions. A
first model was built that included the variables of interest, either
urbanicity or educational attainment, as well as variables that may in-
fluence the exposure biomarkers but are known not to be associated with
the variables of interest such as sex, age, sampling season and addi-
tionally serum ferritin for metals, SG for urinary markers, blood lipids
for lipid-soluble serum markers. Serum ferritin, SG and blood lipid
concentrations were used as continuous variables and other variables
were categorized. We assessed whether the variable of interest was
significant in these models. If significant (p < 0.05) or borderline sig-
nificant (p < 0.10), the estimated biomarker levels were compared with
the reference categories which were the primary educational level for
the models with the household educational attainment as the variable of
interest and with cities for the degree of urbanicity as a variable of in-
terest. Further models included variables that may influence the expo-
sure biomarkers and may be linked to the variable of interest such as
smoking behavior, BMI, being breastfed. Boys and girls were classified
as underweight, average weight, overweight or obese according to the
sex- and age-specific 2004 Belgian growth curves (Roelants et al., 2009).
Finally, we tested whether differences in biomarker levels between girls
and boys remained significant in a multivariate model after adjustment
for the above-mentioned variables, household educational attainment
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Biomarker levels measured in FLEHS IV teenagers normalized to specific gravity (urinary markers) and serum lipids (lipid-soluble serum biomarkers).

Parent compound (CAS nr) Biomarker Analytical Unit LOD/ Sample % GM (95% CI) P50 Po0 P95 (95%CI)
Method LOQ size above
LOD/
LOQ
Metals and trace elements in urine
Anorganic arsenic7440-38-2 Arsenobetaine UPLC-MS/MS( ug/ LOD 194 83.5 1.44 2.17 30.1 46.8
De Craemer L =0.1 (0.96;2.15) (34.8;78.3)
Arsene(III) et al., 2017) LOD 194 70.6 0.18 0.32 0.88 1.19
=0.1 (0.14;0.23) (0.98;1.80)
Arsene(V) LOD 194 26.3 NC <LOD  0.28 0.36
=01 (0.29;0.58)
Mono methyl arsenate LOD 194 83.0 0.35 0.60 1.29 1.66
(MMA) =0.1 (0.28;0.45) (1.44;2.16)
Dimethyl arsenate (DMA) LOD 194 100 3.59 3.28 8.07 11.62
=0.1 (3.29;3.91) (9.66;14.58)
Toxic relevant arsenic NA 194 4.62 4.23 10.30 14.16
(TRA)(sum As III, As V, (4.26;5.02) (11.48;16.52)
DMA, MMA)
Cadmium?7440-43-9 Cadmium (U-Cd) HR-ICP-MS ( LOD 415 100 0.300 0.287 0.494 0.630
Schroijen et al., = (0.287;0.313) (0.545;0.850)
2008) 0.010
Thallium 7440-28-0 Thallium (U-TD) LOD 415 100 0.355 0.359 0.502 0.562
= (0.345;0.365) (0.539;0.582)
0.002
Metals and trace elements in blood
Cadmium?7440-43-9 Cadmium (B-Cd) HR-ICP-MS ( ug/ LOD 419 100 0.19 0.18 0.29 0.38
Schroijenetal., L = (0.18;0.20) (0.34;0.51)
2008) 0.007
Thallium 7440-28-0 Thallium (B-TI) ng/ LOD 419 100 27.3 26.8 35.6 38.9
L = (26.7;27.9) (37.3;42.0)
0.651
Lead7439-92-1 Lead (B-Pb) ug/ LOD 419 100 7.7 (7.4;8.0) 7.7 12.8 14.3
L = (13.6;17.5)
0.048
Manganese7439-96-5 Manganese (B-Mn) ng/ LOD 419 100 9.4 (9.1;9.6) 9.3 13.7 15.6
L = (14.6;16.2)
0.120
Copper7440-50-8 Copper (B-Cu) ng/ LOD 419 100 816 (801;831) 792 1024 1252
L = (1093;1378)
0.551
Zinc7440-66-6 Zinc (B-Zn) mg/  LOD 419 100 5.29 5.35 6.53 6.88
L = (5.21;5.37) (6.72;7.08)
0.008
Polycyclic aromatic hydrocarbons and benzene in urine
Pyrenel29-00-0 1-Hydroxypyrene (1-OH UPLC-MS/MS( LOQ 412 97.6 0.067 0.066 0.134 0.164
PYR) Verheyen = (0.063;0.071) (0.142;0.218)
et al.,, 2021) 0.015
Naphthalene91-20-3 2-Hydroxynaphthtalene (2- LOQ 413 100 4.07 3.75 12.39 19.4
OH NAPH) = (3.73;4.43) (15.1;24.5)
0.150
Fluorene86-73-7 sum of 2- and 3-Hydroxy- LOQ 413 99.5 0.208 0.192 0.403 0.555
fluorene (2-OH FLU + 3-OH = (0.197;.0.220) (0.466;0.689)
FLU)) 0.030
Phenanthrene85-01-8 2-Hydroxyphenantrene (2- LOQ 414 97.6 0.074 0.072 0.147 0.178
OH PHE) = (0.070;0.078) (0.162;0.205)
0.015
3-Hydroxyphenantrene (3- LOQ 414 98.8 0.073 0.072 0.133 0.168
OH PHE) = (0.069;0.077) (0.142;0.219)
0.014
sum of 1- and 9-Hydroxy- LOQ 414 98.1 0.111 0.105 0.240 0.323
phenantrene (1-OH PHE + = (0.104;0.118) (0.266;0.546)
9-0H PHE) 0.031
4-Hydroxyphenantrene (4- LOQ 414 7.00 NC <LOQ <LOQ 0.018
OH PHE) = (<L0Q;0.030)
0.014
Benzene71-43-2 T,t’-muco nic acid (t,t’-MA)  HPLC-UV ( LOD 415 99.3 92.0 101 251 422 (300;600)
Schoeters =2 (83.8;101.0)
et al., 2017)
Bisphenols in urine
80-05-7 Bisphenol A (BPA) GC-MS/MS ( ng/ LOQ 414 85.7 1.07 1.15 3.10 5.13
Gys et al., L =0.3 (0.98;1.18) (3.71;5.85)
2020) pg/L
620-92-8 Bisphenol F (BPF) LOQ 414 96.6 0.17 0.15 0.73 1.12
= (0.15;0.19) (0.86;1.63)

(continued on next page)
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Parent compound (CAS nr) Biomarker Analytical Unit LOD/ Sample % GM (95% CI) P50 P90 P95 (95%CI)
Method LOQ size above
LOD/
LOQ
0.02
ng/L
80-09-1 Bisphenol S (BPS) LOQ 414 83.3 0.13 0.14 0.46 0.83
= (0.11;0.14) (0.68;1.13)
0.04
ug/L
77-40-7 Bisphenol B (BPB) LOQ 414 57.0 NC 0.03 0.08 0.11
= (0.10;0.13)
0.02
pug/L
843-55-0 Bisphenol Z (BPZ) LOQ 414 37.0 NC <LOQ  0.08 0.18
= (0.11;0.31)
0.03
png/L
1478-61-1 Bisphenol AF (BPAF) LOQ 414 12.0 NC <LOQ 0.02 0.03
= (0.03;0.04)
0.02
pg/L
Phthalates in urine
Diethyl phthalate84-66-2 Monoethyl phthalate (MEP) ~ LC-MS/MS ( ng/ LOQ 407 100 37.9 27.2 244.9 569
Bastiaensen L =0.5 (33.3;43.2) (346;1332)
et al., 2021a)
Di-n-butyl phthalate84-74-2 Mono-n-butyl phthalate LOQ 407 100 19.7 19.2 44.8 56.8
(MnBP) =0.5 (18.5;21.0) (52.2;78.3)
Di-isobutyl phthalate84-69-5 Mono-isobutyl phthalate LOQ 407 100 25.5 22.5 70.9 120
(MiBP) =0.5 (23.5;27.7) (83.5;184)
Butylbenzyl phthalate85-68-7 Mono-benzyl phthalate LOQ 407 98.3 3.0 (2.7;3.4) 2.4 15.9 36.0
(MBzP) =0.2 (27.8;43.5)
Di-2-ethylhexyl phthalate117-  Mono-(2-ethylhexyl) LOQ 407 83.5 12.5 12.2 31.9 41.0
81-7 phthalate (MEHP) =0.5 (11.7;13.4) (35.9;53.3)
Mono-(2-ethyl-5-oxohexyl) LOQ 407 99.5 4.2 (3.9;4.6) 4.1 11.0 15.1
phthalate (5-oxo-MEHP) =0.2 (12.7;19.3)
Mono-(2ethyl-5- LOQ 407 99.7 6.7 (6.2;7.2) 6.6 17.5 21.5
hydroxyhexyl) phthalate =02 (19.5;29.6)
(5-OH-MEHP)
Mono-(2-ethyl-5- LOQ 407 100 16.4 16.2 28.7 34.2
carboxypentyl) phthalate =05 (15.7;17.1) (31.7;41.4)
(5-c x-MEPP)
Pesticides in urine
Pyrethroids8003-34-7 3-Phenoxybenzoic acid (3- HPLC-TQMS ( ng/ LOD 415 99.5 0.953 0.871 2.77 4.14
PBA) Andersen et al., L = (0.870;1.044) (3.09;5.75)
2021) 0.03
Chloropyrifos 2921-88-2 3,5,6-trichloro-2-pyridinol LOD 415 98.5 4.25 4.45 10.1 12.3
(TCPy) =03 (3.98;4.54) (10.7;13.6)
Phenoxyherbicide94-75-7 2,4- LOD 415 96.1 0.259 0.274 0.733 1.003
dichlorophenoxyaceticacid = (0.238;0.282) (0.830;1.135)
(2,4-D) 0.03
Glyphosate1071-83-6 Glyphosate (Gly) GC-MS/MS ( ng/ LOQ 415 41.4 NC <LOQ  0.280 0.391
Lemke et al., L =0.1 (0.332;0.468)
A-amino-3-hydroxy-5-methyl- ~ Aminomethylphosphonic 2021) ng/ LOQ 415 55.9 NC 0.11 0.284 0.371
4-isoxazolepropionic acid (AMPA) L =0.1 (0.323;0.448)
acid1066-51-9
Chlorinated pesticides in serum
Hexachloro Hexachlorobenzene (HCB) GC-ECNI/MS ( ng/ LOQ 415 100 7.5(7.2;7.8) 7.6 12.0 14.1
Benzene Covaci and g = (12.7;15.2)
118-74-1 Voorspoels, lipid ng/L
Dichlorodi DDT 2005) LOQ 415 74.5 1.8 (1.6;2.1) 2.4 8.1 16 (10.9;22.1)
Phenyltri =
Chloroethane ng/L
50-29-3 DDE LOQ 415 100 40.9 34.4 123 193 (149;247)
= (37.9;44.2)
ng/L
Chlordane39765-80-5 Oxychlordane (0XC) LOQ 415 95.4 1.21 1.21 2.39 3.38
= (1.14;1.28) (2.73;3.79)
ng/L
Trans-nonachlor (TN) LOQ 415 85.3 0.77 0.80 1.71 2.37
=2 (0.72;0.83) (2.08;2.62)
ng/L
Lindane58-89-9 Beta- LOQ 415 95.9 1.13 1.12 2.15 3.01
hexachlorocyclohexane = (1.06;1.20) (2.39;4.78)
(B-HCH) ng/L

(continued on next page)
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Parent compound (CAS nr) Biomarker Analytical Unit LOD/ Sample % GM (95% CI) P50 P90 P95 (95%CI)
Method LOQ size above
LOD/
LOQ
Gamma- LOQ 415 16.1 NC <LOQ <LOQ 0.80
hexachlorocyclohexane =2 (0.70;0.90)
(y-HCH) ng/L
Polychlorinated biphenyls in serum
Polychlorinated biphenyls Marker PCBs (sum of PCB GC-ECNI/MS ( ng/ LOQ 415 NA 21.6 20.8 47.8 57.1
138, 153, 180) Covaci and g = (20.4;22.9) (51.5;72.8)
Voorspoels, lipid ng/L
2005)
Brominated Flame retardants in serum
41318-75-6 BDE 28 GC-ECNI/MS ( ng/ LOQ 415 0.48 NC <LOQ <LOQ <LOQ
Covaci and g =1
Voorspoels, lipid ng/L
5436-43-1 BDE 47 2005) LOQ 415 53.6 NC <LOQ 0.80 1.20
= (1.00;1.60)
ng/L
60348-60-9 BDE 99 LOQ 415 39.7 NC <LOQ  0.80 1.00
=1 (0.90;1.20)
ng/L
32534-81-9 BDE 100 LOQ 415 0.72 NC <LOQ <LOQ <LOQ
ng/L
488710-22-1 BDE 153 LOQ 415 21.4 NC <LOQ  0.70 0.90
= (0.80;1.40)
ng/L
207122-15-4 BDE 154 LOQ 415 37.5 NC <LOQ 0.70 0.90
= (0.80;0.90)
ng/L
207122-16-5 BDE 183 LOQ 415 0.00 NC <LOQ <LOQ <LOQ
=2
ng/L
Organophosphate flame retardants and plasticizers (PFRs) in urine
Triphenylphosphate115-86-6 4-Hydroxyphenyl phenyl LC-MS/MS ( ug/ LOQ 413 13.5 NC <LOQ 0.72 1.05
phosphate (4-OH-DPHP) Bastiaensen L =0.5 (0.83;1.47)
et al., 2018) pg/L
Diphenyl phosphate LOQ 413 99.0 1.36 1.33 3.19 3.97
(DPHP) =0.1 (1.27;1.46) (3.49;4.47)
ug/L
Hydroxyphenyl diphenyl LOQ 413 5.69 NC <LOQ <LOQ 0.01
phosphate (OH-TPHP) = (<L0Q;0.01)
0.01
pug/L
2-ethylhexyl diphenyl 2-Ethylhexyl phenyl LOQ 413 99.3 4.18 4.13 10.6 12.7
phosphate1241-94-7 phosphate (EHPHP) = (3.89;4.50) (11.6;15.7)
0.05
pug/L
2-Ethyl-5-hydroxyhexyl LOQ 413 98.3 0.09 0.09 0.27 0.34
diphenyl phosphate (5-OH- = (0.08;0.10) (0.30;0.41)
EHDPHP) 0.01
pg/L
Tris(2-chloroisopropyl 1-Hydroxy-2-propyl bis(1- LOQ 413 95.2 0.70 0.69 3.59 6.88
phosphate13674-84-5 chloro-2-propyl) phosphate = (0.61;0.80) (4.78;14.34)
(BCIPHIPP) 0.04
ng/L
Bis(1-chloro-2-propyl) LOQ 413 8.53 NC <LOQ <LOQ 293
phosphate (BCIPP) = (1.27;4.38)
ng/L
Trischloroethylphosphate115-  Tris(chloroethyl) LOQ 413 28.7 NC <LOQ  0.09 0.12
96-8 phosphate(TCEP) = (0.10;0.15)
0.04
ng/L
Tris(2-butoxyethyl) Bis(2-butoxyethyl) LOQ 413 10.2 NC <LOQ 0.05 0.10
phosphate78-51-3 phosphate (BBOEP) = (0.08;0.13)
0.05
pug/L
2-Hydroxyethyl bis(2- LOQ 413 95.6 0.040 0.037 0.129 0.245
butoxyethyl) phosphate = (0.037;0.045) (0.147;0.320)
(BBOEHEP) 0.005
pug/L
Bis(2-butoxyethyl) 3'- LOQ 413 5.81 NC <LOQ <LOQ 0.01
hydroxy-2-butoxyethyl = (<L0Q;0.02)

phosphate (3-OH-TBOEP)

(continued on next page)
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Parent compound (CAS nr) Biomarker Analytical Unit LOD/ Sample % GM (95% CI) P50 P90 P95 (95%CI)
Method LOQ size above
LOD/
LOQ
0.01
ng/L
Tris(1.3-dichloro-2-propyl) Bis(1,3-dichloro-2-propyl) LOQ 413 80.4 0.29 0.33 1.52 2.93
phosphate13674-87-8 phosphate(BDCIPP) = (0.25;0.33) (1.77;4.03)
0.05
ug/L
Tri-n-butyl phosphate126-73- Di-n-butyl phosphate LOQ 413 17.1 NC <LOQ 0.22 0.35
8 (DNBP) = (0.23;0.48)
0.15
pug/L
Per- and polyfluoroalkyl substances in serum
335-67-1 Perfluorooctanoic acid UPLC-MS/MS ng/ LOQ 410 100 1.03 1.00 1.60 1.80
(PFOA) (Supplemental L =0.2 (1.00;1.07) (1.70;2.00)
Materials S1) pg/L
1763-23-1 Perfluorooctane sulfonate LOQ 410 100 2.16 2.10 4.95 7.30
(PFOS) =0.2 (2.02;2.30) (6.10;8.00)
ug/L
355-46-4 perfluoro-1- LOQ 410 96.6 0.48 0.48 0.97 1.30
hexanesulfonate (PFHxS) =0.2 (0.46;0.51) (1.20;1.60)
ug/L
375-95-1 Perfluorononanoic acid LOQ 410 82.2 0.31 0.31 0.59 0.70
(PFNA) =0.2 (0.30;0.32) (0.63;0.86)
ug/L
375-73-5 perfluoro-1- LOQ 410 0 NC <LOQ <LOQ <LOQ
butanesulfonate (PFBS) =0.2
ng/L
2706-90-3 perfluoro-n-pentanoic acid LOQ 410 0 NC <LOQ <LOQ <LOQ
(PFPeA) =0.2
ng/L
307-24-4 perfluoro-n-hexanoic acid LOQ 410 5.37 NC <LOQ <LOQ <LOQ
(PFHxA) =0.2
ng/L
375-85-9 Perfluoroheptanoic acid LOQ 410 1.22 NC <LOQ <LOQ <LOQ
(PFHpA) =0.2
pg/L
335-76-2 Perfluorodecanoic acid LOQ 410 42.2 NC <LOQ 0.38 0.49
(PFDA) =02 (0.42;0.63)
pg/L
2058-94-8 perfluoro-n-undecanoic LOQ 410 7.56 NC <LOQ <LOQ <LOQ
acid (PFU(n)DA) =02
pg/L
335-76-2 Perfluorodeconaoic acid LOQ 410 1.22 NC <LOQ <LOQ <LOQ
(PFDoODA) =0.2
ug/L
60270-55-5 perfluoro-heptanesulfonate LOQ 410 2.44 NC <LOQ <LOQ <LOQ
(PFHpS) =0.2
pg/L

GM: geometric mean, LOD: limit of detection, LOQ: limit of quantification, NC: geometric mean was not calculated because less than 60% of the samples could be
quantified. UPLC-MS/MS: ultra-high-performance liquid chromatography with tandem mass spectrometry, HPLC-UV: high-performance liquid chromatography with
ultra-violet spectroscopy, HR-ICP-MS: High Resolution Inductively Coupled Plasma Mass Spectrometry, HPLC-TQMS: high-performance liquid chromatography/triple
quadrupole mass spectrometry, GC-MS/MS: gas chromatography with high-resolution mass spectrometry, LC-MS/MS: liquid chromatography with high-resolution

mass spectrometry.

and neighborhood urbanicity.
3. Results and discussion
3.1. Study population

Forty-seven schools were contacted and 43% (n = 20) of them
responded positively. Overall, 34% of the invited teenagers agreed to
participate. The sociodemographic, lifestyle and residential character-
istics of the study participants are summarised in Table 1 and compared
with the characteristics of the general Flemish population for this age
group. Our study population consisted of 428 teenagers. Its composition
reflected the general population of the same age group with slightly
more girls compared to boys, but distribution between the sexes is close
to being equal. There were relatively more inhabitants of rural areas.

The household educational attainment was higher in our study popu-
lation as seen in previous FLEHS studies (Morrens et al., 2017) but
representation improved over time thanks to measures that lowered
thresholds to participate. The distribution over school types of the par-
ticipants accorded well with that of Flanders in general. A minority of
8.1% of teenagers and/or a parent was born in another EU country,
11.1% was born outside the EU. Only 2.3% were daily smokers, which is
a decrease compared to previous FLEHS studies and in line with the
general Flemish trends. About one-third of the participants reported
being exposed to environmental tobacco smoke. Fewer participants
consumed alcohol weekly than in the general population and compared
to previous FLEHS studies. The distribution of BMI in categories was
following data from the general population with a mean BMI of 21.0
kg/m? and a standard deviation (SD) of 3.7 kg/m?. Because recruitment
was carried out in collaboration with the schools, no samples were
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Table 3
Environmental chemicals, their respective biomarkers and exposure health-based guidance values applied in the FLEHS IV study.
Environmental Biomarker Type of Health based guidance ~ Corresponding toxic endpoint Unit Health based % participants
chemical value (HB-GV) guidance value exceeding HB-GV
Metals and trace elements
Arsenic U-TRA BE Hyperpigmentation and ug/L 6.4 25
vascular effects
Cadmium U- Cd HBM-GV Kidney functioning 1g/g 0.2 39.5
Cr
Thallium U-Tl HBM I Fatigue, Sleeplessness pg/L 5 0
Lead B-Pb EFSA Developmental neurotoxicity pg/L 12 12
ECHA Other effects 45 0
Pesticides
Pyrethroids U-PBA BE Neurotoxicity pg/L 1.7 22
87 0
Chlorpyrifos U-TCPy BGV Cholinesterase inhibition pg/L 520 0
2,4-dichloro U-2,4D BE Kidney toxicity pg/L 10500 0
Phenoxyaceticacid
Polychlorinated biphenyls and halogenated pesticides
PCBs S- PCB HBM I Liver toxicity ng/L 3500 0
HBM II 7000 0
HCB S-HCB BE Liver toxicity ng/g 25 0.5
vet
DDT S-DDT + DDE + BE Liver toxicity ng/g 5000 0
DDD vet
Bisphenols and phthalates
Bisphenol A U-BPA HBM-GV Kidney weight pg/L 230 0
DEP U-MEP Growth retardation pg/L 18000 0
DnBP U-MnBP HBM-GV Male reprotox pg/L 190 0.5
DiBP U-MiBP HBM-GV pg/L 230 1.9
BBzP U-MBzP HBM-GV ug/L 3000 0
DEHP U-50H-MEHP -+ HBM-GV ug/L 500 0
50x0-MEHP
Per- en polyfluorinated substances
PFOA + PFNA S-PFOA -+ S-PFNA EFSA Vaccination response ng/ 2 4
mL
PFOS + PFHxS S-PFOS + S-PFHxS EFSA Vaccination response ng/ 4.9 10
mL

Health-based guidance values: HB-GV derived by HBM4EU for U-Cd (Lamkarkach et al., 2021), U-BPA (Apel et al., 2020b), U-MnBP, U-MiBP, U-MBzP,
U-50H-MEHP+50x0-M (Lange et al., 2021b), BE value for U-TRA (Hays et al., 2010), BE for 3-PBA (Aylward et al., 2018), U-2,4D (Aylward and Hays, 2015), BE for
S-HCB lower value corresponds to an external limit value of 0.05 pg/kg.day set by Health Canada (Aylward et al., 2010), BE for S-DDT + DDE corresponds to an
external limit value of 0.5 pg/kg-day (Kirman et al., 2011), BGV for TCPy (Arnold et al., 2015), BE for U-MEP (Aylward et al., 2009), B-Pb limit values derived from
EFSA opinion 2013 (“Scientific Opinion on Lead in Food | European Food Safety Authority,”)and RAC 2019 (European Chemical Agency (ECHA), 2018), limit values
for S-PFAS derived from EFSA (Schrenk et al., 2020), HBM I for U-T1 from German HBM (Schulz et al., 2011), HBM I and HBM II for sum marker PCBs (PCB138,
PCB153, PCB180) from German HBM (Apel et al., 2017).

collected during the summer season.

3.1.1. Biomonitoring results
For each chemical, Table 2 presents summary statistics from the
FLEHS IV HBM program for a relevant biomarker (parent chemical,

Geometric mean (GM) and 95 percentile (P95)/
health based guidance value (HB-GV)
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Fig. 1. Chemical specific risk coefficients based on comparisons of internal exposures with corresponding health based guidance values.
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metabolite or sum of metabolites). Urinary markers were normalized to
SG to adjust for urinary dilution. Urinary biomarker data normalized to
Cr are presented in Supplemental Materials S2 and the volume based
biomarker data (blood and urine) in Supplemental Materials S3.

HBM-GVs are listed in Table 3 and the proportion of the study par-
ticipants that exceeded these guidance values is indicated. Sometimes,
different HB-GVs for the same biomarker are listed reflecting the dif-
ferences in opinions of risk assessors and risk assessment committees in
expressing exposure-related health concerns. The HB-GVs that are
considered refer only to non-cancer endpoints. Fig. 1 shows the risk
coefficient (RQ) as the GM and P95 divided by the most sensitive HB-GV
for the chemical-specific biomarker.

Fig. 2 displays changes in biomarker levels over time with the GM
biomarker concentrations expressed as percentages of the concentra-
tions at the first measuring point. Several biomarkers have been
measured in the same age group in previous FLEHS studies, starting from
2002.

3.2. Metals and trace elements

Cd, Pb, As and TI were included as metals. B-Pb and B-Cd were
measured in all previous FLEHS cycles, toxicologically relevant arsenic
(TRA) was included in FLEHS II and FLEHS III, U-TI in FLEHS II. Levels
of B-Pb decreased compared to the previous FLEHS studies (Fig. 2A).
Success may relate to continued efforts to implement measures such as
changing waterpipes in old houses. Mean biomarker levels of B-Cd and
TRA remained stable, while U-TI increased slightly. In some industrial
and historically contaminated Flemish areas, elevated concentrations of
cadmium and lead in soil still exist. Thallium is an emerging metal used
increasingly for electronic and wireless applications and may be emitted
near smelters, power plants and cement factories. It may enter different
environmental compartments including the food chain (Aprea et al.,
2020). Levels of naturally occurring As in groundwater raise concern for
home grown food consumption and the use of well water as drinking or
showering water (Monteiro De Oliveira et al., 2021).

Between 12 and 39.5% of the participants exceeded the HB-GVs for
exposure to TRA, U-Cd, B-Pb (Table 3) and adverse health outcomes
cannot be excluded. The GM of U-Cd, B-Pb and U-TRA are close to the
HB-GVs (Fig. 1). Cd and As are classified by IARC as known human
carcinogens (Group I) and Pb as a possible human carcinogen (Group
2B)(International Agency for Research on Cancer, 2019). No exceedance
was observed for U-TI, there are few population studies, but health ef-
fects at low Tl levels are reported, especially there is a concern for
neurotoxicity (Campanella et al., 2019).
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B-Tl and B-Cd were higher in teenagers from lower educated
households but significance disappeared after adjustment for smoking.
The positive association of TRA with the family’s educational attain-
ment was borderline significant (p < 0.10). A similar association with
high SES has been described in the HBM program of the US-Centers for
Disease Control and Prevention (US-CDC) and was mediated by more
fish and shellfish consumption (Tyrrell et al., 2013). B-Pb and blood
manganese(B-Mn) were borderline (p < 0.10) associated with residence
area, with B-Pb higher in residents from rural areas and B-Mn higher in
residents from towns and suburbs (Fig. 4). Underlying causes are not
clear but may relate to living in older houses with leaded waterpipes.

U-Cd, U-TRA and B-Cu were higher in girls, B-Pb and B-TI were
higher in boys after adjustment for household educational attainment,
urbanization characteristics, sampling season, age of the participants.

FLEHS IV GM of B-Cd and B-Pb are higher than reported by US-CDC
and Health Canada for sampling in the same period (>2015) in a com-
parable age group (12-19 years old), while the GM TRA levels of FLEHS
IV are similar (US-CDC) (Health Canada, 2019). Comparison with HBM
programs in Europe (VITO, 2021), showed that GM of TRA is lower than
reported for 7 year-old children from Northeast Italy (Bocca et al.,
2020), P50 B-Cd and B-Pb of FLEHS IV are lower than those measured in
adults and in children sampled in the Czech HBM program of 2015-2016
(Cerna et al., 2017), P50 B-Pb of FLEHS IV and GerES V teenagers
(14-17 years) were similar but P50 B-Cd was higher in FLEHS IV teen-
agers (Vogel et al., 2021) (Supplemental materials S4).

3.3. Combustion-related compounds

Benzene and PAHs are considered relevant for spatial planning as
they relate to traffic exhaust, industrial emissions and heating of
buildings. PAHs are also a relevant group of compounds in the indoor
environment, as they are produced during cooking and heating (IARC
Working Group on the Evaluation of Carcinogenic Risks, 2010). We have
biomonitoring data from previous FLEHS cycles for 1-OH PYR as pyrene
metabolite and for t,t’-MA as benzene metabolite in urine. We included
additional metabolites for some smaller volatile PAHs in the current
study: NAPH, PHE and FLU. 2-OH NAPH is the most abundant
biomarker of the low molecular weight PAHs (Table 2).

GM levels of 1-OH PYR have decreased for the first time in the suc-
cessive FLEHS studies, while levels of t,t’-MA increased (Fig. 2B). This
coincides with a decreasing trend in air emissions of PAHs in Flanders
that was reported in 2014 for the first time since 2000, while the ben-
zene concentrations in the air decreased until 2014, but showed a slight
increase thereafter (Vlaamse Milieumaatschappij, 2017).
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Fig. 2A. Changes over time of urinary biomarkers (U) of trace elements adjusted for sex, smoking behavior, age, creatinine; blood biomarkers (B) adjusted for sex,

age and smoking behavior.
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Fig. 2C. Changes over time of serum biomarkers of halogenated substances adjusted for sex, smoking behavior, age, BMI and serum lipids.

No HB-GVs are available, but both substances are classified as known in the future (Vlaamse Milieumaatschappij, 2020). FLEHS IV study re-

human carcinogens by IARC (Group I)(International Agency for sults indicate that adverse effects on the adolescent endocrine and im-

Research on Cancer, 2019). Based on annual air concentrations, extra mune system cannot be excluded(Verheyen et al., 2021).

cancer risks were estimated for benzene between 1/156 000 and 1/587 Several of the PAH metabolites (1-OH PYR, sum of 2-OH FLU and 3-

000 and for benzo-a-pyrene between 1/50 000 and 1/210 000 OH FLU, 2-OH PHE) and also t,t’-MA were elevated in teenagers from
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OH PYR, the sum of 1 and 9-OH PHE and t,t’-MA in residents from towns
and suburbs. Fig. 4 displays the fold change of these biomarkers (GM
and 95% CI) with cities as the reference category. Significance (p <
0.05) remained after adjustment for smoking. Exposure to environ-
mental tobacco smoke (ETS) at home, living close to industry and heavy
traffic have been suggested as exposure determinants for PAHs (lamiceli
et al., 2020; Sochacka-Tatara et al., 2018). Levels of 2-OH NAPH were
higher in girls than in boys.

We compared with large representative international studies from
similar age groups and sampling periods (Supplemental material S2).
The urinary GM/P50 levels in this study were below the ones reported
by the HBM programs of Health Canada with sampling in 12-19 years
old teenagers in 2014-2015 (Health Canada, 2017) and were similar or
lower than reported by GerES V for 14-17 years old teenagers with
sampling in 2014-2017 (Murawski et al., 2020).

3.4. Plastic compounds

Bisphenols have been used to produce polycarbonate plastics and
epoxyresins and are present in various consumer products including
toys, food packaging materials, food cans (Vandenberg et al., 2007).
Phthalates are added to soften plastics and are also used in a lot of
consumer products. People may be exposed by dermal contact, by food
and by inhalation as these compounds settle on house dust (Luis et al.,
2021). BPA, Diethyl phthalate (DEP), Dibutyl phthalate (DnBP), Diiso-
butyl phthalate (DiBP), Benzyl butyl phthalate (BBzP) and Bis (2-eth-
ylhexyl) phthalate (DEHP) are regulated under REACH at the EU level
(ECHA, 2018). As reported earlier (Gys et al., 2021), three of the six
measured bisphenols could be quantified in more than 60% of teenagers.
Levels of BPA were higher than those of PBF and BPS. Only BPA was
measured in FLEHS III, the GM in the FLEHS III study was almost double
compared to the FLEHS IV study (Fig. 2B). No significant health risk for
BPA is expected as the recently derived HB-GVs are not exceeded (Apel
et al., 2020a), no HB-GVs are published for the other bisphenols. Only
BPF was higher in teenagers from lower educated households but not the
other bisphenols. Also a German study reported higher BPA levels in
children from families with lower SES status which was a composite
variable based on parent’s income, education, and profession (Tscher-
sich et al., 2021).

The levels of BPA are in the same range as those found in other
studies from a comparable time frame. The P95 BPA and BPF levels
(volume based) are somewhat lower than the HBM reference values for
children (6-17 years old) measured in the French Esteban study
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(2014-2016) (Fillol et al., 2021), while BPS levels were roughly ten
times lower. P50 BPA levels (volume based) found in German teenagers
(14-17 years old) (GerESV 2014-2017) are higher (Tschersich et al.,
2021).

MEP showed the highest GM concentration followed by MiBP, MnBP
and cx-MEPP. Significant decreases in GM levels of regulated phthalates
(DEHP, DiBP, DnBP and DBzP) were observed compared to the levels
measured in the previous FLEHS III study (Fig. 2B). Many consumer
products are labelled and consumers nowadays often have the choice to
buy BPA-free or phthalate-free products. The recently derived HB-GVs of
DnBP and DiBP were exceeded in respectively 0.5 and 1.9% of the
participants (Table 3), while no exceedances were measured for DEHP
metabolites, demonstrating the efficacy of regulation(Lange et al.,
2021a).

The results confirmed earlier observations that MEP, which is mainly
used in personal care products, showed higher levels in teenagers from
lower educated households (Fig. 3) (Den Hond et al., 2015). MnBP levels
were lower in residents from rural areas compared to cities. SES status
and degree of urbanization should be considered as surrogate markers
for specific behaviors as discussed extensively before (Bastiaensen et al.,
2021a). After adjustment for household educational attainment, ur-
banization characteristics, sampling season, age of the participants BPA,
MEP, MnBP and MEHP levels were higher in girls than in boys. This may
relate to differences in exposures or metabolism. The demand for plas-
tics and plasticizers remains and a comprehensive study revealed that
metabolites of substitute plasticizers such as di-(iso-nonyl)-cyclohex-
ane-1,2-dicarboxylate  (DINCH), di-(2-ethylhexyl) terephthalate
(DEHTP) and di-(2-ethylhexyl) adipate (DEHA) could be quantified in
urine samples of Flemish teenagers (Bastiaensen et al., 2021a). The
toxicological database for these substitutes is not yet complete and their
impact on human health is not fully understood.

We reported earlier (Bastiaensen et al., 2021a) that concentrations of
phthalate metabolites measured in this study were generally consistent
with studies of adolescents from Canada (Health Canada, 2019) and
Germany (Schwedler et al., 2020). Our P95 volume based levels for
MiBP, MEP, MBzP, MnBP and the DEHP metabolites were below the
French reference values for 6-17 years old children (Fillol et al., 2021)
(Supplement S4).

3.5. Pesticides

Biomarkers for pyrethroids, chlorpyrifos, the phenoxyherbicide 2,4-
D and glyphosate were measured for the first time in spot urine samples
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of a representative sample of Flemish teenagers. No time trends for in-
ternal exposures in the Flemish region are yet available. These short-
lived pesticides are used professionally in agricultural areas but also
privately in homes and gardens. Residues present in commercially
bought food and locally grown food may also expose the general pop-
ulation. According to FAOSTAT, pesticide use per area of cropland in
Belgium (6.96 kg/ha) is about four times above the European average
(1.66 kg/ha) (FAO, 2019).

Pyrethroids are synthetic pesticides that are increasingly used as
insecticides in public and private places indoors and outdoors and
replace some of the banned halogenated pesticides. The potential for
human exposure is high, both from the intake of residues in food items
and by dermal and inhalation exposures via direct contact and from dust
(Morgan, 2012). They are regulated at the EU level in food and as plant
protection products (Andersen H.R., 2021). We measured 3-phenoxy-
benzoic acid (3-PBA) which is a common metabolite of several widely
used pyrethroids (Cypermethrin, Deltamethrin, Permethrin,
lambda-Cyhalothrin, D-Phenothrin and D-Phenothrin Fluvalinate-tau).
3-PBA could be quantified in nearly all urine samples.

Chlorpyrifos was one of the most used organophosphate insecticides,
but in 2017 its use was limited to certain applications in Flanders. At EU
level it is no longer approved since 2019 (Andersen H.R., 2021). The
chlorpyrifos metabolite, TCPy, could still be detected in all samples from
FLEHS 1V teenagers. It is anticipated that levels will decrease due to the
recent regulations.

GLY is worldwide the most used herbicide. The use of GLY and its
degradation product AMPA by non-professionals has been restricted in
Flanders since 2018, but it is still primarily used by farmers. GLY and the
AMPA metabolite could be measured in respectively 41.45 and 55.9% of
the FLEHS IV teenagers (LOQ 0.1 pg/L). Flemish adolescents with GLY
below LOQ had on average more diluted urine samples (SG of 1.024703)
versus samples with GLY above LOQ (SG of 1.020276). This un-
derestimates the fraction of exposed participants. The average dilution
factor, calculated by the formula (1.024-1)/(SG-1), was 1.22 fold higher
for samples below LOQ than for samples above LOQ. If the same dilution
factor would be applied, 45 samples out of 172 with values above LOQ
would be no longer quantifiable.

Although results of spot urine samples of short-lived biomarkers
should be interpreted with caution (Bastiaensen et al., 2021c), 22% of
the study participants exceeded the most sensitive HB-GV for 3-PBA
(Table 3). The most sensitive HB-GV assumes that all parent com-
pounds have the same toxic potency as the known most toxic compound.
Neurotoxic and endocrine effects are health concerns associated with
pyrethroids and chlorpyrifos (Koureas et al., 2012; Saillenfait et al.,
2015), while 2,4-D is classified as possible human carcinogen (Group
2B) (International Agency for Research on Cancer, 2019). IARC has
classified GLY as probably carcinogenic (Group 2A) (International
Agency for Research on Cancer, 2019), while the EU considers its
aquatic toxicity as the basis for regulation (Kalofiri et al., 2021).

Levels of 2,4-D and 3-PBA were higher in the teenagers from higher
educated households (Fig. 3). Higher levels of pyrethroid metabolites in
relation with higher household educational attainment were also
observed in an Italian study (Bravo et al., 2019) but not in other studies
(Fernandez et al., 2020a; Norén et al., 2020; Rodzaj et al., 2021).

The P50 of the pyrethroid biomarkers 3-PBA of FLEHS IV teenagers is
higher than reported for adolescents from Sweden (Norén et al., 2020),
12-19 year-old teenagers from Canada (Health Canada, 2019), Polish
urban-dwelling young adults (Rodzaj et al., 2021), children in Trieste
(Bravo et al., 2019) but lower than those of children in the Spanish
Valencian region (Fernandez et al., 2020) and comparable to children
from the Belgian Walloon region (Pirard et al., 2020). The P50 chlor-
pyrifos metabolite TCPy, is higher in FLEHS IV teenagers than reported
in Italian, Spanish and Swedish studies (Supplemental materials S4). The
P95 of 2,4-D is higher in Flemish teenagers than in Swedish adolescents
(Norén et al., 2020), but lower than in Spanish children (Fernandez
et al., 2020). The detection frequency of GLY and AMPA with
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quantification limit of 0.1 pg/L, was comparable to German children
with GLY and AMPA quantified in respectively 52% and 46% of (GerESV
2014-2017) samples (Lemke et al., 2021) using the same analytical
method and LOQ. A recent study of Slovenia reported, depending on the
sampling season, between 22 and 27% detects for GLY and between 50
and 56% for AMPA in children and teenagers between 7 and 15 years
old, LOQ was also 0.1 pg/L (Lemke et al., 2021; Stajnko et al., 2020).

Metabolites of DDT, lindane (p-HCH), the chlordane related com-
pounds and HCB were detected in the majority of serum samples of
FLEHS IV teenagers. Chlorinated pesticides are legacy chemicals as their
production and use is eliminated or restricted under the Stockholm
convention; however these chemicals are still present in the environ-
ment and the food chain. Food is the primary exposure source for the
general population (Keswani et al., 2021). OXC, TN and HCHs were
measured in teenagers of FLEHS III with sampling in 2013. DDT, DDE
and HCB were measured in all the previous FLEHS studies with sampling
in 2003-2004 (FLEHS I), 2007-2008 (FLEHS 1II), 2013 (FLEHS III). Only
levels of DDE are gradually decreasing over the different FLEHS studies,
but decreases in concentrations could not be observed for the other
halogenated pesticides (Fig. 2 C).

HB-GVs relate to the endocrine disrupting properties associated with
these compounds (Gheidarloo et al., 2020). GM and P95 did not exceed
HB-GVs. Only a few individuals exceeded the HB-GV of HCB (Table 3).
However, significant exposure-effect associations have been observed
with HCB and DDT metabolites in earlier FLEHS studies (Croes et al.,
2015). The carcinogenic properties of these compounds remain of
concern as IARC classified DDT as probably carcinogenic (Group 2A),
HCB, chlordane and HCH isomers as possibly carcinogenic (Group 2B)
(International Agency for Research on Cancer, 2019).

The household educational attainment explained a part of the vari-
ability of OXC, TN, HCB (p < 0.05) and of DDE, p-HCH (p < 0.10) as
shown by multiple regression models adjusted for age, sex, sampling
season and blood lipids. Significance for DDE and p-HCH disappeared
after correction for BMI and being breastfed. Mean biomarker levels of
OXC, TN, HCB and DDE were highest at the highest educational
attainment (Fig. 3). Previous studies have observed similar associations
for the halogenated compounds (Bandow et al., 2020; Morrens et al.,
2012) and these were associated with higher intake of egg products,
meat and fish (Arrebola et al., 2018). DDE and DDT biomarker levels
were significantly higher in teenagers from towns and suburban areas
than from cities (Fig. 4). Higher consumption of locally produced eggs
and food have been associated with a higher burden of halogenated
substances in previous FLEHS cycles (Colles et al., 2021; Den Hond et al.,
2009).

Compared to girls, boys had higher biomarker levels of HCB, DDE,
B-HCH, OXC and TN after adjustment for household educational
attainment, urbanization characteristics, sampling season, age of the
participants.

Recent HBM data from the German children and adolescent study
(GerESV 2014-2017) revealed similar GM of HCB, 3-HCH was twice as
high in Germany, while DDE was 56% higher in FLEHS IV participants
(Bandow et al., 2020).

3.6. PCBs and flame retardants

Marker PCBs were quantifiable in serum of all teenagers of FLEHS IV
and were measured in the same age group in the three previous FLEHS
studies. GM PCB levels decreased in FLEHS IV compared to the previous
FLEHS III study (Fig. 2C). None of the BFR congeners could be quantified
in more than 60% of the participants (only 4 mL serum samples were
available for the analysis of the halogenated chemicals). We noticed that
the detection frequency of PBDE153 decreased from 61,4% in FLEHS II
to 38% in FLEHS III to 21.3% in FLEHS IV applying the same LOQ. HB-
GVs of PCBs, based on liver toxicity, were not exceeded in the study
participants (Table 3). IARC classified PCBs in group I (International
Agency for Research on Cancer, 2019).
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PCBs and BFRs are another class of legacy chemicals that are regu-
lated under the Stockholm convention. PCBs have cooling properties
and were produced for specific applications, while PBDEs were used as
flame retardants. These chemicals are banned, but remain circulating in
the environment and the general population is exposed mainly to food
(Lebelo et al., 2021).

As observed for some other biomarkers of chlorinated chemicals,
teenagers of higher educated households had higher PCB burdens
(Fig. 3). Levels of PCBs were higher in boys than in girls after adjustment
for household educational attainment, urbanization characteristics,
sampling season, age of the participants.

Compared with German children and teenagers (GerES 2014-2017)
(Bandow et al., 2020), PCBs in Flemish teenagers were somewhat lower
if GM are compared (Supplemental Materials S4).

BFRs are being replaced by alternatives such as OPFRs. These
chemicals are used as flame retardants but also as plasticizers in a wide
variety of consumer products such as furniture, textiles, decoration and
building materials, paints, floor polish, resins and polyvinyl chloride
plastics (Chokwe et al., 2020). Six biomarkers of five OPFRs were found
in practically all participants. The GM and P95 were highest for 2-ethyl-
hexyl phenyl phosphate (EHPHP), a biomarker for 2-ethylhexyl
diphenyl phosphate. No HB-GVs were available, as information on the
toxicology of these compounds is still limited. Some of these chemicals
are suspected developmental and carcinogenic toxicants (Alzualde et al.,
2018; Wei et al., 2020). No significant associations with household
educational attainment or urbanicity have been observed in this refer-
ence population. A more extended study that included 582 participants
has identified higher levels of BBOEHEP and BDCIPP in teenagers from
higher educated households (Bastiaensen et al., 2021b).

3.7. Per- and polyfluoroalkyl substances

PFOS and PFOA were quantified in all serum samples, demonstrating
ubiquitous exposure. PFOS showed the highest concentrations followed
by PFOA, while levels of PFNA and PFHxS were lower. Perfluoro-n-
decanoic acid (PFDA) could be quantified in 42.2% of the participants,
while the concentrations of the other PFAS were mostly below the LOQ
of 0.2 pg/L. The PFAS are a large group of compounds with interesting
properties: water, dirt and oil repellent. They are applied in a diversity of
consumer products, but food may also be an exposure source for
humans. Their persistency in the environment, accumulation and long
half-life-in humans are a growing concern (Fromme et al., 2009). Our
HBM-data may be compared with internal concentrations that corre-
spond with the recently by EFSA proposed intake limits based on a
reduced vaccination response as critical effect (Schrenk et al., 2020).
Respectively 10 and 4% of our participants exceeded these values for the
sum of PFOS and PFHxS (4.9 ng/mL), and for the sum of PFOA and PFNA
(2 ng/mL) (Table 3). Various health effects including developmental
effects, liver toxicity, immune effects have been associated with these
persistent compounds and their endocrine properties (Rappazzo et al.,
2017). IARC classified PFOA in group 2B (International Agency for
Research on Cancer, 2019). Regulation in the EU has restricted the
production and use of PFOS and PFOA in a variety of applications
(ECHA, 2021), while recent risk assessment made by EFSA proposed to
regulate the sum of four substances: PFOA, PFOS, PFHXS, PFNA
(Schrenk et al., 2020). Although decreasing levels for PFOS and PFOA
have been described earlier in Flemish newborns (Colles et al., 2020),
our new study demonstrates that concerns for adverse health effects
cannot be excluded. Moreover, we have measured only a very small
fraction of the fluorinated compounds that enter the market and many
replacements of the restricted compounds have not been measured in
human matrices yet (Kaiser et al., 2021).

Teenagers from higher educated households showed higher levels of
PFOS and PFNA (Fig. 3). This confirms results of higher PFAS levels
associated with higher socio-economic position described in German
children and adolescents (Duffek et al., 2020), in children and pregnant
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mothers from European urban birth cohorts (Montazeri et al., 2019) and
in relation with higher income as found in a meta-analysis including five
HBM studies (Buekers et al., 2018). Differences in breastfeeding and
dietary patterns have been suggested as underlying reasons (Buekers
et al., 2018; Duffek et al., 2020). We observed higher levels of PFOS in
residents from rural areas compared to those from cities (Fig. 4). Earlier
studies in Flanders have shown that higher consumption of locally
grown foods occurs more in rural areas and is associated with higher
internal exposure levels of several persistent compounds such as PFOS
and PFOA (Colles et al., 2020). Levels of PFOA and PFHXs were higher in
boys than in girls.

The GM serum levels of PFOS, PFOA, PFHxS and PFNA showed
similar values compared to recently published values from French and
Canadian children (Fillol et al., 2021; Health Canada, 2019) and from
German teenagers (Duffek et al., 2020) (Supplemental Materials S4).

3.8. Strengths and weaknesses

Our aim was to recruit a population sample of 14- and 15-year old
teenagers that was representative for geographical location and sex and
included participants from different socio-economic strata and resi-
dential areas with varying degrees of urbanization. We compared our
population sample with available population characteristics of Flemish
teenagers. We found some overrepresentation of teenagers from rural
areas but a good match for most other characteristics including SES.
Accordingly, no extra weighing factors were introduced as we consider
our population exposure estimates to represent 14-15 year’ old Flemish
teenagers. We could not sample in the summer months as schools (our
primary sampling units) were closed. Dietary habits and life style may
change with season. Season of sampling was a significant covariate for
several biomarkers. Not sampling equally in all seasons may have
somewhat biased representativity of the biomarkers. To assess impact of
educational attainment of the household and degree of urbanization of
the residence area, the statistical models were adjusted for season of
sampling.

We have compared our exposure distributions with other general
population studies that sampled teenagers of approximately the same
age as exposures may differ according to age (Supplemental Materials
S4). Also, the sampling years should be comparable as chemical pro-
duction, use patterns and regulations change over time. Only a few
countries carried out HBM studies of a representative sample of the
general population after 2015 and most studies reported HBM data from
a more extended age group. Interpretations are hampered by differences
in study and sampling design, laboratory analysis, reported LOQs and
data handling. Further harmonization of study design and assessment of
the comparability of biomarker analysis such as currently ongoing in
Human Biomonitoring for Europe (HBM4EU) will benefit comparability
of HBM data in Europe (Ganzleben et al., 2017).

Improved analytical techniques allowed quantifying a wide diversity
of chemical compounds in the same individual. The presence of a
chemical itself in serum or urine does not imply adverse health risks.
Comparison of the biomarker data with corresponding HB-GVs was
possible for only 18 of the 80 biomarkers. HB-GVs change regularly as
more information becomes available; different organizations may come
to different conclusions and handle different HB-GVs. HB-GVs are
available for non-cancer endpoints. Some of the chemicals are classified
by IARC as known (PAHs, benzene, Cd, As, PCBs), probable (GLY, DDT)
or possible (Pb, 2,4-D, HCB, HCH, chlordanes, PFOA) human carcino-
gens and levels should be as low as reasonably achievable to avoid extra
cancer risks.

Enhanced risks also assume chronic exposure at the same level
throughout life.

Certainly for short-lived chemicals, such as pyrethroids and phtha-
lates, the results of spot urine measurements may vary within an indi-
vidual even within a day. More frequent sampling per individual is
needed to interpret exposure data at the individual level. To assess
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exposure determinants of these short-lived chemicals large sample sizes
are needed. With more than 400 individuals (except for As biomarkers)
sampled within a narrow age range, sample size was sufficient to assess
the impact of important covariates such as the urbanicity of the resi-
dence area and the household educational attainment.

The present manuscript describes exposures and risks for individual
chemicals. However, we acknowledge that increasingly complex
chemical mixtures are detected in particular samples which will need
new methods and approaches to quantify their risks.

4. Conclusions

The study emphasizes the success of chemicals’ regulation: all
recently restricted phthalates (DEHP, DiBP, DnBP, DBzP) and BPA bio-
markers were lower than in the previous study (FLEHS III). Internal
exposure to cadmium, lead decreased. The sum of PCBs was reduced to
one third in 15 years. However, this was not seen for the chlordanes,
with even significant increases of TN. Substitutes of regulated chemicals
(PFAS, flame retardants and plasticizers) popped up in many samples.
Little is known about their toxicity, warranting further follow up of the
exposure levels in the population and toxicity information to prevent
future health risks.

Adverse health risks at the population level are still expected for
some traditional pollutants such as cadmium, lead, arsenic, polycyclic
aromatic hydrocarbons, benzene and perfluoroalkyl substances,
emphasizing the need for further measures and control of sources.
Health risks cannot be excluded as more than 5% of the study partici-
pants exceeded HB-GVs of TRA, urinary Cd (U-Cd), blood Pb (B-Pb),
pyrethroids and PFAS. The GM of U-Cd was close to the guidance values.
GM and P95 of HCB, DiBP, DnBP and P95 of TCPy and urinary T1 (U-T1)
were within one order of magnitude of the HB-GVs. A few individuals
exceeded the guidance values of HCB, DnBP and DiBP.

We have specifically looked into the relationship between urbani-
zation and internal exposure as Flanders is densely populated and ur-
banization is expected to further increase in the future. Household
educational attainment and residential urbanicity influenced biomarker
levels in both directions. Markers of several PAH metabolites, MeP and
BPF were higher in teenagers from lower educated households, while
biomarkers of halogenated substances were often higher in teenagers
from higher educated households. PFOS was higher in residents of rural
areas, while residents from towns and suburbs showed the highest levels
of benzene and PAH metabolites but also of DDE and DDT. Underlying
causes may relate to differences in environment, lifestyle and food habits
and need further research to reduce internal exposure efficiently.

The Information on exposure will support prioritization and evalu-
ation of policies and will inform on personal choices that people can
make themselves.
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