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ARTICLE INFO ABSTRACT

Keywords: Reproductive health is declining globally, with growing evidence linking exposure to endocrine-disrupting

Hazard index chemicals during critical pregnancy stages to adverse male sexual development. This study assessed the cumu-

ihthfla“?j lative risk of nine such chemicals—acrylamide, PCB 118, DEHP, DnBP, DiBP, BBzP, DiNP, DCHP, and
crylamide

DnPeP—and possible influencing factors such as age, socioeconomic status (SES), and region (former East vs.
West Germany). We analyzed cross-sectional data from the German Environmental Survey for Children and
Adolescents 2014-2017 (GerES V), including 1090 participants with complete urine and plasma samples.

Using the Hazard Index (HI) method, which combines exposure levels with human biomonitoring guidance
values, we found that 31% of participants had an HI above 1, indicating elevated risk from combined chemical
exposure. Notably, 26% of these cases would have gone unnoticed in single-substance assessments. DnBP, DiBP,
and acrylamide were the main contributors to overall risk.

Stratified analyses revealed that younger children had higher HI levels than older ones. Children from lower
SES backgrounds also showed higher risk compared to those from medium or high SES groups. Additionally,
residing in former East Germany was associated with increased HI levels compared to former West Germany.

These findings emphasize the importance of considering chemical mixtures in risk assessments and recog-
nizing subgroup-specific vulnerabilities. Future assessments should expand the range of included chemicals and
focus on high-risk groups—especially children, individuals with low SES, and residents of former East Germa-
ny—to better capture the scope of potential health impacts.

Polychlorinated biphenyl
Human biomonitoring
Endocrine disrupting chemicals

public health strategies.
So far, the determinants of the decline in male fertility are not fully

1. Introduction

The decline in reproductive health has become a global concern over
recent decades (Lindahl-Jacobsen et al., 2026), evidenced by a more
than 50% reduction in sperm counts between 1973 and 2011 (Levine
et al., 2017). Further indicators of impairment of male reproductive
health, such as decreases in sperm concentration and motility, have been
reported and are accelerating (Auger et al., 1995; Levine et al., 2017;
Sengupta et al., 2018). This trend results in significant economic and
societal burdens, with estimated annual costs of 15 billion EUR in the EU
alone (Hauser et al., 2015; Winters and Walsh, 2014). In Germany,
which has one of the lowest birthrates in Europe (Population Reference
Bureau, 2007), impaired semen quality is a prevalent issue (Paasch
et al., 2008) and may contribute to low fertility rates (Jensen et al.,
2002). Understanding these factors is crucial for developing effective
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understood and appear to be complex, with factors such as smoking,
alcohol consumption, diet, and genetic predispositions all seeming to
play a role (Okonofua et al., 2022; Skakkebaek et al., 2016). Adding to
this complexity, exposure to certain chemicals has been hypothesized to
effect male fertility (Lahimer et al., 2023). Specifically, exposure to
endocrine-disrupting chemicals during critical stages of pregnancy may
have effects on male sexual development, for instance by altering sperm
function by targeting testicular development or affecting androgen re-
ceptors (Jeseta et al., 2021; Lahimer et al., 2023). For several chemicals
or chemical groups, such as phthalates (CHAP, 2014; Dobrzynska, 2016;
Radke et al., 2018), bisphenol A (BPA) (EFSA Panel on Food Contact
Materials, Enzymes and Processing Aids, 2023), or dioxin-like PCBs
(Ermler and Kortenkamp, 2022), the effects on sperm quality are well
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documented. While single-chemical assessments provide valuable in-
sights, individuals are exposed to a multitude of chemicals often
simultaneously (Bil et al., 2023; Rodriguez Martin et al., 2023). There-
fore, using mixture risk assessment (MRA) to evaluate the combined
effects of chemicals is more reflective of real-life exposure scenarios. The
issue of chemical mixtures has long been a policy concern in Europe,
with the European Commission emphasizing the need to account for
mixture toxicity and 'cocktail effects' (European Commission, 2012), and
more recently embedding this in its zero-pollution ambition (European
Commission, 2011). We have previously conducted a MRA on five
anti-androgenic phthalates using human biomonitoring (HBM) data
from European children and adolescents in 12 countries (Lange et al.,
2022). Our results showed that 17% of the participants were at increased
risk, and a striking 63% would have gone unnoticed in single-substance
evaluations. Including a broader range of anti-androgenic chemicals the
general population is exposed to could result in even higher risk esti-
mates (Howdeshell et al., 2017; Orton et al., 2014). Kortenkamp et al.
(2022) recently demonstrated that combined exposures to nine jointly
monitored chemicals in Danish male volunteers, including phthalates,
bisphenols, and paracetamol, exceeded a hazard index (HI) of 1 by more
than 17-fold (Kortenkamp et al., 2022). Overall, this underscores the
importance of assessing combinations of anti-androgenic chemicals
which the general population is exposed to from a wide range of sources.

The aim of this study is to perform a MRA on nine selected chemicals
related to male reproductive health, including acrylamide, poly-
chlorinated biphenyl (PCB) 118, and phthalates di(2-ethylhexyl)
phthalate (DEHP), di-n-butyl phthalate (DnBP), diisobutyl phthalate
(DiBP), butyl benzyl phthalate (BBzP), diisononyl phthalate (DiNP),
dicyclohexyl phthalate (DCHP), di-n-pentyl phthalate (DnPeP), using
data from a representative sample of children and adolescents residing
in Germany. Single-substance assessments have previously been con-
ducted for all nine chemicals (Bandow et al., 2020; Schwedler et al.,
2020, 2021), and we previously performed a group-specific MRA of four
phthalates (Lemke et al., 2021). However, a comprehensive MRA across
different substance groups has not yet been conducted in a representa-
tive sample of the young German population. In addition, we investi-
gated determinants of elevated risk by examining potential differences
according to sex, age, socio-economic status, and region of residence,
and identified the individual chemicals contributing most to mixture
risk among children and adolescents in Germany.

2. Materials and methods
2.1. Study population and data collection

We used cross-sectional data from the German Environmental Survey
for Children and Adolescents 2014-2017 (GerES V), representative of
the German population regarding region of residence (former East and
West Germany), community size, age, and sex (Schulz et al., 2021). In a
total of 2294 participants, pollutants and other environmental stressors
were assessed in human samples and in their homes between 2014 and
2017 in cooperation with the second follow-up of the German Health
Interview and Examination Survey for Children and Adolescents, per-
formed by the Robert Koch Institute (RKI) (Mauz et al., 2017). More
specifically, examinations were performed in samples of whole blood,
blood plasma, morning urine, drinking water, measurements of ultrafine
particles and noise levels, standardized interviews and
self-administrated questionnaires. Further details on the study design
can be found elsewhere (Schulz et al., 2021). For the present study, we
selected a subsample of 1090 participants with available measurements
of the selected substances in urine and blood plasma described below.
These 1090 participants comprise a random subsample of the full GerES
V sample (n = 2294). The subsample does not differ from the full sample
regarding sociodemographic characteristics. The reason for selecting the
subsample only is that blood plasma was only available for half of the
study population. All available measurements were used, regardless of e.
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g. the urinary creatinine content. Although the health-based guidance
values applied in the MRA were derived from male reproductive toxicity
endpoints, exposure assessment and mixture characterization were
conducted in both sexes, as exposure to the investigated chemicals oc-
curs independently of sex and male reproductive effects represent sen-
sitive and protective toxicological benchmarks regarding overall
reproductive health.

2.2. Chemical selection for MRA

For the selection of chemicals, we followed a similar approach as to
that of Kortenkamp et al. (2022). These included chemicals that met the
following criteria: evidence on semen quality reductions in male
offspring from animal or epidemiological studies and evidence of a
hormonal mode of action (MoA). We included the following overlapping
chemicals measured in our subsample: acrylamide, PCB 118, and the
phthalates DEHP, DnBP, DiBP, BBzP, and DiNP. In addition, we used the
same criteria to select the remaining chemicals measured in our sub-
sample. We screened the literature from peer-reviewed journals and
documents from governmental organizations that evaluated the strength
of evidence on male reproductive toxicity, including reports from the
European Food Safety Authority (EFSA) and European Chemicals
Agency (ECHA). This targeted screening was conducted up to April 2024
and was intended to support chemical selection rather than a systematic
review. From this screening, we selected DCHP and DnPeP as candidates
to be included in the MRA.

2.3. Chemical analysis of selected chemicals

The metabolites of the phthalates DnBP, DEHP, DiBP, DiNP, BBzP,
DCHP, and DnPeP, as proxies for exposure to the respective parent
substances (see Table 1) were analyzed in urine by the Institute for
Prevention and Occupational Medicine at Ruhr-University Bochum,
Germany, using on-line high-performance liquid chromatography-
tandem mass spectrometry with isotope-labelled standards according
to previously published methods (Koch et al., 2003, 2007, 2012, 2017;
Preuss et al., 2005). Internal quality control for the phthalate metabo-
lites included analysis of control urines with known concentrations,
consistently within the +3c range. Blinded repeated measurements
showed concentrations within the respective confidence intervals.
External quality assurance was verified through biannual participation
in the German External Quality Assessment Scheme (G-EQUAS) for
metabolites of DEHP, and MnBP, MiBP and MBzP (Schwedler et al.,
2020).

Mercapturic  acids  N-acetyl-S-(3-amino-3-oxopropyl)-cysteine
(AAMA) and N-acetyl-S-(3-amino-2-hydroxy-3-oxopropyl)-cysteine
(GAMA) are specific biomarkers for acrylamide exposure, however, with
different toxicokinetics (Fuhr et al., 2006). As AAMA is considered a
rather direct indicator of exposure (Poteser et al., 2022) by representing
an estimated 50% of administered dose of acrylamide in contrast to only
5% for GAMA (Boettcher et al., 2006; Fuhr et al., 2006), we included
AAMA as metabolite of exposure in our MRA. Analysis of AAMA in urine
was conducted by the Analytisch-Biologisches Forschungslabor Munich,
using validated multiplex liquid chromatography-tandem mass spec-
trometry as described by Pluym et al. (2015). Internal quality control
(QC) measures included analyzing control urines with known biomarker
concentrations at three different levels corresponding to the expected
concentration range of the analytes. Blinded control samples were
randomly included in all analytical cycles. Internal and blinded QCs
were evaluated based on Food and Drug Administration (FDA) guide-
lines, as previously published elsewhere (Schwedler et al., 2021).
External quality assurance was confirmed through participation in the
G-EQUAS.

PCB 118 concentrations were measured in blood plasma samples.
Following blood collection, aliquots of samples underwent protein pre-
cipitation and were subsequently analyzed using gas chromatography
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Table 1
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Selected substances with respective exposure biomarkers and their corresponding HBM-GVs.

Parent compound Abbreviation  Specific exposure Abbreviation ~ Sample % > LOQ" Critical endpoint for Reference HBM-GVgenpop OF
biomarker(s) matrix MRA key study PHBM-GVGenpop-
MRa for children in
pg/L
Polychlorinated PCB Polychlorinated PCB 118 plasma 20.0%  semen quality He et al. 0.24°
biphenyl biphenyl 118 (2020)
Diethylhexylphthalate DEHP Mono(2-ethyl-5- 5-OH-MEHP urine 100 % dysgenesis genitalia Wolfe and 380"
hydroxyhexyl)phthalate Layton
Mono(2-ethyl-5- 5-cx-MEPP urine 100 % (2003)
carboxypentyl)
phthalate
Di-n-butylphthalate DnBP Mono-n-butylphthalate MnBP urine 100 % spermatocyte Lee et al. 120"
development (2004)
Diisobutylphthalate DiBP Mono-iso- MiBP urine 100 % spermatocyte Lee et al. 160"
butylphthalate development (via (2004)
read-across from
DnBP)
Benzylbutylphthalate BBzP Mono-benzylphthalate MBzP urine 99.6 %  suppression Ahmad et al. 2000"
testosterone (2014)
synthesis; semen Furr et al.
quality (2014)
Diisononylphthalate DiNP Mono(4-methyl-7- OH-MiNP urine 100 % suppression Clewell et al. 340°
hydroxyoctyl)phthalate testosterone synthesis (2013)
Mono(4-methyl-7- cx-MiNP urine 100 %
carboxyheptyl)
phthalate
Dicyclohexylphthalate DCHP Mono- MCHP urine 5.1 %  spermatid head count  Hoshino 1523¢
cyclohexylphthalate et al. (2005)
Di-n-pentylphthalate DnPeP Mono-n-pentylphthalate ~ MnPeP urine 5.3%  suppression Hannas et al. 1301¢
testosterone synthesis (2011)
Acrylamide N-acetyl-S-(3-amino-3- AAMA urine 100 % decrease in sperm Ivanski et al. 4474
oxopropyl)-cysteine number (2020)

 The percentage of measurements above LOQ refers to the subsample used in this publication and may differ from publications of the full GerES V sample.

b HBM-GVgenpop derived by Lange et al. (2021).
¢ HBM-GVgenpop derived by Lange et al. (2022).
d PHBM-GVgenpop-mra derived for the purpose of this study.

tandem mass spectrometry (GC-MS/MS). Detailed methods for the
analysis of PCBs in blood plasma are available in a previous study
(Bandow et al., 2020). PCB 118 concentration was determined using an
internal standard approach, based on the measurement of 12 calibration
solutions with concentrations ranging between 0.01 and 5.0 pg/L. The
calibration curves exhibited correlation coefficients above 0.998, and a
weighting factor of 1/x was applied.

2.4. Human biomonitoring guidance values (HBM-GVs)

Table 1 presents an overview of the selected substances and their
biomarkers included in this MRA with their critical endpoints, reference
key study and their corresponding human biomonitoring guidance
values or provisional values derived for this MRA (HBM-GVgenpop and
PHBM-GVGenpop-Mra, respectively).

HBM-GVs are the concentration of a substance or its specific
metabolite(s) in human biological media (e.g. urine, blood, hair) at and
below which, according to current knowledge, there is no risk of health
impairment anticipated. Those toxicologically derived values for the
general population are termed HBM-GVgenpop in contrast to those
derived for the working population. These values are consolidated
values derived within the European Human Biomonitoring Initiative
(HBMA4EU) and are easy to use as internal exposure levels measured in
HBM studies as GerES V can directly be compared to those values (Apel
et al., 2020).

For several chemicals selected in this MRA there are already HBM-
GVGenpops for the general population based on anti-androgenic effects
seen in rat offspring after prenatal exposure (i.e. DEHP, DnBP, DiBP,
BBzP and DiNP). Further details on the derivation of the guidance values
for DEHP, DnBP, DiBP and BBzP can be found in our previous work
(Lange et al., 2021). For DiNP a pHBM-GVgenpop-Mra based on

suppression of fetal testicular testosterone solely for the purpose of a
phthalate MRA was also part of our previous work (Lange et al., 2022).
We incorporated these values in this MRA, as the toxicological endpoint
(male reproductive toxicity) is the same.

For PCB 118, DCHP, DnPeP, and acrylamide, no HBM-GV based on
male reproductive health endpoints were available and thus pHBM-
GVGenpop-Mra for the sole purpose of the current MRA were derived. It
must be noted that the values are not meant for single substance risk
assessments, as the toxicity reference value (TRV) we selected is for this
endpoint and may not necessarily represent the most sensitive endpoint
of the substance. In the following the derivation of pHBM-GyGenpop-MRA
for this MRA is described for each substance.

2.4.1. PCB 118

The reference dose (RfD) for PCB 118 was derived from a systematic
review by Ermler and Kortenkamp (2022), which examined the impact
of PCB exposure on semen quality across human and animal studies.
Strong evidence came from a mouse study focused on reproductive
function, where pregnant mice were orally exposed to 0, 20, and 100
ng/kgpw/d of PCB 118 from gestational days (GD) 7.5 to 12.5 (He et al.,
2020). The deformity rate of sperm in offspring increased compared to
control at 20 and 100 pg/kghw/d. Histological changes in testes were
observed in 20 and 100 pg/kgpy/d treatment groups compared to con-
trol, including the relative number of spermatogonia in the seminiferous
tubules. Lastly, increased testicular coefficient of the male offspring was
observed in both treatment groups compared to control (He et al., 2020).
As such, the lowest observed adverse effect level (LOAEL) is 20
pg/kgpw/d of PCB 118 for declines in sperm quality (He et al., 2020).
Converting LOAEL to no observed adverse effect level (NOAEL) with an
Assessment Factor (AF) = 3 as standard approach (ECETOC, 2003) and
applying inter- and intraspecies AFs, a daily intake reference dose of
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0.0029 pg/kgpw/d was reported by Ermler and Kortenkamp (2022). In
our study, PCB 118 was measured in plasma so we converted the
external daily intake reference dose to the internal concentration in
blood following an approach provided by the Federal Institute for
Occupational Safety and Health (BAuA) (BAuA, 2017), with the as-
sumptions that the daily intake is constant, and intake and elimination is
already in a steady state. The approach by BAuA (2017) is as follows:
Considering a blood level of 17 pg/L with a NOAEL of 10 pg/kgpy in rats,
the permissible additional blood level for humans with a background
blood level of 8 pg/L of higher-chlorinated, non-dioxin-like biphenyls is
9 ng/L (17 pg/L - 8 ug/L = 9 pg/L). With a fat/blood distribution co-
efficient of 300, 9 pg/L of blood corresponds to 2700 pg per kg of fat.
With 20% fat content in body mass, the permissible exposure to inha-
lation of higher-chlorinated, non-dioxin-like biphenyls is thus 540
H8/Kgbw-

The half-life of PCB 118 is 3395 days (Ermler and Kortenkamp,
2022). Therefore, the exposure is reached with a daily intake of 0.1103
pg/kgpw/d (In 2 x 540 pg/kghw/3395 days = 110.3 ng/kgpw/d). Taken
the RfD of 0.0029 pg/kgpw/d, the conversion to blood yields 0.237 pg/L
blood ((0.0029 pg/kgpw/d x 9 pg/L)/0.1103 pg/kgpw/d) (BAUA, 2017).

2.4.2. DCHP

Among the pool of evidence on reproductive effects of DCHP, the
study by Hoshino et al. (2005) was selected as the one with the lowest
reported LOAEL on poor male reproductive health. The authors exposed
male and female parental rats to DCHP in the diet to 0, 16, 80, 402
mg/kgpw/d, starting from the age of 5 weeks. For the males, adminis-
tration continued until necropsy through 10 weeks or more of
pre-mating and mating periods, while for females, administration lasted
until necropsy through 10 weeks or more of pre-mating, mating,
gestation, and lactation periods until weaning of the offspring on post-
natal day (PND) 21 (i.e. 21 days after birth, a common weaning point in
rodent studies). Adverse effects in male offspring included reduced
spermatid head counts in the testes observed at 80 mg/kgp,,/d. Testic-
ular atrophy and decreased anogenital distance were observed at 402
mg/kgpw/d. As such, a NOAEL = 16 mg/kgpw/d was determined by the
authors. By applying an AF of 100 to account for inter- and intraspecies
differences, a toxicological reference value of 0.16 mg/kgyy/d was set.
The urinary excretion fraction (Fye) of DCHP was not available in the
literature and was thus estimated by linear regression of log Kos against
the known Fy. of other phthalates and taking the average of four ap-
proaches (see Supplementary Table 1 for details on Fy. estimations),
using an approach similar to Moos et al. (2017). By incorporating the
metabolic weights of DCHP and MCHP, we used the formula described
in Apel et al. (2020) to derive an pHBM-gyGenpop-Mra Of 1523 pug/Lor 1.5
mg/L for DCHP.

2.4.3. DnPeP

We identified the study by Hannas et al. (2011) as the key study for
the derivation of a pHBM-GVgenpop-Mra for DnPeP. The study was con-
ducted in pregnant rats who received 0, 11, 33, 100, or 300 mg/kgpy/d
on GD 14-18. Fetal testicular testosterone production levels on GD 18
were significantly reduced at 33 mg/kgpw/d or higher in a
dose-responsive fashion. With a NOAEL = 11 mg/kgpw/d and AF of 100
for inter- and intraspecies differences, a TRV = 0.11 mg/kgpw/d was
yielded. Fye of MnPeP was estimated using the same approach as for
DCHP, and by incorporating the metabolic weights of DnPeP and
MnPeP, the derived pHBM-GVgenpop-Mra = 1301 pug/L or 1.3 mg/L for
DnPeP.

2.4.4. Acrylamide

For acrylamide we followed the proposed critical study by Korten-
kamp et al. (2022) on sperm production in rodents by Ivanski et al.
(2020). Despite missing gestational exposure, Kortenkamp et al. (2022)
included this study in the MRA because of the clear hormonal MoA. In
specific, prepubertal rats between PND23 — PND60 received either O,
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2.5, or 5 mg/kgpw/d of acrylamide by oral gavage. Sperm parameters
were affected in a dose-response manner. Exposure to 2.5 and 5
mg/kgpw/d reduced total and daily sperm production, sperm reserves,
and affected sperm functionality. The LOAEL = 2.5 mg/kgpw/d, and by
application of a LOAEL to NOAEL extrapolation factor of 3 and AF of 100
for inter- and intraspecies differences, a RfD = 0.008 mg/kgpw/d was
reported by Kortenkamp et al. (2022). Using the formula described in
Apel et al. (2020) incorporating the molar masses of acrylamide and
AAMA, and a Fy, = 0.5 (Boettcher et al., 2006), we derived a
PHBM-GVgGenpop-Mra = Of 447 g/L for acrylamide.

2.5. Statistical analysis

Case weights provided by the RKI (Hoffmann et al., 2018) were used
to adjust the sample for deviations from the 3-17-year-old population in
Germany in terms of region of residence, community size, age, sex,
parental education, and German nationality. Results presented here are
based on weighted calculations and samples sizes are given as the sum of
respective case weights.

2.5.1. Mixture risk assessment

For assessing the mixture risk, we used the hazard index (HI)
approach. With this component-based approach, the urine or plasma
concentration of each metabolite or the total concentration of metabo-
lites of a substance is divided by their respective HBM-GV (HBM-
GVGenpop Or PHBM-GVGenpop-Mra) to determine a personalized risk
quotient (RQp) of each substance:

RO. — Urine or plasma concentration,
&= HBM-GV
The RQs of each substance are then summed to determine the HI,, of
each study participant, using the following formula:
HI, = RQpcs-118 + RQperp + RQpnsp + RQuisp + RQsa:p + RQpine + RQpcrp
+ RQDn.PeP + RQAcrylamide

This approach requires the assumption that concentrations can be
added due to a common mode of action (MoA) or common toxic effect
endpoint (Goodrum et al., 2021). The assumption of dose additivity is
justified by the selection of substances based on a shared adverse health
outcome, namely effects on male reproductive function and sperm
quality and can serve as a proxy for reproductive toxicity. Although the
individual substances may act via different mechanisms, they contribute
to a common toxicological endpoint. In the absence of detailed infor-
mation on substance-specific modes of action or interaction effects, dose
additivity represents the default and health-protective assumption for
mixture risk assessment, as recommended by the European Commission
(European CommissionDirectorate-General for Health and Consumers,
2012).

The interpretation is as follows: if the HI is below 1, it does not pose a
risk, whilst when above 1 the likelihood of a toxicological response to
the mixture is increased (European CommissionDirectorate-General for
Health and Consumers, 2012).

2.5.2. Determinants of elevated risk

We included the following potential determinants for subgroup an-
alyses: sex, age, region of residence, and socioeconomic status (SES).
Age was categorized into the following 4 groups: 3-5 years-old, 6-10
years-old, 11-13 years-old, and 14-17 years-old. Place of residency
was modelled as a dichotomized variable (former East Germany
including former East Berlin vs. former West Germany including former
West Berlin). SES was defined as an index based on income, education,
and job of parents (Lampert et al., 2018), and modelled as a three-level
categorical variable (low, medium, and high). To evaluate associations
between predictors and HI, a linear regression model was applied using
the Generalized Linear Model (GLM) with log link function to account
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for the non-normal distribution of the HIs. All predictors were adjusted
for each other.

2.5.3. Drivers of risk

We explored the complexity of combined exposures by examining
the contribution of individual substances to the total sum of RQs, in total
and stratified by subgroups. We further explored this with the Maximum
Cumulative Ratio (MCR) as introduced by Price et al. (2012). The MCR
for each participant is determined by dividing their HI by their highest
RQ (RQmax)- Calculating MCR helps to discern if the combined exposure
risk is dominated by a single chemical or by multiple chemicals. For
participants with an MCR less than 2, a single substance accounts for
most of the combined risk, while for those with an MCR greater than 2,
multiple substances contribute more significantly to the risk. As such, a
scatterplot of MCR vs. HI was generated. We followed the risk man-
agement categories according to Price et al. (2012) that include the
following scenarios: Region I represents scenarios where combined ex-
posures raise concern because one or more individual chemicals surpass
the HBM-GV (RQ > 1, HI > 1); Region II shows combined exposures with
minimal concern for both individual chemicals and for their combined
effects (all RQs <1, HI < 1); Region III indicates combined exposures
with low concern for individual chemicals, but a concern for their
combined effects (all RQs<1, but HI > 1).

Statistical analyses were performed in R (version 3.4.3, R Foundation
for Statistical Computing, Vienna, Austria) in R studio (version
0.99.903, RStudio Inc., Boston, MA, USA). Biomarker values below
limits of quantification (LOQ) were imputed by substituting with LOQ/
2172 following a similar method to Kortenkamp et al. (2022). The per-
centage of measurements at or above LOQ for each biomarker is indi-
cated in Table 1. Values missing at random of the following covariates
were imputed: SES, using mice package in R (Buuren and
Groothuis-Oudshoorn, 2011). Sensitivity analyses excluding partici-
pants with missing SES yielded comparable results (data not shown).

3. Results

Table 2 presents the baseline characteristics of the study population
including the distribution of sex, age group, SES, and region of resi-
dence. In total, 1090 individuals had complete urine and plasma samples
of all nine substances included in the MRA.

Fig. 1 shows the scatter plot of individual HI vs. MCR with risk
management categories. MCRs show the number of chemicals that
contribute to the overall mixture risk (Price and Han, 2011). In the plot
we can observe that MCR diminishes with increasing HI, along a line of
data points descending from left to right. This suggests that among
participants with the highest HI, the mixture complexity reduces, as a
greater part of the HI is explained by the RQ of a single substance. In
total, 13% (142/1090) of participants had MCR<2, indicating

Table 2
Weighted baseline characteristics of the study population and percentage of
individuals exceeding hazard index (HI) of 1.

N (%) % >HI =1
Total 1090 (100) 31
Sex Boys 558 (51) 29
Girls 532 (49) 33
Age group 3-5 years 186 (17) 40
6-10 years 353 (32) 34
11-13 years 225 (21) 26
14-17 years 327 (30) 25
Socioeconomic status Low 236 (22) 39
Medium 645 (59) 30

High 210 (19) 25
Former West Germany 924 (85) 29
Former East Germany 167 (15) 41

Region of residence

Abbreviations: N: number of study participants; HI: hazard index. All values are
rounded.
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Fig. 1. Scatter plot of Hazard Index (HI) vs. Maximum Cumulative Ratio (MCR)
with risk management categories indicated. Each dot represents an individual
study participant. Region II (area left of the vertical line for HI = 1, i.e. in-
dividuals with HI < 1) depicts individuals with combined exposures that are not
of concern. Region III (area enclosed by the vertical line for HI = 1 and the
curved yellow line for HI = MCR) depicts individuals with HI > 1, but without
exceeding any of the single-substance HBM-GVs, i.e. all RQs <1. Region I (area
to the right of the yellow line for HI = MCR) depicts individuals exceeding both,
the acceptable combined exposure and HBM-GVs for single substance(s). The
horizontal line for MCR = 2 distinguishes individuals for which one substance
contributed 50% or more to the MCR (those below the MCR = 2 line) and in-
dividuals with multiple substances contributing to the HI (those above the MCR
= 2 line). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

single-substance dominance. Among participants with HI > 1, 73% had
MCR>2, reflecting more complex mixtures. Region III depicts the
combined exposure with a low concern for individual chemicals, but
concern for the combined effects (RQs<1 but HI > 1). In total, 31%
(334/1090) of the participants had a HI > 1. Among these participants,
83% (276/334) were classified as Region III, corresponding to, 25%
(276/1090) of the total population, indicating they would have gone
unnoticed in a single substance risk assessment.

3.1. Determinants of mixtures

We first descriptively evaluated geometric means and 95th percen-
tiles of the HIs stratified by sex, age, SES, and place of residency (see
Table 3). Boys and girls had similar HIs in terms of geometric means,
while boys appeared to have slightly higher HI at the 95th percentile
compared to girls [boys vs girls, 95th percentile (95% CI): 2.16 (1.99,
2.57) vs. 2.09 (1.86, 2.21)]. Younger children showed higher HI
compared to older children [3-5-year-olds vs. 14-17-year-olds, geo-
metric mean (95% CI): 0.86 (0.75, 0.98) vs. 0.68 (0.62, 0.74); 95th
percentile (95% CI): 2.16 (1.99, 2.57) vs. 1.73 (1.50, 2.52)]. Individuals
coming from a low SES showed higher HI compared to those with a high
SES [low vs high, geometric mean: 0.84 (0.73, 0.96) vs. 0.72 (0.67,
0.78); 95th percentile: 2.21 (2.15, 3.28) vs. 1.86 (1.53, 2.32)]. Those
living in former East Germany showed higher HI than those in West
Germany [East vs. West, geometric mean: 0.86 (0.78, 0.94) vs. 0.74
(0.70, 0.78); 95th percentile: 2.19 (2.13, 3.39) vs. 2.09 (1.93, 2.21)].

Fig. 2 illustrates the geometric means and variations in HI as
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Table 3
Descriptive statistics for hazard indices per subgroup.

Characteristics Hazard Index
Geometric P95 Mingy Maxyy
mean (95% (95% CI)
(@]
Sex Boys 0.77 (0.72, 2.16 0.13 15.6
0.83) (1.99,
2.57)
Girls 0.74 (0.69, 2.09 0.11 6.57
0.80) (1.86,
2.21)
Age group 3-5 years 0.86 (0.75, 2.16 0.22 2.87
0.98) (1.99,
2.57)
6-10 years 0.81 (0.74, 2.20 0.17 4.09
0.88) (2.12,
3.07)
11-13 years 0.70 (0.64, 1.68 0.11 6.57
0.77) (1.57,
2.36)
14-17 years 0.68 (0.62, 1.73 0.13 15.6
0.74) (1.50,
2.52)
Socioeconomic Low 0.84 (0.73, 2.21 0.16 4.03
status 0.96) (2.15,
3.28)
Medium 0.74 (0.69, 1.99 0.13 4.09
0.78) (1.80,
2.19)
High 0.72 (0.67, 1.86 0.12 15.6
0.78) (1.53,
2.32)
Region of Former 0.74 (0.70, 2.09 0.12 4.03
residence West 0.78) (1.93,
Germany 2.21)
Former East 0.86 (0.78, 2.19 0.13 15.6
Germany 0.94) (2.13,
3.39)

Abbreviations: CI: confidence interval; Max: maximum value of HI; Min: mini-
mum value of HI; P: Percentile.

determined through GLM analyses across (A) sex, (B) age, (C) SES, and
(D) place of residency. Children aged 3-5-years- and 6-10-years exhibi-
ted higher HI levels compared to those aged 14-17-years. Individuals
with lower SES showed higher HI levels compared to those from medium
or high SES backgrounds. Residing in former East Germany was asso-
ciated with higher HI levels compared to former West Germany. No
notable differences were observed by sex (see Supplementary Table 2 for
effect estimates and p-values).

These findings were further supported by the percentage of in-
dividuals exceeding HI thresholds within each subgroup, as shown in
Table 2. Specifically, 40% of children aged 3-5-years showed HI values
above 1, compared to 25% among those aged 14-17-years. A similar
pattern was observed across SES, with 39% of individuals from low SES
backgrounds exceeding HI > 1, compared to 24% among those with high
SES. Geographical differences were also evident, with 41% of in-
dividuals residing in former East Germany having HI > 1, compared to
29% of those in former West Germany.

3.2. Drivers of mixture risk

Table 4 presents the geometric means of individual chemical con-
centrations alongside their corresponding RQs including the number of
individuals with RQmax >1 for the respective substance. Notably, DnBP,
DiBP and acrylamide emerge as the chemicals with the highest average
risk quotient, with geometric means of 0.17, 0.16, and 0.17, respec-
tively, and consequently the highest number of individuals with RQmax
>1 with 14, 23, and 12, respectively. In contrast, DCHP, DnPeP and
BBzP exhibit the lowest risk quotients, with geometric means close to
0 and no individual with RQmax >1. In total there were 52 individuals
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with RQmax >1. There was only one individual identified with RQmax
>1 for more than one substance, i.e. exceeding an RQmax of 1 for DnBP
and DiBP.

Table 5 presents the variability in maximum RQs (RQmnax) for indi-
vidual substances across subgroups. In younger children, higher RQnax
values were observed for substances PCB 118, DEHP, DnBP, DiBP, while
acrylamide showed a higher prevalence of RQpax in older children.
Among individuals with lower SES, there was a higher prevalence of
RQmax for acrylamide, whereas those with higher SES showed a higher
prevalence of RQpuax for DnBP. Geographic differences were also
evident, with individuals residing in former West Germany showing
higher RQmax for acrylamide, and those in former East Germany having
higher prevalence of RQp,x for DnBP and DiBP.

4. Discussion

In this study we evaluated the combined (cumulative) risk of nine
chemicals related to male sexual development as consistent endpoint
and as proxy for reproductive toxicity in general in children and ado-
lescents living in Germany across various subgroups, including sex, age,
SES, and geographic location. 31% of our participants had a HI above 1
and thus potential elevated risk due to exposure to multiple chemicals.
Overall, DnBP, DiBP and acrylamide contributed most to the elevated
risk. Exposure patterns varied by age, SES, and region of residence.
Specifically, younger children, individuals with lower SES, and in-
dividuals living in former East Germany had significantly higher cu-
mulative exposure. Our results reveal notable differences across
subgroups in both cumulative exposure and the types of chemicals
driving mixture risks. Children seem to be more vulnerable for exposure
to environmental toxins than adolescents and adults (Hauptman and
Woolf, 2017), and indeed in our study we found that 40% of 3-5 year
olds had HI > 1 compared to 25% in 14-17 year olds. Younger children
had higher RQs for PCB 118 and phthalates. This may reflect differences
in metabolism and exposure behaviors in young children, i.e., increased
contact with environmental contaminants (Etzel, 2020). Higher phtha-
late exposure may result, for instance, from the use of plastic baby
bottles, teething rings, toys (Braun et al., 2013). PCBs persist in house-
hold dust and on surfaces (Harrad et al., 2006), and because younger
children often play on the floor and engage in hand-to-mouth behaviour,
exposure levels of PCBs may be higher. In contrast, older children
showed higher RQ for acrylamide, potentially linked to tobacco smoke
or dietary factors such as the consumption of fried starch-based foods
(Etzel, 2020). In the previous cumulative risk assessment on
anti-androgenic phthalates in the HBM4EU Aligned Studies (Lange
et al., 2022), no significant age-related differences in risk were found.
However, the analysis used a binary age variable, grouping children
aged 6-11 years and adolescents aged 12-18 years. The current study
includes younger children (ages 3-5 years), where we observed the
highest prevalence of elevated phthalate exposure and the largest
age-related differences in HI, highlighting the importance of including
younger age groups in mixture risk assessments.

In addition to age, socioeconomic disparities were observed, with
39% of individuals from lower SES backgrounds exhibiting HI > 1,
compared to 25% in the high SES group. Acrylamide exposure appeared
to be particularly higher in the lower SES group. This is likely attrib-
utable to the higher tobacco smoke exposure in the low SES group as
both active smoking and second-hand tobacco smoke exposure is highest
in low SES individuals (Hahn et al., 2023), and AAMA exposure in
smokers was more than double compared to non-smokers (Schwedler
et al., 2021). SES is also known to influence dietary choices, and studies
have reported higher consumption of (ultra-)processed foods among
lower SES groups (Baraldi et al., 2018; Hosseinpour-Niazi et al., 2024;
Marchese et al., 2022). Limited access to affordable, healthy foods may
lead to greater reliance on (ultra-)processed foods, which are typically
high in acrylamide (Martinez Steele et al., 2023). Additionally, other
environmental factors, e.g. poor housing quality or proximity to certain
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Fig. 2. Results of the multivariate linear regression analysis using GLMs for various socioeconomic subgroups. Dots represent the geometric mean (GM), vertical bars
the 95% confidence interval of the GM. Statistically significant differences between subgroups are given by the horizontal bars.

industries, may contribute to increased acrylamide exposure in lower
SES groups. Conversely, higher SES groups showed greater exposure to
DnBP, possibly due to more frequent use of consumer products such as
personal care products containing phthalates (Bloom et al., 2024). These
patterns suggest that SES influences not only lifestyle choices but also
access and use of products, which can impact exposure to various
environmental chemicals. Understanding these nuances is essential for
developing targeted interventions that address both economic and
exposure inequalities.

Geographic differences in HI point to regional factors influencing
exposure. Higher exposure to acrylamide in former West Germany and
higher DnBP and DiBP levels in former East Germany may reflect vari-
ations in industrial practices, food processing, or consumer habits. In
previous analyses within this study population, elevated DnBP in former
East Germany were positively associated with the presence of polyvinyl
chloride (PVC) flooring (Schwedler et al., 2020). Our findings on
geographic differences align with European-wide patterns. In the pre-
vious study on cumulative phthalate exposure, the Eastern European
region had the highest HI among European regions, and DnBP was
clearly the main driver (Lange et al., 2022). These findings suggest that
phthalate usage patterns may have persisted beyond reunification of

former East and West Germany, and that specific applications, i.e., the
presence of materials like PVC flooring common in Eastern European
countries, may still play a significant role in current exposure levels. As
of 2020, plasticizers like DnBP and DiBP have faced stricter regulation
under REACH due to their classification as substances of very high
concern, given their reproductive toxicity and potential
endocrine-disrupting effects. With the Partnership for the Assessment of
Risks from Chemicals (PARC, www.eu-parc.eu) currently underway,
recent assessments of phthalate exposure in Europe will help determine
whether the regulatory changes are effective towards reducing exposure
of the general population to regulated phthalates. Overall, the observed
patterns highlight the complex interaction between age, socioeconomic
factors, geographic region, and environmental exposure, suggesting that
mixture risk assessments must account for these factors.

Our findings shed light on the critical need to assess mixtures of
substances rather than evaluating substances on an individual level.
Traditional single-substance risk assessments often overlook combined
effects of multiple exposures (Bopp et al., 2019). This is evident in our
study, where 26% of participants in Region III (those with a HI > 1 but
individual RQs of <1) would not have been flagged as at-risk under a
single-substance approach. Such gaps highlight the limitations of
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Table 4
Risk Quotients and Hazard Index for the individual chemicals.

Chemical Metabolite concentration Risk Quotient
(ng/L)
Geometric Max Geometric Max n
mean (95% mean (95% RQmax
Cch ch >1

PCB 118 0.02 (0.02, 0.097 0.07 (0.07, 0.40 0
0.02) 0.07)

DEHP 22.23 (20.86, 426 0.06 (0.05, 1.12 1
23.70) 0.06)

DnBP 20.13 (18.93, 361 0.17 (0.16, 3.00 14
21.41) 0.18)

DiBP 24.95 (23.25, 2280 0.16 (0.15, 1425 23
26.76) 0.17)

BBZP 2.98 (2.74, 156 0.00 (0.00, 0.08 0
3.25) 0.00)

DiNP 12.44 (11.52, 1832 0.04 (0.03, 5.39 2
13.43) 0.04)

DCHP 0.15 (0.15, 88.7 0.00 (0.00, 0.06 0
0.15) 0.00)

DnPeP 0.15 (0.15, 13.3 0.00 (0.00, 0.01 0
0.16) 0.00)

Acrylamide 75.83 (71.22, 1260 0.17 (0.16, 2.82 12
80.75) 0.18)

Hazard 0.76 (0.72, 15.56

Index 0.80)
(sum)

Abbreviations: CI: confidence interval.

current regulatory frameworks in capturing the full extent of chemical
exposure across Europe, particularly for vulnerable populations. By
implementing mixture-based risk assessment models, we can achieve a
more comprehensive evaluation of cumulative exposure risks. Although
the vast number of chemicals in use and the limited toxicity information
makes mixture risk assessment challenging (Bopp et al., 2019), ongoing
initiatives like the PANORAMIX project are advancing this field (Escher
et al., 2022).

Despite the high HI observed in our study population, and despite
being one of the first studies to include such a broad range of chemicals
measured within the same individuals, it is likely that our assessment
did not capture the full extent of the issue. This suggests that the actual
HI under real-world conditions may be even higher than what we
observed. As our approach required exposure and toxicity data, we were
not able to include all relevant substances contributing to reduced
semen quality risk. For instance, we included PCB 118 as it was
measured in our sample, but Ermler and Kortenkamp (2022) and Kor-
tenkamp et al. (2022) have suggested that other PCB congeners also play
a role. We selected the largest sub-sample with the greatest number of
relevant chemicals measured to maximize our data robustness.
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However, this choice limited our ability to include other known
anti-androgenic substances, such as bisphenol A, which have established
evidence of contributing to mixture risk (Kortenkamp et al., 2022).
Although these substances were measured in this study, they were
assessed in different subsamples and thus excluded from our mixture
risk assessment. Future biomonitoring studies could aim to include a
wider range of chemicals within the same sample of individuals,
enabling a more comprehensive evaluation of exposures to all relevant
substances.

Further methodological limitations that affect the interpretation of
our findings should be acknowledged. For DCHP and DnPeP, there is
considerable uncertainty in the derivation of pHBM-GVgenpop-Mra, @s NO
experimentally determined Fyg was available. Although these sub-
stances are known to be highly potent (Furr et al., 2014), their derived
values appear relatively high compared to other phthalates included in
this study. This discrepancy may be explained by the limited toxico-
logical data available for these substances and therefore also uncertainty
surrounding their toxicokinetic properties. In addition, their detection
frequencies were low, which could indicate either limited exposure or
concentrations below LOQ. Among the few samples with concentrations
above the LOQ, the levels were mainly low. Therefore, these substances
did not contribute meaningfully to the overall mixture risk in our study.
A similar issue applied to PCBs, for which the reference value from the
literature (Ermler and Kortenkamp, 2022) was not defined for internal
exposure. We therefore approximated the compatible value, adding
further uncertainty to the risk estimate. Another limitation is that each
participant in the study was sampled only once, with no repeated
measurements. As such, intra-individual variability may lead to expo-
sure misclassification. In addition, since the HBM-GVs we used to esti-
mate the HI are based on male reproductive health effects from
gestational exposure, the risk may be conservatively overestimated for
non-pregnant individuals, such as children and adolescents, and females
that have a different hormonal profile. While our approach may not
precisely reflect the specific risks for these groups, it provides a pro-
tective benchmark by accounting for potential cumulative effects, which
also applies to vulnerable populations such as individuals with
pre-existing health conditions. This limitation highlights the need for
population-specific guidance values that could improve the precision of
risk assessments across different age groups and demographic profiles.

5. Conclusion

In this work we performed a mixture risk assessment for nine anti-
androgenic substances measured in a subsample of the population-
representative GerES V. 31% of the individuals had a HI greater than
1, i.e. elevated risk for adverse effects regarding reproduction. The
majority of those, i.e. 26% of the sample, did not exceed any of the

Table 5
Percentage of study population in which the respective substances reached RQmax.
PCB 118 DEHP DnBP DiBP BBzP DINP DCHP DnPeP Acrylamide

Total 5.1 1.8 32.1 22.2 0 2.3 0 0 36.6
Sex
Boys 4.3 2.1 30.7 23.5 0 1.4 0 0 37.9
Girls 5.7 1.4 33.5 20.9 0 3.2 0 0 35.2
Age group
3-5 years 10.1 4.0 35.1 25.4 0 2.8 0 0 22.6
6-10 years 2.9 1.9 39.1 25.2 0 2.6 0 0 28.3
11-13 years 1.8 1.3 29.6 19.4 0 1.3 0 0 46.8
14-17 years 6.8 0.8 24.4 19.2 0 2.4 0 0 46.5
Socioeconomic status
Low 4.9 2.0 27.6 219 0 5.1 0 0 38.5
Medium 5.0 1.6 31.8 23.6 0 1.1 0 0 36.8
High 5.4 2.1 37.6 18.3 0 2.6 0 0 33.9
Region of residence
Former West Germany 5.4 2.0 29.4 21.4 0 2.4 0 0 39.5
Former East Germany 3.2 0.9 46.8 26.9 0 1.8 0 0 20.5
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individual HBM-GVgenpop-Mra and would thus have gone unnoticed in a
single substance risk assessment. This highlights the need for MRA
complementing traditional single substance approaches. To facilitate
MRA, a broad assessment of multiple biomarkers in the same sample
population is key. Measuring substances only in a subpopulation saves
valuable sample material and reduces costs of HBM programs, but
hampers MRA. The MRA for anti-androgenic effects performed here
already reveals elevated risk for a considerable fraction of the popula-
tion, but real-world conditions pose even greater risk due to exposure to
further anti-androgenic substances. Interestingly, among the main risk
drivers of our analysis were DnBP and DiBP, two phthalates that have
been banned from consumer products in 2020 (and thus only after the
sampling of GerES V which ended in 2017). Recent population surveys
such as the German Environmental Survey for Adults 2023-2024 (GerES
VI) and the PARC Aligned Studies conducted 2023-2026 on children,
adolescents, and young adults, will reveal how exposure to these anti-
androgenic phthalates, among many others, since developed within
Germany and Europe.

CRediT authorship contribution statement

Liselot Koelman: Writing — original draft, Visualization, Method-
ology, Investigation, Formal analysis. Rosa Lange: Writing — review &
editing, Supervision, Methodology, Conceptualization. Marike
Kolossa-Gehring: Writing — review & editing, Supervision, Project
administration, Funding acquisition. Aline Murawski: Writing — review
& editing, Supervision, Funding acquisition, Conceptualization.

Acknowledgements

Funding by the German Federal Ministry for the Environment,
Climate Action, Nature Conservation and Nuclear Safety is gratefully
acknowledged.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijheh.2026.114783.

References

Ahmad, R., Gautam, A.K., Verma, Y., Sedha, S., Kumar, S., 2014. Effects of in utero di-
butyl phthalate and butyl benzyl phthalate exposure on offspring development and
male reproduction of rat. Environ. Sci. Pollut. Res. Int. 21 (4), 3156-3165. https://
doi.org/10.1007/s11356-013-2281-x.

Apel, P., Rousselle, C., Lange, R., Sissoko, F., Kolossa-Gehring, M., Ougier, E., 2020.
Human biomonitoring initiative (HBM4EU) - strategy to derive human
biomonitoring guidance values (HBM-GVs) for health risk assessment. Int. J. Hyg
Environ. Health 230, 113622. https://doi.org/10.1016/j.ijheh.2020.113622.

Auger, J., Kunstmann, J.M., Czyglik, F., Jouannet, P., 1995. Decline in semen quality
among fertile men in paris during the past 20 years. N. Engl. J. Med. 332 (5),
281-285. https://doi.org/10.1056/NEJM199502023320501.

Bandow, N., Conrad, A., Kolossa-Gehring, M., Murawski, A., Sawal, G., 2020.
Polychlorinated biphenyls (PCB) and organochlorine pesticides (OCP) in blood
plasma - results of the German environmental survey for children and adolescents
2014-2017 (GerES V). Int. J. Hyg Environ. Health 224, 113426. https://doi.org/
10.1016/j.ijheh.2019.113426.

Baraldi, L.G., Martinez Steele, E., Canella, D.S., Monteiro, C.A., 2018. Consumption of
ultra-processed foods and associated sociodemographic factors in the USA between
2007 and 2012: evidence from a nationally representative cross-sectional study. BMJ
Open 8 (3), e020574. https://doi.org/10.1136/bmjopen-2017-020574.

BAuA, 2017. Begriindung zu chlorierte biphenyle in TRGS 900. Bundesanstalt Fiir
Arbeitsschutz Und Arbeitsmedizin. https://www.baua.de/DE/Angebote/Regelwer
k/TRGS/pdf/900/900-chlorierte-biphenyle.pdf.

Bil, W., Govarts, E., Zeilmaker, M.J., et al., 2023. Approaches to mixture risk assessment
of PFASs in the European population based on human hazard and biomonitoring
data. Int. J. Hyg Environ. Health 247, 114071. https://doi.org/10.1016/j.
ijheh.2022.114071.

Bloom, M.S., Clark, J.M., Pearce, J.L., Ferguson, P.L., Newman, R.B., Roberts, J.R.,
Grobman, W.A., Sciscione, A.C., Skupski, D.W., Garcia, K., Vena, J.E., Hunt, K.J.,
2024. Impact of skin care products on phthalates and phthalate replacements in
children: the ECHO-FGS. Environ. Health Perspect. 132 (9), 97001. https://doi.org/
10.1289/ehp13937.

International Journal of Hygiene and Environmental Health 274 (2026) 114783

Boettcher, M., Bolt, H.M., Drexler, H., Angerer, J., 2006. Excretion of mercapturic acids
of acrylamide and glycidamide in human urine after single oral administration of
deuterium-labelled acrylamide. Arch. Toxicol. 80 (2), 55-61. https://doi.org/
10.1007/s00204-005-0011-y.

Bopp, S.K., Kienzler, A., Richarz, A.N., van der Linden, S.C., Paini, A., Parissis, N.,
Worth, A.P., 2019. Regulatory assessment and risk management of chemical
mixtures: challenges and ways forward. Crit. Rev. Toxicol. 49 (2), 174-189. https://
doi.org/10.1080/10408444.2019.1579169.

Braun, J.M., Sathyanarayana, S., Hauser, R., 2013. Phthalate exposure and children's
health. Curr. Opin. Pediatr. 25 (2), 247-254. https://doi.org/10.1097/
MOP.0b013e32835eleb6.

Buuren, S.v., Groothuis-Oudshoorn, K., 2011. Mice: multivariate imputation by chained
equations inR. J. Stat. Software 45 (3), 1-67. https://doi.org/10.18637/jss.v045.103
accessed: 2024/06/03).

CHAP, 2014. Chronic hazard advisory Panel on phthalates and phthalate alternatives
final report. https://www.cpsc.gov/chap. (Accessed 3 March 2025).

Clewell, R.A., Sochaski, M., Edwards, K., Creasy, D.M., Willson, G., Andersen, M.E.,
2013. Disposition of diiosononyl phthalate and its effects on sexual development of
the male fetus following repeated dosing in pregnant rats. Reprod. Toxicol. 35,
56-69. https://doi.org/10.1016/j.reprotox.2012.07.001.

Dobrzynska, M.M., 2016. Phthalates - widespread occurrence and the effect on male
gametes. Part 2. The effects of phthalates on male gametes and on the offspring.
Rocz. Panstw. Zakl. Hig. 67 (3), 209-221. https://www.ncbi.nlm.nih.gov/pubmed
/27546318.

ECETOC, 2003. Derivation of assessment factors for human health risk assessment.
European Centre for Ecotoxicology and Toxicology of Chemicals. https://www.ec
etoc.org/wp-content/uploads/2014,/08/ECETOC-TR-086.pdf.

EFSA Panel on Food Contact Materials, Enzymes and Processing Aids (CEP), 2023. Re-
evaluation of the risks to public health related to the presence of bisphenol A (BPA)
in foodstuffs. EFSA J. 21 (4), e06857. https://doi.org/10.2903/j.efsa.2023.6857.

Ermler, S., Kortenkamp, A., 2022. Systematic review of associations of polychlorinated
biphenyl (PCB) exposure with declining semen quality in support of the derivation of
reference doses for mixture risk assessments. Environ. Health 21 (1), 94. https://doi.
org/10.1186/s12940-022-00904-5.

Escher, B.I., Lamoree, M., Antignac, J.P., Scholze, M., Herzler, M., Hamers, T., Jensen, T.
K., Audebert, M., Busquet, F., Maier, D., Oelgeschlager, M., Valente, M.J., Boye, H.,
Schmeisser, S., Dervilly, G., Piumatti, M., Motteau, S., Konig, M., Renko, K.,
Margalef, M., Cariou, R., Ma, Y., Treschow, A.F., Kortenkamp, A., Vinggaard, A.M.,
2022. Mixture risk assessment of complex real-life mixtures-the PANORAMIX
project. Int. J. Environ. Res. Publ. Health 19 (20). https://doi.org/10.3390/
ijerph192012990.

Etzel, R.A., 2020. The special vulnerability of children. Int. J. Hyg Environ. Health 227,
113516. https://doi.org/10.1016/j.ijheh.2020.113516.

European Commission, 2011. Communication from the Commission to the European
Parliament, the Council, the European Economic and Social Committee and the
Committee of the Regions Youth Opportunities Initiative https://nam11.safelinks.
protection.outlook.com/?url=https%3A%2F%2Fwww.osuustoimintakeskus.net%
2Fcms%2Fwp-content%2Fuploads%2Fyhteistoiminta.fi%2FCOM2011_682_en.
pdf&data=05%7C02%7 Ck.selvaraju%40elsevier.com%
7Ccc159d398e1845¢79bfe08de84326393%
7C9274ee3f94254109a27f9fb15¢10675d%7C0%7C0%7C639093549409852366%
7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1lhcGkiOnRydWUsIlYiOilwLjAu
MDAwMCIsIIAiOiJXaW4zMilsIkFOIjoi TWFpbCIslldUIjoyfQ%3D%3D%7C0%7C%7C
%?7C&sdata=BWqU13kJIV1MaFMgyrAxgAbs%2ByGug5YD9lJm3HoxCMM%
3D&reserved=0 (accessed: 22 Jan 2025).

European Commission, Directorate-General for Health and Consumers, 2012. Toxicity
and Assessment of Chemical Mixtures. European Commission. https://doi.org/
10.2772/21444.

Fuhr, U., Boettcher, M., Kinzig-Schippers, M., Weyer, A., Jetter, A., Lazar, A.,
Taubert, D., Tomalik-Scharte, D., Pournara, P., Jakob, V., Harlfinger, S., Klaassen, T.,
Berkessel, A., Angerer, J., Sorgel, F., Schomig, E., 2006. Toxicokinetics of acrylamide
in humans after ingestion of a defined dose in a test meal to improve risk assessment
for acrylamide carcinogenicity. Cancer Epidemiol. Biomarkers Prev. 15 (2),
266-271. https://doi.org/10.1158/1055-9965.EPI-05-0647.

Furr, J.R., Lambright, C.S., Wilson, V.S, Foster, P.M., Gray Jr., L.E., 2014. A short-term
in vivo screen using fetal testosterone production, a key event in the phthalate
adverse outcome pathway, to predict disruption of sexual differentiation. Toxicol.
Sci. 140 (2), 403-424. https://doi.org/10.1093/toxsci/kfu081.

Goodrum, P.E., Anderson, J.K., Luz, A.L., Ansell, G.K., 2021. Application of a framework
for grouping and mixtures toxicity assessment of PFAS: a closer examination of dose-
additivity approaches. Toxicol. Sci. 179 (2), 262-278. https://doi.org/10.1093/
toxsci/kfaal23.

Hahn, D., Schmied-Tobies, M., Rucic, E., Pluym, N., Scherer, M., Debiak, M.,
Murawski, A., Kolossa-Gehring, M., 2023. Urinary cotinine and exposure to passive
smoke in children and adolescents in Germany - human biomonitoring results of the
German environmental survey 2014-2017 (GerES V). Environ. Res. 216 (Pt 1),
114320. https://doi.org/10.1016/j.envres.2022.114320.

Hannas, B.R., Furr, J., Lambright, C.S., Wilson, V.S., Foster, P.M., Gray Jr., L.E., 2011.
Dipentyl phthalate dosing during sexual differentiation disrupts fetal testis function
and postnatal development of the male Sprague-Dawley rat with greater relative
potency than other phthalates. Toxicol. Sci. 120 (1), 184-193. https://doi.org/
10.1093/toxsci/kfq386.

Harrad, S., Hazrati, S., Ibarra, C., 2006. Concentrations of polychlorinated biphenyls in
indoor air and polybrominated diphenyl ethers in indoor air and dust in
Birmingham, United Kingdom: implications for human exposure. Environ. Sci.
Technol. 40 (15), 4633-4638. https://doi.org/10.1021/es0609147.


https://doi.org/10.1016/j.ijheh.2026.114783
https://doi.org/10.1016/j.ijheh.2026.114783
https://doi.org/10.1007/s11356-013-2281-x
https://doi.org/10.1007/s11356-013-2281-x
https://doi.org/10.1016/j.ijheh.2020.113622
https://doi.org/10.1056/NEJM199502023320501
https://doi.org/10.1016/j.ijheh.2019.113426
https://doi.org/10.1016/j.ijheh.2019.113426
https://doi.org/10.1136/bmjopen-2017-020574
https://www.baua.de/DE/Angebote/Regelwerk/TRGS/pdf/900/900-chlorierte-biphenyle.pdf
https://www.baua.de/DE/Angebote/Regelwerk/TRGS/pdf/900/900-chlorierte-biphenyle.pdf
https://doi.org/10.1016/j.ijheh.2022.114071
https://doi.org/10.1016/j.ijheh.2022.114071
https://doi.org/10.1289/ehp13937
https://doi.org/10.1289/ehp13937
https://doi.org/10.1007/s00204-005-0011-y
https://doi.org/10.1007/s00204-005-0011-y
https://doi.org/10.1080/10408444.2019.1579169
https://doi.org/10.1080/10408444.2019.1579169
https://doi.org/10.1097/MOP.0b013e32835e1eb6
https://doi.org/10.1097/MOP.0b013e32835e1eb6
https://doi.org/10.18637/jss.v045.i03
https://www.cpsc.gov/chap
https://doi.org/10.1016/j.reprotox.2012.07.001
https://www.ncbi.nlm.nih.gov/pubmed/27546318
https://www.ncbi.nlm.nih.gov/pubmed/27546318
https://www.ecetoc.org/wp-content/uploads/2014/08/ECETOC-TR-086.pdf
https://www.ecetoc.org/wp-content/uploads/2014/08/ECETOC-TR-086.pdf
https://doi.org/10.2903/j.efsa.2023.6857
https://doi.org/10.1186/s12940-022-00904-5
https://doi.org/10.1186/s12940-022-00904-5
https://doi.org/10.3390/ijerph192012990
https://doi.org/10.3390/ijerph192012990
https://doi.org/10.1016/j.ijheh.2020.113516
http://refhub.elsevier.com/S1438-4639(26)00043-X/sref21
http://refhub.elsevier.com/S1438-4639(26)00043-X/sref21
http://refhub.elsevier.com/S1438-4639(26)00043-X/sref21
http://refhub.elsevier.com/S1438-4639(26)00043-X/sref21
http://refhub.elsevier.com/S1438-4639(26)00043-X/sref21
http://refhub.elsevier.com/S1438-4639(26)00043-X/sref21
http://refhub.elsevier.com/S1438-4639(26)00043-X/sref21
http://refhub.elsevier.com/S1438-4639(26)00043-X/sref21
http://refhub.elsevier.com/S1438-4639(26)00043-X/sref21
http://refhub.elsevier.com/S1438-4639(26)00043-X/sref21
http://refhub.elsevier.com/S1438-4639(26)00043-X/sref21
http://refhub.elsevier.com/S1438-4639(26)00043-X/sref21
https://doi.org/10.2772/21444
https://doi.org/10.2772/21444
https://doi.org/10.1158/1055-9965.EPI-05-0647
https://doi.org/10.1093/toxsci/kfu081
https://doi.org/10.1093/toxsci/kfaa123
https://doi.org/10.1093/toxsci/kfaa123
https://doi.org/10.1016/j.envres.2022.114320
https://doi.org/10.1093/toxsci/kfq386
https://doi.org/10.1093/toxsci/kfq386
https://doi.org/10.1021/es0609147

L. Koelman et al.

Hauptman, M., Woolf, A.D., 2017. Childhood ingestions of environmental toxins: what
are the risks? Pediatr. Ann. 46 (12), e466-e471. https://doi.org/10.3928/
19382359-20171116-01.

Hauser, R., Skakkebaek, N.E., Hass, U., Toppari, J., Juul, A., Andersson, A.M.,
Kortenkamp, A., Heindel, J.J., Trasande, L., 2015. Male reproductive disorders,
diseases, and costs of exposure to endocrine-disrupting chemicals in the European
union. J. Clin. Endocrinol. Metab. 100 (4), 1267-1277. https://doi.org/10.1210/
jc.2014-4325.

He, Q.L., Lyu, T.Q., Zhang, Y.T., Wang, H.Q., Zhou, Q., Zhang, J.M., Liu, Y.Y., Li, J.S.,
Jiang, L.G., Cheng, D., Ge, Z.J., Liu, S.Z., 2020. Effects of intrauterine exposure to
2,3',4,4',5-pentachlorobiphenyl on the reproductive system and sperm epigenetic
imprinting of male offspring. J. Appl. Toxicol. 40 (10), 1396-1409. https://doi.org/
10.1002/jat.3992.

Hoffmann, R., Lange, M., Butschalowsky, H., Houben, R., Schmich, P., Allen, J.,
Kuhnert, R., Rosario, A.S., Gosswald, A., 2018. KiGGS wave 2 cross-sectional study -
participant acquisition, response rates and representativeness. J. Health Monit. 3 (1),
78-91. https://doi.org/10.17886/RKI-GBE-2018-032.

Hoshino, N., Iwai, M., Okazaki, Y., 2005. A two-generation reproductive toxicity study of
dicyclohexyl phthalate in rats. J. Toxicol. Sci. 30 (Spec No), 79-96. https://doi.org/
10.2131/jts.30.579.

Hosseinpour-Niazi, S., Niknam, M., Amiri, P., Mirmiran, P., Ainy, E., Izadi, N., Gaeini, Z.,
Azizi, F., 2024. The association between ultra-processed food consumption and
health-related quality of life differs across lifestyle and socioeconomic strata. BMC
Public Health 24 (1), 1955. https://doi.org/10.1186/512889-024-19351-7.

Howdeshell, K.L., Hotchkiss, A.K., Gray Jr., L.E., 2017. Cumulative effects of
antiandrogenic chemical mixtures and their relevance to human health risk
assessment. Int. J. Hyg Environ. Health 220 (2 Pt A), 179-188. https://doi.org/
10.1016/j.ijheh.2016.11.007.

Ivanski, F., de Oliveira, V.M., de Oliveira, .M., de Araujo Ramos, A.T., de Oliveira
Tonete, S.T., de Oliveira Hykavei, G., Bargi-Souza, P., Schiessel, D.L., Martino-
Andrade, A.J., Romano, M.A., Marino Romano, R., 2020. Prepubertal acrylamide
exposure causes dose-response decreases in spermatic production and functionality
with modulation of genes involved in the spermatogenesis in rats. Toxicology 436,
152428. https://doi.org/10.1016/j.tox.2020.152428.

Jensen, T.K., Carlsen, E., Jorgensen, N., Berthelsen, J.G., Keiding, N., Christensen, K.,
Petersen, J.H., Knudsen, L.B., Skakkebaek, N.E., 2002. Poor semen quality may
contribute to recent decline in fertility rates. Hum. Reprod. 17 (6), 1437-1440.
https://doi.org/10.1093/humrep/17.6.1437.

Jeseta, M., Navratilova, J., Franzova, K., Fialkova, S., Kempisty, B., Ventruba, P.,
Zakova, J., Crha, I., 2021. Overview of the mechanisms of action of selected
bisphenols and perfluoroalkyl chemicals on the Male reproductive axes. Front.
Genet. 12, 692897. https://doi.org/10.3389/fgene.2021.692897.

Koch, H.M., Christensen, K.L., Harth, V., Lorber, M., Bruning, T., 2012. Di-n-butyl
phthalate (DnBP) and diisobutyl phthalate (DiBP) metabolism in a human volunteer
after single oral doses. Arch. Toxicol. 86 (12), 1829-1839. https://doi.org/10.1007/
500204-012-0908-1.

Koch, H.M., Gonzalez-Reche, L.M., Angerer, J., 2003. On-line clean-up by
multidimensional liquid chromatography-electrospray ionization tandem mass
spectrometry for high throughput quantification of primary and secondary phthalate
metabolites in human urine. J. Chromatogr., B: Anal. Technol. Biomed. Life Sci. 784
(1), 169-182. https://doi.org/10.1016/s1570-0232(02)00785-7.

Koch, H.M., Muller, J., Angerer, J., 2007. Determination of secondary, oxidised di-iso-
nonylphthalate (DINP) metabolites in human urine representative for the exposure
to commercial DINP plasticizers. J. Chromatogr., B: Anal. Technol. Biomed. Life Sci.
847 (2), 114-125. https://doi.org/10.1016/j.jchromb.2006.09.044.

Koch, H.M., Ruther, M., Schutze, A., Conrad, A., Palmke, C., Apel, P., Bruning, T.,
Kolossa-Gehring, M., 2017. Phthalate metabolites in 24-h urine samples of the
German Environmental Specimen Bank (ESB) from 1988 to 2015 and a comparison
with US NHANES data from 1999 to 2012. Int. J. Hyg Environ. Health 220 (2 Pt A),
130-141. https://doi.org/10.1016/j.ijheh.2016.11.003.

Kortenkamp, A., Scholze, M., Ermler, S., Priskorn, L., Jorgensen, N., Andersson, A.M.,
Frederiksen, H., 2022. Combined exposures to bisphenols, polychlorinated dioxins,
paracetamol, and phthalates as drivers of deteriorating semen quality. Environ. Int.
165, 107322. https://doi.org/10.1016/j.envint.2022.107322.

Lahimer, M., Abou Diwan, M., Montjean, D., Cabry, R., Bach, V., Ajina, M., Ben Ali, H.,
Benkhalifa, M., Khorsi-Cauet, H., 2023. Endocrine disrupting chemicals and male
fertility: from physiological to molecular effects. Front. Public Health 11, 1232646.
https://doi.org/10.3389/fpubh.2023.1232646.

Lampert, T., Hoebel, J., Kuntz, B., Muters, S., Kroll, L.E., 2018. Socioeconomic status and
subjective social status measurement in KiGGS wave 2. J. Health Monit. 3 (1),
108-125. https://doi.org/10.17886/RKI-GBE-2018-033.

Lange, R., Apel, P., Rousselle, C., Charles, S., Sissoko, F., Kolossa-Gehring, M., Ougier, E.,
2021. The European human biomonitoring initiative (HBM4EU): Human
biomonitoring guidance values for selected phthalates and a substitute plasticizer.
Int. J. Hyg Environ. Health 234, 113722. https://doi.org/10.1016/j.
ijheh.2021.113722.

Lange, R., Vogel, N., Schmidt, P., et al., 2022. Cumulative risk assessment of five
phthalates in European children and adolescents. Int. J. Hyg Environ. Health 246,
114052. https://doi.org/10.1016/j.ijheh.2022.114052.

Lee, K.Y., Shibutani, M., Takagi, H., Kato, N., Takigami, S., Uneyama, C., Hirose, M.,
2004. Diverse developmental toxicity of di-n-butyl phthalate in both sexes of rat
offspring after maternal exposure during the period from late gestation through
lactation. Toxicology 203 (1-3), 221-238. https://doi.org/10.1016/j.
t0x.2004.06.013.

Lemke, N., Murawski, A., Lange, R., Weber, T., Apel, P., Debiak, M., Koch, H.M., Kolossa-
Gehring, M., 2021. Substitutes mimic the exposure behaviour of REACH regulated

10

International Journal of Hygiene and Environmental Health 274 (2026) 114783

phthalates - a review of the German HBM system on the example of plasticizers. Int.
J. Hyg Environ. Health 236, 113780. https://doi.org/10.1016/j.ijheh.2021.113780.

Levine, H., Jorgensen, N., Martino-Andrade, A., Mendiola, J., Weksler-Derri, D.,
Mindlis, L., Pinotti, R., Swan, S.H., 2017. Temporal trends in sperm count: a
systematic review and meta-regression analysis. Hum. Reprod. Update 23 (6),
646-659. https://doi.org/10.1093/humupd/dmx022.

Lindahl-Jacobsen, R., Beck, A.L., Priskorn, L., Holmboe, S.A., Fischer, M.B.,

Andersson, A.M., Skakkebaek, N.E., 2026. Evidence that declining human fecundity
contributes to the fertility crisis. Fertil. Steril. 125 (2), 218-226. https://doi.org/
10.1016/j.fertnstert.2025.10.017.

Marchese, L., Livingstone, K.M., Woods, J.L., Wingrove, K., Machado, P., 2022. Ultra-
processed food consumption, socio-demographics and diet quality in Australian
adults. Public Health Nutr. 25 (1), 94-104. https://doi.org/10.1017/
$1368980021003967.

Martinez Steele, E., Buckley, J.P., Monteiro, C.A., 2023. Ultra-processed food
consumption and exposure to acrylamide in a nationally representative sample of the
US population aged 6 years and older. Prev. Med. 174, 107598. https://doi.org/
10.1016/j.ypmed.2023.107598.

Mauz, E., Gosswald, A., Kamtsiuris, P., Hoffmann, R., Lange, M., von Schenck, U.,
Allen, J., Butschalowsky, H., Frank, L., Holling, H., Houben, R., Krause, L.,
Kuhnert, R., Lange, C., Muters, S., Neuhauser, H., Poethko-Muller, C., Richter, A.,
Rosario, A.S., Schaarschmidt, J., Schlack, R., Schlaud, M., Schmich, P., Schone, G.,
Wetzstein, M., Ziese, T., Kurth, B.M., 2017. New data for action. Data collection for
KiGGS wave 2 has been completed. J. Health Monit. 2 (Suppl. 3), 2-27. https://doi.
org/10.17886/RKI-GBE-2017-105.

Moos, R.K., Apel, P., Schroter-Kermani, C., Kolossa-Gehring, M., Bruning, T., Koch, H.M.,
2017. Daily intake and hazard index of parabens based upon 24 h urine samples of
the German environmental specimen bank from 1995 to 2012. J. Expo. Sci. Environ.
Epidemiol. 27 (6), 591-600. https://doi.org/10.1038/jes.2016.65.

Okonofua, F.E., Ntoimo, L.F.C., Omonkhua, A., Ayodeji, O., Olafusi, C., Unuabonah, E.,
Ohenhen, V., 2022. Causes and risk factors for Male infertility: a scoping review of
published studies. Int. J. Gen. Med. 15, 5985-5997. https://doi.org/10.2147/IJGM.
S$363959.

Orton, F., Ermler, S., Kugathas, S., Rosivatz, E., Scholze, M., Kortenkamp, A., 2014.
Mixture effects at very low doses with combinations of anti-androgenic pesticides,
antioxidants, industrial pollutant and chemicals used in personal care products.
Toxicol. Appl. Pharmacol. 278 (3), 201-208. https://doi.org/10.1016/j.
taap.2013.09.008.

Paasch, U., Salzbrunn, A., Glander, H.J., Plambeck, K., Salzbrunn, H., Grunewald, S.,
Stucke, J., Vierula, M., Skakkebaek, N.E., Jorgensen, N., 2008. Semen quality in sub-
fertile range for a significant proportion of young men from the general German
population: a co-ordinated, controlled study of 791 men from Hamburg and Leipzig.
Int. J. Androl. 31 (2), 93-102. https://doi.org/10.1111/j.1365-2605.2007.00860.x.

Pluym, N., Gilch, G., Scherer, G., Scherer, M., 2015. Analysis of 18 urinary mercapturic
acids by two high-throughput multiplex-LC-MS/MS methods. Anal. Bioanal. Chem.
407 (18), 5463-5476. https://doi.org/10.1007/500216-015-8719-x.

Population Reference Bureau, 2007. World Population Data Sheet. https://www.prb.or
g/resources/2007-world-population-data-sheet/.

Poteser, M., Laguzzi, F., Schettgen, T., Vogel, N., Weber, T., Zimmermann, P., Hahn, D.,
Kolossa-Gehring, M., Namorado, S., Van Nieuwenhuyse, A., Appenzeller, B.,
Halldorsson, T.I., Eiriksdottir, A., Haug, L.S., Thomsen, C., Barbone, F., Rosolen, V.,
Rambaud, L., Riou, M., Goen, T., Nubler, S., Schafer, M., Haji Abbas Zarrabi, K.,
Gilles, L., Martin, L.R., Schoeters, G., Sepai, O., Govarts, E., Moshammer, H., 2022.
Time trends of acrylamide exposure in Europe: combined analysis of published
reports and current HBM4EU studies. Toxics 10 (8), 481. https://doi.org/10.3390/
toxics10080481.

Preuss, R., Koch, H.M., Angerer, J., 2005. Biological monitoring of the five major
metabolites of di-(2-ethylhexyl)phthalate (DEHP) in human urine using column-
switching liquid chromatography-tandem mass spectrometry. J. Chromatogr., B:
Anal. Technol. Biomed. Life Sci. 816 (1-2), 269-280. https://doi.org/10.1016/j.
jchromb.2004.11.048.

Price, P., Dhein, E., Hamer, M., Han, X., Heneweer, M., Junghans, M., Kunz, P.,
Magyar, C., Penning, H., Rodriguez, C., 2012. A decision tree for assessing effects
from exposures to multiple substances. Environ. Sci. Eur. 24 (1), 26. https://doi.org/
10.1186/2190-4715-24-26.

Price, P.S., Han, X., 2011. Maximum cumulative ratio (MCR) as a tool for assessing the
value of performing a cumulative risk assessment. Int. J. Environ. Res. Publ. Health 8
(6), 2212-2225. https://doi.org/10.3390/ijerph8062212.

Radke, E.G., Braun, J.M., Meeker, J.D., Cooper, G.S., 2018. Phthalate exposure and male
reproductive outcomes: a systematic review of the human epidemiological evidence.
Environ. Int. 121 (Pt 1), 764-793. https://doi.org/10.1016/j.envint.2018.07.029.

Rodriguez Martin, L., Ottenbros, 1., Vogel, N., Kolossa-Gehring, M., Schmidt, P.,
Rihackova, K., Julia Molina, M., Varea-Jimenez, E., Govarts, E., Pedraza-Diaz, S.,
Lebret, E., Vlaanderen, J., Luijten, M., 2023. Identification of real-life mixtures using
human biomonitoring data: a proof of concept study. Toxics 11 (3). https://doi.org/
10.3390/toxics11030204.

Schulz, C., Conrad, A., Rucic, E., Schwedler, G., Reiber, L., Peisker, J., Kolossa-
Gehring, M., 2021. The German environmental survey for children and adolescents
2014-2017 (GerES V) - study population, response rates and representativeness. Int.
J. Hyg Environ. Health 237, 113821. https://doi.org/10.1016/j.ijheh.2021.113821.

Schwedler, G., Murawski, A., Schmied-Tobies, M.I.H., Rucic, E., Scherer, M., Pluym, N.,
Scherer, G., Bethke, R., Kolossa-Gehring, M., 2021. Benzene metabolite SPMA and
acrylamide metabolites AAMA and GAMA in urine of children and adolescents in
Germany - human biomonitoring results of the German environmental survey 2014-
2017 (GerES V). Environ. Res. 192, 110295. https://doi.org/10.1016/j.
envres.2020.110295.


https://doi.org/10.3928/19382359-20171116-01
https://doi.org/10.3928/19382359-20171116-01
https://doi.org/10.1210/jc.2014-4325
https://doi.org/10.1210/jc.2014-4325
https://doi.org/10.1002/jat.3992
https://doi.org/10.1002/jat.3992
https://doi.org/10.17886/RKI-GBE-2018-032
https://doi.org/10.2131/jts.30.s79
https://doi.org/10.2131/jts.30.s79
https://doi.org/10.1186/s12889-024-19351-7
https://doi.org/10.1016/j.ijheh.2016.11.007
https://doi.org/10.1016/j.ijheh.2016.11.007
https://doi.org/10.1016/j.tox.2020.152428
https://doi.org/10.1093/humrep/17.6.1437
https://doi.org/10.3389/fgene.2021.692897
https://doi.org/10.1007/s00204-012-0908-1
https://doi.org/10.1007/s00204-012-0908-1
https://doi.org/10.1016/s1570-0232(02)00785-7
https://doi.org/10.1016/j.jchromb.2006.09.044
https://doi.org/10.1016/j.ijheh.2016.11.003
https://doi.org/10.1016/j.envint.2022.107322
https://doi.org/10.3389/fpubh.2023.1232646
https://doi.org/10.17886/RKI-GBE-2018-033
https://doi.org/10.1016/j.ijheh.2021.113722
https://doi.org/10.1016/j.ijheh.2021.113722
https://doi.org/10.1016/j.ijheh.2022.114052
https://doi.org/10.1016/j.tox.2004.06.013
https://doi.org/10.1016/j.tox.2004.06.013
https://doi.org/10.1016/j.ijheh.2021.113780
https://doi.org/10.1093/humupd/dmx022
https://doi.org/10.1016/j.fertnstert.2025.10.017
https://doi.org/10.1016/j.fertnstert.2025.10.017
https://doi.org/10.1017/S1368980021003967
https://doi.org/10.1017/S1368980021003967
https://doi.org/10.1016/j.ypmed.2023.107598
https://doi.org/10.1016/j.ypmed.2023.107598
https://doi.org/10.17886/RKI-GBE-2017-105
https://doi.org/10.17886/RKI-GBE-2017-105
https://doi.org/10.1038/jes.2016.65
https://doi.org/10.2147/IJGM.S363959
https://doi.org/10.2147/IJGM.S363959
https://doi.org/10.1016/j.taap.2013.09.008
https://doi.org/10.1016/j.taap.2013.09.008
https://doi.org/10.1111/j.1365-2605.2007.00860.x
https://doi.org/10.1007/s00216-015-8719-x
https://www.prb.org/resources/2007-world-population-data-sheet/
https://www.prb.org/resources/2007-world-population-data-sheet/
https://doi.org/10.3390/toxics10080481
https://doi.org/10.3390/toxics10080481
https://doi.org/10.1016/j.jchromb.2004.11.048
https://doi.org/10.1016/j.jchromb.2004.11.048
https://doi.org/10.1186/2190-4715-24-26
https://doi.org/10.1186/2190-4715-24-26
https://doi.org/10.3390/ijerph8062212
https://doi.org/10.1016/j.envint.2018.07.029
https://doi.org/10.3390/toxics11030204
https://doi.org/10.3390/toxics11030204
https://doi.org/10.1016/j.ijheh.2021.113821
https://doi.org/10.1016/j.envres.2020.110295
https://doi.org/10.1016/j.envres.2020.110295

L. Koelman et al.

Schwedler, G., Rucic, E., Lange, R., Conrad, A., Koch, H.M., Palmke, C., Bruning, T.,
Schulz, C., Schmied-Tobies, M.I.H., Daniels, A., Kolossa-Gehring, M., 2020.
Phthalate metabolites in urine of children and adolescents in Germany. Human
biomonitoring results of the German environmental survey GerES V, 2014-2017. Int.
J. Hyg Environ. Health 225, 113444. https://doi.org/10.1016/j.ijheh.2019.113444.

Sengupta, P., Borges Jr., E., Dutta, S., Krajewska-Kulak, E., 2018. Decline in sperm count
in European men during the past 50 years. Hum. Exp. Toxicol. 37 (3), 247-255.
https://doi.org/10.1177/0960327117703690.

Skakkebaek, N.E., Rajpert-De Meyts, E., Buck Louis, G.M., Toppari, J., Andersson, A.M.,
Eisenberg, M.L., Jensen, T.K., Jorgensen, N., Swan, S.H., Sapra, K.J., Ziebe, S.,

11

International Journal of Hygiene and Environmental Health 274 (2026) 114783

Priskorn, L., Juul, A., 2016. Male reproductive disorders and fertility trends:
influences of environment and genetic susceptibility. Physiol. Rev. 96 (1), 55-97.
https://doi.org/10.1152/physrev.00017.2015.

Winters, B.R., Walsh, T.J., 2014. The epidemiology of male infertility. Urol. Clin. 41 (1),
195-204. https://doi.org/10.1016/j.ucl.2013.08.006.

Wolfe and Layton, 2003. Technical Report Cited in "Survey and Health Assessment of the
Exposure of 2 year-olds to Chemical Substances in Consumer Products. https
://www2.mst.dk/udgiv/publications/2009,/978-87-92548-81-8/pdf/978-87-
92548-82-5.pdf. (Accessed 12 August 2025) (accessed.


https://doi.org/10.1016/j.ijheh.2019.113444
https://doi.org/10.1177/0960327117703690
https://doi.org/10.1152/physrev.00017.2015
https://doi.org/10.1016/j.ucl.2013.08.006
https://www2.mst.dk/udgiv/publications/2009/978-87-92548-81-8/pdf/978-87-92548-82-5.pdf
https://www2.mst.dk/udgiv/publications/2009/978-87-92548-81-8/pdf/978-87-92548-82-5.pdf
https://www2.mst.dk/udgiv/publications/2009/978-87-92548-81-8/pdf/978-87-92548-82-5.pdf

	Mixture risk assessment of nine reproductive toxic chemicals affecting male sperm quality in a representative sample of chi ...
	1 Introduction
	2 Materials and methods
	2.1 Study population and data collection
	2.2 Chemical selection for MRA
	2.3 Chemical analysis of selected chemicals
	2.4 Human biomonitoring guidance values (HBM-GVs)
	2.4.1 PCB 118
	2.4.2 DCHP
	2.4.3 DnPeP
	2.4.4 Acrylamide

	2.5 Statistical analysis
	2.5.1 Mixture risk assessment
	2.5.2 Determinants of elevated risk
	2.5.3 Drivers of risk


	3 Results
	3.1 Determinants of mixtures
	3.2 Drivers of mixture risk

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A Supplementary data
	References


