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Abstract 

Background  Exposure to phthalates and non-phthalate plasticizers as well as bisphenols may be relevant 
to the development of behavioural symptoms in childhood with sex-specific effects, although the results of existing 
studies are not consistent. The aim of the study was to evaluate the cross-sectional association between childhood 
exposure to these compounds and behavioral outcomes in the REPRO_PL cohort (Poland).

Methods  Behavioral assessments were performed at the age of 7-9 years by parents using the Strengths and Dif‑
ficulties Questionnaire (SDQ). HPLC–MS/MS was used for the quantification of BPA and 21 phthalate metabolites 
corresponding to 11 phthalate compounds (n = 400) and their replacement alternatives BPF, BPS, three metabolites 
of diethylhexyl terephthalate (DEHTP) and three metabolites of di-isononyl-cyclohexane-1,2-dicarboxylate (DINCH) 
(n = 150). Multivariable linear regression models accounting for sex-specific effects as well as sex-adjusted models 
were applied, using both separate models for each metabolite (or sum of metabolites) and joint models. In addition, 
mixtures models adjusted by the three chemical groups studied were also performed.

Results  Median concentrations of several phthalate metabolites and bisphenols were of 42 µg/L (MEP), 4.5 µg/L 
(MMP), 3.5 µg/L (ΣDiDP), 2 µg/L (BPA) and 1 µg/L (BPF). For ΣDEHTP and ΣDINCH, the median concentrations were 
35 µg/L and 3.1 µg/L, respectively. Exposure to phthalates was related to behavioral problems in girls, and bisphenols 
and DEHTP in boys. Among girls, DiBP was associated with mental health problems (total difficulties: β = 4.84; 95% 
CI 0.72;8.96, emotional: β = 2.14; 95% CI 0.33;4.0, hyperactivity/inattention: β = 2.52; 95% CI 0.55;4.49, externalizing 
behavior: (β = 2.95; 95% CI 0.36;5.53) and DiDP with hyperactivity/inattention scores (β = 2.46; 95% CI 0.30;4.63). BPF 
was associated with emotional problems and internalizing behavior among boys in both main and sensitivity models 
(main model: β = 1.03; 95% CI -0.16;2.21 and β = 1.71; 95% CI -0.14;3.56 respectively).

Conclusions  This study shows that children’s exposure to several replacement compounds of BPA and phthalates, 
such as BPF and DEHTP, are associated with adverse effects on school-age children’s behavior, with a divergent sex-
specific effect. In any case, mixture models did not provide any further insight on the aforementioned cross-sectional 
associations and further methodological approaches are needed to explore adverse neurodevelopmental outcomes 
in children and teenagers.
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Background
Endocrine Disrupting Chemicals (EDCs) are exogenous 
chemicals that represent public health concern. These 
substances, including phthalates and bisphenols, dis-
rupt the physiological function of hormones by affecting 
their synthesis, secretion, transport, metabolism, recep-
tor binding or elimination [33]. Widespread exposure 
to EDCs resulting from ingestion, inhalation and skin 
contact have been previously shown [6, 12, 25, 39, 58]. 
Phthalates are common in products used for personal 
hygiene, cosmetics, flooring materials and wallpapers, 
food packaging and children’s toys, among many others, 
due to their ability to enhance the flexibility and durabil-
ity of plastics. Bisphenols are widely used in the produc-
tion of plastics, resins, and thermal paper products.

Considering endocrine effects, several phthalates and 
BPA (4,4’-(propane-2,2-diyl)diphenol) have been pro-
gressively restricted in consumer product groups by 
national and international legislations and are subject 
to extensive regulations under REACH. In 1999, some 
restrictions were introduced on the content of six phtha-
lates in toys and care products [10]. Di-2-ethylhexyl 
phthalate (DEHP), di-n-butyl phthalate (DnBP) and 
butylbenzyl phthalate (BBzP) were further restricted 
and regarding di-iso-nonyl phthalate (DiNP), di-n-octyl 
phthalate (DnOP), and di-iso-decyl phthalate (DiDP), 
only in cases where articles could be placed in the mouth 
[13]. DEHP, DnBP, BBzP and di-iso-butyl phthalate 
(DiBP) were finally restricted by the European Commis-
sion [11]. Moreover, the following phthalates: DEHP, 
DnBP, DiBP, BBzP (since 2015) and di-n-pentyl phthalate 
(DnPeP) (since 2020) require authorization to be placed 
or used [50]. The European Food Safety Authority (EFSA) 
has significantly lowered the tolerable daily intake (TDI) 
for BPA and its use in plastics and thermal paper has 
been progressively banned (i.e. BPA has been banned in 
infant feeding bottles across the EU since June 2011; in 
plastic bottles and packaging containing food for babies 
and children under three years since September 2018; in 
thermal paper receipts since January 2020; in food con-
tact materials since December 2024) [15].

The aforementioned regulations have led to changes in 
phthalate and bisphenol exposure profile, phasing out by 
manufacturers and consequently decreasing exposures 
to DiBP, DnBP, BBzP, DEHP, BPA on the one hand and 
replacing them with analogues such as di-2-ethylhexyl 
terephthalate (DEHTP) and di-isononyl-cyclohexane-
1,2-dicarboxylate (DINCH), bisphenol F (BPF, a mixture 

of isomeric congeners of 2,2’-, 2,4’- and 4,4’-dihydroxy-
diphenylmethane) and bisphenol S (BPS, 4,4’-sulfonylbi-
sphenol) on the other [17, 30, 31, 35, 36, 58]. DEHTP 
and DINCH are used as alternatives of high molecular 
phthalates, including DEHP, while BPF is used in coatings 
and adhesives, plastic materials for dental sealants, water 
pipes and coatings for food packaging and is naturally 
present in mustard, whereas BPS is the major substitute 
in the production of thermal paper [7, 17]. For the bis-
phenols we can assume similar potential health effects, 
while the plasticizer substitutes DINCH and DEHTP 
seem to be considerably less potent in their reproductive 
toxicity [20, 35].

Young people are at increased  risk of detrimental 
health effects posed by exposures to endocrine disrupt-
ing compounds given the ongoing endocrine processes 
that such substances can affect [43]. Prenatal and postna-
tal exposure to phthalates and bisphenols was indicated 
to be correlated with behavioral symptoms, including 
externalizing behavior (e.g., hyperactivity and aggres-
siveness) and internalizing behavior (e.g. anxiety, depres-
sion) with more consistent results observed for prenatal 
exposure [41]. Moreover, usually internalizing and exter-
nalizing symptoms seem to coexist and the associations 
usually, but not always, differ by sex. However, the results 
are still inconclusive [23]. There are few studies dedicated 
to BPS, BPF, DINCH and DEHTP and children’s behav-
iors that examine the modification of effects by child sex 
[23, 42, 52].

We aimed to measure cross-sectional associations 
between childhood exposures to 11 phthalates, BPA as 
well as their replacement alternatives DEHTP, DINCH, 
BPF, and BPS, and behavioral outcomes in the REPRO_PL 
cohort (Poland). Advanced modeling based on a Bayes-
ian approach accounting for sex-specific effects as well 
as sex-adjusted models were applied separately for each 
metabolite (or sum of metabolites) and jointly for all the 
chemical groups. In addition, a Bayesian mixture model 
was applied based on the three studied chemical groups 
(phthalates, non-phthalates and bisphenols).

Methods
Study design and population
This study is based on the REPRO_PL cohort, a longi-
tudinal study in Poland, which has been described in 
previous publications [26, 45–47]. The REPRO_PL con-
sists of the following phases covering key developmental 
periods: phase I—prenatal period (2007–2011), phase 
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Bayesian mixture modelling, Sex-specific accounting effects
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II—toddlerhood period (2008–2013), phase III—mid-
dle childhood period (2014–2019), phase IV—adoles-
cence period (2022–2025). Out of 498 children who were 
examined at age of 7–9 years (phase III), samples of urine 
from 400 participants (80%) were used for the analysis 
of phthalates and BPA and from 150 participants (30%) 
for the analysis of DINCH, DEHTP, BPF and BPS. At the 
same time, information on outcome and covariates was 
collected. Accordingly, the analyses presented in this 
paper are based on a cross-sectional framework. The pro-
cedures within all 4 phases were approved by the Ethical 
Committee of NIOM, Lodz, Poland. In each case, written 
informed consents were received from the children’s par-
ents prior to the study.

Exposure assessment
A spot urine sample was collected at age of 7–9  years 
and stored at −80ºC after aliquoting. All the analyses 
were performed at the Institute of the Ruhr-University 
Bochum (IPA), Germany and covered 21 metabolites 
equivalent to 11 phthalates (LOQs ranged between 
0.2  µg/L and 1.0  µg/L), three metabolites of DEHTP 
(LOQ 0.2  µg/L), three metabolites of DINCH (LOQ 
0.05  µg/L) and three bisphenols (BPA, BPF, BPS) (LOQ 
0.25  µg/L; except for 250 samples on BPA, which LOQ 
was 0.10 µg/L). Briefly, 300 µl of urine were transferred 
into 1.8 mL vials, isotopically-labeled standards and 1 M 
ammonium acetate buffer were added (at different vol-
umes, concentrations, and pH values, depending on the 
method employed [18, 20]). To hydrolyze possible glucu-
ronide conjugated metabolites, 6  µL of β-glucuronidase 
from E. coli strain K-12 (arylsulfatase free) was used. The 
samples were mixed and incubated for 3–4 h at 37 ºC and 
then stored at −20 ºC overnight. After thawing and equi-
libration to room temperature, the samples were centri-
fuged for 10  min and the supernatant was transferred 
into a new HPLC vial for instrumental analysis. Bio-
markers of phthalates, DINCH, DEHTP, and bisphenols 
were analysed using different online-SPE-HPLC–MS/MS 
methods with isotope dilution for quantification [19, 20, 
29, 30, 35, 36, 54, 55]. The crude concentrations (µg/L) 
were also adjusted by creatinine concentrations (µg/g 
creatinine). The range was 0.10 – 1.69 g creatinine/L.

Outcome assessment
During the visit at paediatric clinic (when the child was 
7–9  years old) mothers were asked to fill in the SDQ 
questionnaire (Strengths and Difficulties Questionnaire). 
This tool is generally employed for the child behavioral 
assessment [22]. SDQ consists of one subscale measuring 
strengths (prosocial behaviour) and four subscales evalu-
ating mental health problems (e.g. conduct, emotional, 
hyperactivity/inattention and peer relationship) [14]. 

Based on response categories for the five statements ded-
icated to each subscale (“not true” – 0, “somewhat true” – 
1, and “certainly true”—2 points), a minimum of 0 points 
and a maximum  of 10 points could be obtained. The 
sum of points from all subscales assessing mental health 
problems constituted the score on total difficulties (0–40 
points). Score of the strength subscale was reversed prior 
to analysis so that for all SDQ subscales higher scores 
meant increased difficulties [44]. In addition to these five 
scales, internalizing and externalizing scores were cal-
culated. For the internalizing score, two subscales were 
combined (e.g. emotional symptoms and peer relation-
ship problems), while for the externalizing score, conduct 
problems and hyperactivity/inattention were summed. 
The number of points that could be obtained was 0–20 
(the more points, the more problems).

Covariates
A literature review was performed in order to iden-
tify potential confounders that may be associated with 
both exposure and child behavior. Socio-demographic 
information was provided by mothers during the visit 
at paediatric clinic. The analyses took into account the 
following variables: place of residence, maternal age, 
maternal education, number of siblings, socioeconomic 
status (SES), household status, traumatic events, child 
sex, child age and age at starting school. Environmen-
tal tobacco smoke (ETS) exposure at age of 7–9  years 
was assessed by cotinine levels in urine [38, 56]. Chil-
dren’s body mass index (BMI) categories were used as 
described by [32, 47].

Statistical analysis
The statistical software R was used for statistical analy-
sis [48]. Medians, percentiles and ranges were used for 
descriptive statistics on the pollutant concentrations, 
which were not normally distributed. Bayesian mod-
eling was applied to account for the associations between 
behavioral outcomes and pollutant concentrations, using 
the arm package [21] for multivariable linear regression 
models and the BWQS package [9] for mixture models. 
In addition, an adapted version of the BayesGWQS pack-
age [59] was applied, because it allowed for the inclusion 
of different chemical families in the mixture models. The 
models focused on metabolites and compounds found 
in at least 90% of the analysed samples. In order to avoid 
amplification confounding bias [60], a directed acyclic 
graph (DAG) was built in order to identify potential con-
founders and at the same time to avoid causal interme-
diates or colliders (Figure S1). All multivariable linear 
models accounting for sex-specific effects were adjusted 
by maternal age, maternal education, household status, 
number of siblings, child’s age, BMI and urinary cotinine 
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levels. In the models without sex-stratification, child sex 
was additionally added as a covariate. The sensitivity 
analyses were run with the following additional covari-
ates included in the models: SES, age at starting school, 
traumatic events and place of residence,  after removing 
the following variables previously included in the former 
models: maternal education, child’s age and household 
status. The pollutant concentrations were logarithmically 
transformed, and all continuous variables were scaled 
to two standard deviations. Additionally, joint mod-
els were performed with sex-adjusted and sex-stratified 
approaches, in which MMP, MEP, MBzP and sums of 
phthalate metabolites (ΣDiBP, ΣDnBP, ΣDEHP, ΣDiNP 
and ΣDiDP), sums of non-phthalate plasticizers metab-
olites (ΣDINCH and ΣDEHTP) and bisphenols (BPA 
and BPF) were included in the models together with the 
aforementioned covariates. For joint models, sensitive 
analyses were also performed, using the same previously 
reported covariates. In addition to linear models, where 
the outcomes are assumed to be linearly associated with 
the concentrations and the covariates, negative binomial 
models, in which the outcomes are considered as counts, 
were also performed. Comparisons between linear and 
negative binomial models were also performed (Figure 
S2). Given the similarities between the results of both 
types of models, only the linear ones are reported. Mix-
ture models were based on a Bayesian Weighted Quantile 
Sum Regression (WQSR) approach, and were built clus-
tering all the compounds together (for the basis mixture 
models) and grouping the compounds in three differ-
ent groups, namely phthalates (3 individual metabolites 
and 5 sums of metabolites), non-phthalate plasticizers (2 
sums of metabolites) and bisphenols (2 individual com-
pounds), using the Bayesian Grouped WQSR. In the lat-
ter approach, we also checked for additional grouping 
of chemicals, including 2 groups (depending on their 
replacement nature, that is, phthalate metabolites and 
BPA in the first group, and non-phthalate metabolites 
and BPF in the second group) and 3 groups in a differ-
ent approach than the previously mentioned (phthalate 
metabolites in the first group, BPA in the second group, 
and replacement alternatives –non-phthalate metabo-
lites and BPF– in the third group). For this purpose, an 
adapted version for linear and negative binomial out-
comes of the aforementioned package was used (data not 
shown). Four quantiles were selected in all the analyses, 
although we also checked the results for different quan-
tiles, and the arguments for the fits were left as default. In 
order to make all the models comparable, the same set of 
covariates were included (see above). For all the figures, 
highest posterior densities of the beta-coefficients and 
their 95% credible intervals (CI; in some cases, also 90% 
CI), are reported.

Results
Characteristics of the population under study
The description of the participants can be found in 
Table 1. Briefly, most of the children lived in urban areas 
(≥ 75%) with both parents (> 85%). The largest number of 
mothers graduated from university (> 65%) and declared 

Table 1  Characteristics of the study population

a  Percentages calculated for observed values
* p < 0.05 – for comparison between total sample and subsample

Covariate Total sample 
Phthalates and BPA
N = 400 (%)

Subsample 
All chemicals 
(including 
substitutes)
n = 150 (%)

Children’s sex

  Female 201 (50.2) 67 (44.7)

  Male 199 (49.8) 83 (55.3)

Children’s age*

  7 years old 338 (84.5) 91 (60.7)

  ≥8 years old 62 (15.5) 59 (39.3)

Age at starting schoola

  6 years 191 (48.7) 63 (43.4)

  7 years 201 (51.3) 82 (56.6)

Place of residence

  Urban 329 (82.3) 113 (75.3)

  Rural 71 (17.7) 37 (24.7)

Socio-economic statusa

  Least affluent/affluent 303 (76.1) 103 (69.6)

  Most affluent 95 (23.9) 45 (30.4)

  Maternal age at child birth

  ≤ 30 years 232 (58.0) 77 (51.3)

  > 30 years 168 ( 42.0) 73 (48.7)

Maternal educationa

  ≤ 12 128 (32.2) 40 (27.0)

  > 12 270 (67.8) 108 (73.0)

Household statusa

  Both parents 346 (88.3) 133 (91.7)

  Single parent 46 (11.7) 12 (8.3)

Number of siblings

  None 120 (30.2) 42 (28.2)

  ≥ 1 278 (69.8) 107 (71.8)

Cotinine level in child urinea*

  ≤ 2.1 ng/ml 270 (70.5) 122 (91.0)

  > 2.1 ng/ml 113 (29.5) 12 (9.0)

BMI groups

  Underweight 26 (6.5) 11 (7.3)

  Recommended weight 296 (74.0) 104 (69.3)

  Overweight/Obese 78 (19.5) 35 (23.3)

Traumatic events

  No 339 (86.5) 121 (84.0)

  Yes 53 (13.5) 23(16.0)
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affluent or  most affluent  SES (> 90%). About 70% of 
respondents had at least one sibling. In accordance with 
the system of education in Poland, the children started 
education at the age of 6 (49%) or 7 (51%) years old. One-
third of children (data for 383 children) were exposed to 
passive smoking. About 20% of participants were over-
weight or obese and 7% were classified as underweight. 
According to mothers’ declaration, about 15% of the chil-
dren experienced traumatic events.

Characteristics of the exposure
Details regarding exposure to phthalates and bis-
phenols on a subpopulation of REPRO_PL 7–9-year-
old children have been reported previously [18, 20], 
whereas the crude concentrations (µg/L) and cre-
atinine-adjusted (µg/g creatinine) for metabolites of 
phthalates (n = 400), DINCH and DEHTP (n = 150), 
BPA (n = 399), BPF (n = 147) and BPS (n = 150) used in 
current analyses are shown in Table  S1. The distribu-
tion of the concentrations of the chemicals is presented 
in Fig. 1. Seventeen phthalate metabolites were quanti-
fiable in ≥ 95% (ten in 100% of the samples), and detec-
tion frequency (DF) for oxo-MiDP was 89%. MnPeP, 
MCHP and MnOP were found in 10% or less of the 
samples and were excluded from the main analyses. We 
noted the highest median levels for MiBP, MnBP and 
MEP, metabolites that belong to the LMW phthalates. 

DINCH and DEHTP metabolites were quantifiable in 
almost all samples (DF ≥ 97%) with median range from 
0.6 µg/L (oxo-MINCH) to 1.6 µg/L (OH-MINCH), and 
from 2.7  µg/L (oxo-MEHTP) to 27  µg/L (cx-MEHTP). 
Overall, the median concentrations of ΣDEHTP 
(35  µg/L) and ΣDINCH (3.1  µg/L) were in the same 
range of phthalates such as MEP (42 µg/L) and ΣDiDP 
(3.5 µg/L) or MMP (4.5 µg/L), respectively. BPA was the 
most abundant bisphenol, quantifiable in 398 out of 399 
samples (median 2.0  µg/L), followed by BPF (95% of 
the samples > LOQ, median 1.0 µg/L) and BPS (20% of 
the samples > LOQ, thus BPS was excluded from main 
analyses).

Characteristics of the outcome
The SDQ scores are presented in Table  2. One in six 
participants fell within borderline/clinical range for the 
total difficulties score. Conduct problems were noted 
in 29% of the children, while about 20% of the children 
had peer relationship problems, hyperactivity/inatten-
tion or emotional symptoms. The scores obtained for 
the prosocial behaviour scale were within borderline 
and clinical range for about 7% of the children. The 
average number of points obtained for internalizing 
and externalizing behavior does not indicate problems 
in this area.

Fig. 1  Boxplots showing the distribution of the concentrations (in µg/L) of metabolites of phthalate and non-phthalate plasticizers and bisphenols 
in 7–9-year-old children from Poland (n = 400 in the case of phthalate metabolites and BPA; n = 150 in the case of DINCH and DEHTP metabolites, 
and BPF)
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Cross‑sectional associations between exposure 
to analysed chemicals and behavioral outcomes – 
single‑pollutant models
The univariate linear regressions for SDQ and phthalates 
(MMP, MEP, MBzP, ΣDEHP, ΣDiDP, ΣDiNP, ΣDiBP and 
ΣDnBP), phthalate substitutes (ΣDINCH and ΣDEHTP) 
and bisphenols (BPA and BPF) for boys and girls are 
shown in Figure S4, while the results of multivariable lin-
ear regression models are posted in Fig. 2 and Tables S2 
(main models) as well as Table  S8 (sensitivity analyses). 
The results of sex-adjusted models can be found in Tables 
S3 (main model) and S9 (sensitivity analyses).

For both sexes, MMP was associated with increased 
prosocial behavior scores, indicating more difficulties 
(girls: β = 0.52; 95% CI 0.10;0.93; boys: β = 0.60; 95% 
CI 0.11;1.1) (Fig.  2, Table  S2). The other associations 
between phthalates and behavioral outcomes were 
observed only for girls. DiBP and DnBP were associated 
with total difficulties (β = 1.7; 95% CI 0.27;3.2, β = 1.7; 
95% CI 0.28;3.1, respectively) and emotional problems 
(β = 0.67; 95% CI 0.087;1.3, β = 0.69; 95% CI 0.11;1.3, 
respectively), DiBP with increased externalizing and 
internalizing scores (β = 1.0; 95% CI 0.12;1.9, β = 0.70; 
95% CI −0.11;1.52, respectively), DnBP with increased 
internalizing scores (β = 0.98; 95% CI 0.18;1.8). More-
over, a positive trend was observed for DiBP and 

conduct as well as hyperactivity/inattention problems. 
In sex-adjusted models MMP was associated with total 
difficulties, conduct problems, prosocial behavior and 
externalizing scores, DnBP with total difficulties, DEHP 
and DiDP with conduct problems (Tables S3). Sensitiv-
ity analyses confirmed the results observed in the main 
models (Tables S8 and S9).

Higher DEHTP exposures were associated with con-
duct and externalizing problems among boys (β = 0.69; 
95% CI −0.047;1.4; β = 1.7; 95% CI 0.017;3.5, respec-
tively) (Fig.  2 and Table  S2). In the sex adjusted mod-
els, DEHTP was associated with conduct problems 
and prosocial behavior (β = 0.42; 95% CI −0.043;0.88, 
β = 0.70; 95% CI 0.14;1.3, respectively) (Table  S3). The 
results were confirmed in sensitivity analyses (Tables 
S8 and S9).

BPA was associated with emotional problems in boys 
(β = 0.54; 95% CI 0.032;1.1) (Fig. 2, Table S2). BPF was 
associated with decreased peer relationship scores in 
girls (β = −0.56; 95% CI −1.1;−0.061) and increased 
internalizing scores in boys (β = 1.4; 95% CI −0.14;3.0). 
In the sex-adjusted model for BPA, the coefficients 
for total difficulties and emotional problems were sta-
tistically significant (β = 1.0; 95% CI -0.0050;2.0 and 
β = 0.44; 95% CI 0.058;0.82, respectively). The results 
were afterwards confirmed in sensitivity analysis 
(Tables S8 and S9).

Table 2  Characteristics of behavioral outcomes

a  Data reported is based on 394 children with complete SDQ (Strengths and Difficulties Questionnaire) examination.b Data reported is based on 147 children with 
complete SDQ (Strengths and Difficulties Questionnaire) examination

For each scale the following cut-offs are defined: Conduct problems as well as Peer relationships problems: 0–2 = normal, 3 = borderline, 4–10 = clinical; Emotional 
symptoms: 0–3 = normal, 4 = borderline, 5–10 = clinical; Hyperactivity/Inattention problems: 0–5 = normal, 6 = borderline, 7–10 = clinical; Prosocial behavior: 
6–10 = normal, 5 = borderline, 0–4 = clinical; Total difficulties: 0–13 = normal, 14–16 = borderline, and 17–40 = clinical

Behavioral outcomes Mean (± SD) Range Borderline/
Clinical

Conduct problems (0–10 points) 1.7 (± 1.4)a 0–7 29%a

1.7 (± 1.4)b 0–6 29%b

Emotional symptoms (0–10 points) 2.2 (± 1.9)a 0–9 22%a

2.0 (± 1.8)b 0–9 17%b

Hyperactivity/Inattention problems (0–10 points) 3.9 (± 2.4)a 0–10 24%a

4.0 (± 2.3)b 0–9 23%b

Peer relationship problems (0–10 points) 1.4 (± 1.5)a 0–7 18%a

1.3 (± 1.4)b 0–6 18%b

Total difficulties (0–40 points) 9.1 (± 5)a 0–26 17%a

9.0 (± 4.9)b 0–25 15%b

Prosocial behavior (0–10 points) 8.4 (± 1.6)a 3–10 7%a

8.5 (± 1.6)b 3–10 6%b

Internalizing scores (0–20 points) 3.5 (± 2.8)a 0–13 N/A

3.3 (± 2.7)b 0–12 N/A

Externalizing scores (0–20 points) 5.6 (± 3.3)a 0–15 N/A

5.7 (± 3.1)b 0–15 N/A
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Cross‑sectional associations between the exposure 
to analyzed chemicals and behavioral outcomes 
– Joint exposure linear regression models 
and mixture models
The results of the joint models adjusted by all the chem-
ical groups (either individual metabolites (e.g. MMP, 
MEP, MBzP) or sums of metabolites from common 
parent phthalates or non-phthalate plasticizers, aside 
of BPA and BPF) are presented in Fig. 3 and Tables S4 
and S5 (main models) and Tables S10-S11 (sensitiv-
ity analyses). Several phthalates were associated with 
SDQ scores at 7–9  years, with some differences by 
sex (Fig.  3, Table  S4). Higher concentrations of MMP 

were associated with prosocial behavior scores for 
both sexes (girls: β = 1.3; 95% CI 0.51;2.0; boys: β = 1.0; 
95% CI 0.028;2.0). DiBP was associated with mental 
health problems in girls (total difficulties: β = 4.8; 95% 
CI 0.72;9.0, emotional: β = 2.1; 95% CI 0.33;4.0, hyper-
activity/inattention: β = 2.5; 95% CI 0.55;4.5, external-
izing behavior: β = 2.9; 95% CI 0.36;5.5) (Fig.  3, Tables 
S4). Among girls, DiNP was associated with decreased 
conduct and prosocial behavior scores (β = −1.1; 
95% CI −2.1;−0.076, β = −1.3; 95% CI −2.3;−0.23), 
DiDP with increased hyperactivity/inattention scores 
(β = 2.5; 95% CI 0.30;4.6). The above associations were 
confirmed by the sensitivity models (Table  S10). In 

Fig. 2  Standardized beta-coefficients (and 95% credible intervals) from single-pollutant multivariable linear regression models for phthalates, 
DINCH, DEHTP metabolites and bisphenols on the behavioral scales in children at 7–9 years of age (single-pollutant sex-stratified: One model 
is performed for each compound and each sex). Models are adjusted for maternal age at childbirth, maternal education, household status, number 
of siblings, child age, child BMI and cotinine levels in child urine.
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sex-adjusted models DEP, BBzP, DiNP were associated 
with decreased SDQ scores (prosocial behavior, hyper-
activity/inattention, prosocial behavior; respectively) 
and DMP, DiBP and DiDP with increased SDQ scores 
(prosocial behavior, externalizing, hyperactivity/inat-
tention; respectively) (Tables S5 and S11).

No associations between DINCH and DEHTP and 
any child behavioral outcomes were observed that 
are consistent in the two (main and sensitivity) sex-
stratified models (Fig.  3, Tables S4 and S10). In sex-
adjusted models DINCH was associated with decreased 
hyperactivity/inattention scores (β = −1.2; 95% CI 
−2.2;−0.10) and DEHTP with increased prosocial 

behavior scores (β = 0.80; 95% CI 0.16;1.4); confirmed 
in sensitivity models (Tables S5 and S11).

Exposure to BPA was associated with prosocial behav-
ior in boys (β = 1.7; 95% CI 0.39;3.1), which was not con-
firmed in sensitivity analysis (Fig. 3, Tables S4 and S10). 
This association was observed in sex-adjusted model 
(β = 0.92; 95% CI 0.19;1.7) (Tables S5 and S11). BPF was 
related to emotional problems and internalizing behavior 
among boys in both main and sensitivity models (main 
model: β = 1.0; 95% CI −0.16;2.2 and β = 1.7; 95% CI 
−0.14;3.6 respectively) (Fig.  3, Tables S4 and S10). Sex-
adjusted models did not produce any significant results 
(Tables S5 and S11).

Fig. 3  Standardized beta-coefficients (and 95% credible intervals) from joint multivariable linear regression models for phthalates, DINCH, DEHTP 
metabolites and bisphenols on the behavioral scales in children at 7–9 years of age (joint-pollutant sex-stratified: One model is performed for each 
sex accounting for all chemical compounds). Models are adjusted for maternal age at childbirth, maternal education, household status, number 
of siblings, child age, child BMI and cotinine level in child urine
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Some of the aforementioned results were confirmed 
by weighted quantile sum regression models using three 
chemical groups (Fig.  4 and Tables S6 and S7). Specifi-
cally, exposures to phthalates were positively associated 
with conduct problems in girls, while the non-phthalate 
plasticizers showed a negative trend with conduct prob-
lems and externalizing behavior among girls (these cross-
sectional associations were only statistically significant 
at 90%). Alternative mixed models with three different 
groups (including BPF in the non-phthalate plasticiz-
ers, to make a whole group of phthalates and BPA sub-
stitutes), provided similar results (data not shown). This 
alternative mixed model also confirmed previous results 
found in joint sex-adjusted models, including a positive 
association between exposures to BPA and higher proso-
cial behavior scores (data not shown).

In any case, mixture models did not provide any fur-
ther insight on the aforementioned cross-sectional 

associations, since all the statistical significance found 
was at a 90% credible interval level (Fig. 4, Tables S6 and 
S7). Only in the case of the mixture models accounting 
for a single family including all chemical compounds in 
the same group provided a decreased peer relationships 
scores in girls, with statistical significant results in both 
model approaches tested (Figure S3).

Discussion
The study has shown that children’s exposures to BPA 
and several phthalates as well as their replacement com-
pounds are cross-sectionally associated with behavioral 
outcomes, with a divergent sex-specific effect. More pre-
cisely, exposure to phthalates was related to behavioral 
problems in girls, and bisphenols and DEHTP in boys.

This study presents a comprehensive group of metab-
olites of plastic-related additives such as phthalates 
and non-phthalate alternatives as well as bisphenols 

Fig. 4  Standardized beta-coefficients (and 90% and 95% credible intervals) from mixture (grouped weighted quantile sum) regression 
models for three chemical groups (metabolites of phthalates (i), metabolites of non-phthalate plasticizers (i), and BPA and BPF (iii), respectively) 
on the behavioral scales in children at 7–9 years of age (mixture sex-stratified: One model is performed for each sex, accounting for the three 
chemical groups). Models are adjusted for maternal age at childbirth, maternal education, household status, number of siblings, child age, child BM 
and cotinine levels in child urine
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determined in Polish children. Exposure levels (for 
phthalates and bisphenols) for the REPRO_PL cohort 
were discussed in earlier published papers [18, 27]. A 
recently published paper by Vogel et  al. [58] presents 
concentrations of phthalates/their metabolites (MEP, 
MBzP, MiBP, MnBP, ∑DEHP, ∑DiDP, ∑DiNP) and 
DINCH in European children aged 6–11 years (including 
Polish population) as results from HBM4EU 2021–2024 
period Aligned Studies. As in our study, the metabolites 
of all the above-mentioned compounds had a detection 
frequency of almost 100%, which means that despite cur-
rent legislation, phthalates are still prevalent, and that 
children are exposed to both phthalates and DINCH on 
a regular basis. As indicated by Vogel et al. [58], children 
in Denmark, The Netherlands and Hungary had the low-
est concentrations across all metabolites compared to a 
European average, while children from Italy, France and 
Greece showed the highest (in Poland, low concentra-
tions were noted for MBzP, ∑DINCH and ∑DiDP, while 
high for MEP, MnBP and ∑DEHP – which is in agree-
ment with data from our study). In the REPRO_PL 
cohort, median concentrations were 1.6  µg/L for OH-
MINCH and 0.91  µg/L for cx-MINCH compared to 
2.2  µg/L for OH-MINCH and 1.2  µg/L for cx-MINCH 
in Vogel et  al. [58] assessments (for all countries). BPA 
and its substitutes, BPF and BPS, are the most com-
monly analyzed in human biomonitoring studies. In the 
REPRO_PL cohort, BPA (median: 2.0  µg/L) and BPF 
(median: 1.0  µg/L) were quantifiable in almost all sam-
ples and BPS was found in 20% of the samples. Urinary 
BPA levels in REPRO_PL were similar to that observed 
in Brazil [51], higher compared to US-NHANES study 
[34] and Japan [24] and lower than in Norway [53], China 
[37], India [61] and US earlier study [5]. In REPRO_PL, 
median BPF level was higher than that noted in the Nor-
way [53], US NHANES study [34], Brazil [51] and Japan 
[24]. It is not possible to compare the BPS levels observed 
in REPRO_PL with other studies, as most of the reported 
values were < LOQ. To conclude, differences in the level 
of exposure may result from children’s characteristics 
(including child age), years of sampling and applicable 
regulations.

In our study, we found that children’s exposures to BPA 
and several phthalates as well as their replacement com-
pounds are associated with behavioral outcomes, with a 
divergent sex-specific effect, which can be explained by 
the interaction between genetic background, hormones 
and environmental factors [41, 43]. The prenatal/postna-
tal bisphenols and phthalates exposures were found to be 
associated with behavioral symptoms in childhood [1, 4, 
16, 40, 41, 43, 49, 62, 63]. It should be also pointed out 
that the majority of studies looking at sex-specific effects 
are focused on prenatal exposures to phthalates and BPA, 

and that there are limited number of studies for BPS, 
BPF, DINCH and DEHTP and children’s behavior that 
examine the modification of sex [23, 42, 43, 52]. Prenatal 
exposure to phthalates increases internalizing and exter-
nalizing behaviors, as well as conduct problems in boys, 
but also in both sexes, as reported in some studies [43]. 
Prenatal BPA levels have been associated with higher 
externalizing behaviors and decreased anxiety  in girls, 
but increased anxiety, emotional symptoms and inter-
nalizing behaviors in boys [43]. Although there is high 
heterogeneity in the studies, a recent systematic review 
and meta-analysis also reported that BPA exposures were 
associated with an increased risk of neurodevelopmental 
disorders and problems in children, particularly in boys 
[63]. Results of the study by Salamanca et al. [52] suggests 
that children’s exposure to DnBP and DEHP metabo-
lites are associated with more externalizing problems 
in boys, higher exposures to DINCH may be associated 
with lower systemic brain-derived neurotrophic factor 
(BDNF) levels in boys and higher urinary BDNF concen-
trations may predict internalizing problems. Variations 
in findings between studies may be related to several rea-
sons, including differences in set of compounds/metabo-
lites being analyzed (and selected models for analyses), 
differences in time periods for exposure and outcome 
assessments, differences in exposure levels, differences 
in selected tools for children’s behavioral assessment and 
covariates included in analyses.

The main strength of the REPRO_PL study is related to 
the assessment of 21 phthalate metabolites correspond-
ing to 11 phthalate compounds (18 finally included in 
analyses) and BPA in a total of 400 children, as well as 
their replacement alternatives, namely three metabo-
lites of DEHTP, three metabolites of DINCH, BPF and 
BPS in 150 children. Although humans are exposed to a 
mixture of compounds the existing studies usually focus 
on single exposure or only several of them. Our analysis 
still have not covered global and comprehensive assess-
ment (i.e., lead, cadmium, mercury and policyclic aro-
matic hydrocarbons were not considered in the current 
analyses), however it included a large group of chemi-
cal compounds and a diversity of multivariable regres-
sion models, accounting for each metabolite (or sum of 
metabolites) as well as a joint approach, adjusted by all 
the chemical groups, and a mixture model including 
the three chemical groups. Evaluation of child behav-
ior was based on SDQ, frequently used and a valid tool. 
Sex specific associations, yet not always performed in 
other studies, is a strength of this study. Finally, various 
confounders (assessed prospectively and by biomarkers) 
were considered in the multivariable linear regression 
and in the grouped weighted quantile sum regression 
models.
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Several limitations should be mentioned. The current 
evaluation has covered exposures at the age of 7–9 years, 
determined on a single occasion with exposure biomark-
ers that are rather rapidly excreted, and their impact 
on child behavior. For short lived chemicals, spot urine 
samples do have inherent variabilities due to their excre-
tion kinetics, time point(s) of exposure and differences 
in hydration status. This might lead to some misclassifi-
cations especially of past or erratic exposures, however 
in general the bias would be towards underestimation 
rather than overestimation of associations [57]. Still, spot 
urine samples have generally been shown to character-
ize population distributions of exposures rather well, 
although caution should be exercised when interpret-
ing data from low- or high-level spot samples [2, 3, 8]. 
An assessment of fetal and early life (age 2) exposures 
to specific phthalate metabolites was already conducted 
in a REPRO_PL sub-sample [27], as well as for phthalate 
metabolites and BPA (n = 250) during childhood [19, 28]. 
The joint and the mixture models taking into account all 
chemical compounds or chemical groups, respectively, 
were performed in a subset of 150 children, hence a 
decrease in sample size impedes comparability with sepa-
rate models. Some associations could be due to chance 
(particularly those that appear in isolation not follow-
ing a pattern of associations, and associations for new 
replacement chemicals with a lower weight of evidence). 
Also the mixture models are very sensitive to the chemi-
cal compounds included in each group. We observed 
that the combinations of compounds in different sets of 
groups produced different associations (data not shown). 
In any case, we decided to focus on the nature of the 
chemicals themselves to build the groups, namely phtha-
lates, non-phthalate substitutes and bisphenols. Finally, 
despite the fact that the analyses included certain associ-
ated variables, the influence of other non-adjusted ones 
(i.e. Home Observation Measurement of the Environ-
ment (HOME), maternal anxiety/depressive symptoms, 
maternal IQ, satisfaction with overall living conditions) 
cannot be excluded.

Conclusions
This study showed that not only phthalates and BPA, 
but also their increasingly used replacement alternatives 
such as DEHTP and BPF may be cross-sectionally associ-
ated with behavioral problems in children from Poland. 
Sex differences that were observed need to be marked. 
More mechanistic or toxicological evidence would be 
helpful for new replacement chemicals such as bisphe-
nol analogues and DEHTP. Further research in this area 
and the results obtained can strengthen legislative, edu-
cational and intervention efforts to protect vulnerable 
populations.

Abbreviations
DMP	� Dimethyl phthalate
DEP	� Diethyl phthalate
BBzP	� Butylbenzyl phthalate
DnPeP	� Di-n-pentyl phthalate
DCHP	� Di-cyclohexyl phthalate
DiBP	� Di-iso-butyl phthalate
DnBP	� Di-n-butyl phthalate
DEHP	� Di-2-ethylhexyl phthalate
DiNP	� Di-iso-nonyl phthalate
DiDP	� Di-iso-decyl phthalate
DnOP	� Di-n-octyl phthalate
MMP	� Mono-methyl phthalate
MEP	� Mono-ethyl phthalate
MBzP	� Mono-benzyl phthalate
MnPeP	� Mono-n-pentyl phthalate
MCHP	� Mono-cyclo-hexyl phthalate
MiBP	� Mono-isobutyl phthalate
OH-MiBP	� 2OH-mono-iso-butylphthalate
MnBP	� Mono-n-butyl phthalate
OH-MnBP	� 3OH-mono-n-butyl phthalate
MEHP	� Mono-2-ethylhexyl phthalate
OH-MEHP	� Mono-2-ethyl-5-hydroxyhexyl phthalate
oxo-MEHP	� Mono-2-ethyl-5-oxo-hexyl phthalate
cx-MEPP	� Mono-2-ethyl-5-carboxypentyl phthalate
OH-MiNP	� 7-OH-mono-methyloctyl phthalate
oxo-MiNP	� 7-Oxo-mono-methyloctyl phthalate
cx-MiNP	� 7-Carboxy-mono-methylheptyl phthalate
OH-MiDP	� 6-OH-mono-propylheptyl phthalate
oxo-MiDP	� 6-Oxo-mono-propylheptyl phthalate
cx-MiDP	� Mono-2–7-methyl-7-carboxyheptyl phthalate
MnOP	� Mono-n-octyl phthalate
MCPP	� Mono-3-carboxypropyl phthalate (MCPP is a secondary metab-

olite of DnOP, but also metabolite of several HMW and LMW 
phthalates)

ΣDiBP	� Sum of di-iso-butyl phthalate metabolites
ΣDnBP	� Sum of di-n-butyl phthalate metabolites
ΣDEHP	� Sum of di-2-ethylhexyl phthalate metabolites
ΣDiNP	� Sum of di-iso-nonyl phthalate metabolites
ΣDiDP	� Sum of di-iso-decyl phthalate metabolites
DINCH	� Di-isononyl cyclohexane-1,2-dicarboxylate
OH-MINCH	� Cyclohexane-1,2-dicarboxylic acid-mono(hydroxyl-iso-nonyl) 

ester
oxo-MINCH	� Cyclohexane-1,2-dicarboxylate-mono(oxo-isononyl) ester
cx-MINCH	� Cyclohexane-1,2-dicarboxylate-mono-(7-carboxylate-4-me‑

thyl)heptyl ester
DEHTP	� Di-2-ethylhexyl terephthalate
OH-MEHTP	� Mono-(2-ethyl-5-hydroxy-hexyl) terephthalate
5oxo-MEHTP	� Mono-(2-ethyl-5-oxo-hexyl) terephthalate
5cx-MEPTP	� Mono-(2-ethyl-5-caboxyl-pentyl) terephthalate
BPA	� Bisphenol A, 4,4’-(propane-2,2-diyl)diphenol)
BPF	� Bisphenol F, a mixture of the isomeric congeners 2,2’-, 2,4’-, 

and 4,4’-dihydroxydiphenyl-methane
BPS	� Bisphenol S, 4,4’- sulfonylbisphenol
SDQ	� Strengths and Difficulties Questionnaire
WQSR	� Weighted Quantile Sum Regression

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12940-​025-​01210-6.

Supplementary Material 1: Appendix A. Supplementary data. Supplemen‑
tary data to this article can be found online

Acknowledgements
This research is funded by the National Science Centre, Poland (Grant No. 
2011/01/B/NZ7/06462; No. 2014/15/B/NZ7/00998 and No. 2021/41/B/
NZ7/04341) and Horizon Europe (No. 101157269). This study was also 

https://doi.org/10.1186/s12940-025-01210-6
https://doi.org/10.1186/s12940-025-01210-6


Page 12 of 14Polańska et al. Environmental Health           (2025) 24:76 

supported by the Spanish Ministry of Science, Innovation and Universities 
(CNS2023-143649) and Fundación General CSIC’s ComFuturo programme, 
which has received funding from the EU H2020 research and innovation 
programme under the MSCA No. 101034263.

Authors’ contributions
KP: Conceptualization, Data curation, Funding acquisition, Investigation, Meth‑
odology, Project administration, Resources, Supervision, Writing—Original 
Draft, Writing—Review and Editing; AJ: Investigation, Methodology, Writing 
– Review and Editing; DB: Methodology, Investigation and Validation (HBM 
analyses), Writing – Review and Editing; RM: Methodology, Investigation and 
Validation (HBM analyses), Writing – Review and Editing; CP: Investigation and 
Validation (HBM analyses), Writing – Review and Editing; JJe: Investigation, 
Methodology, Writing – Review and Editing, JJu: Writing – review and editing, 
SB: Writing – review and editing, HK: Methodology, Supervision, Writing – 
Review and Editing, MG: Conceptualization, Data curation, Formal analysis, 
Funding acquisition, Investigation, Methodology, Supervision, Writing—Origi‑
nal Draft, Writing – Review and Editing.

Funding
This research is funded by the National Science Centre, Poland (Grant No. 
2011/01/B/NZ7/06462; No. 2014/15/B/NZ7/00998 and No. 2021/41/B/
NZ7/04341) and Horizon Europe (No. 101157269). This study was also 
supported by the Spanish Ministry of Science, Innovation and Universities 
(CNS2023-143649) and Fundación General CSIC’s ComFuturo programme, 
which has received funding from the EU H2020 research and innovation 
programme under the MSCA No. 101034263. The content is solely the respon‑
sibility of the authors and does not necessarily represent the opinions of the 
European Commission. 

Data availability
Data will be available on https://​repod.​icm.​edu.​pl. To facilitate reproducibility 
and reuse, the code used to perform the statistical analysis and calculations is 
available at GitHub (https://​github.​com/​merce​gari/​Impact-​of-​Plast​ic-​relat​ed-​
chemi​cals-​on-​Emoti​onal-​and-​Behav​ioral-​health).

Declarations

Ethics approval and consent to participate
Written informed consent was obtained from the parents of each child before 
the study, which was approved by the Ethical Committee of the Nofer Institute 
of Occupational Medicine, Lodz, Poland (Decision No. 22/2014).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Environmental and Occupational Health Hazards, Nofer 
Institute of Occupational Medicine (NIOM), Lodz, Poland. 2 Institute for Preven‑
tion and Occupational Medicine of the German Social Accident Insurance - 
Institute of the Ruhr University Bochum (IPA), Bochum, Germany. 3 Department 
of Paediatrics and Allergy, Korczak Center, Copernicus Memorial Hospital, 
Medical University of Lodz (MUL), Lodz, Poland. 4 Department of Toxicology, 
Medical University of Lodz (MUL), Lodz, Poland. 5 Institute and Clinic for Occu‑
pational, Social and Environmental Medicine, University Hospital, LMU Munich, 
Munich, Germany. 6 Institute of Environmental Assessment and Water Research 
(IDAEA-CSIC), Barcelona, Catalonia, Spain. 

Received: 4 February 2025   Accepted: 17 July 2025

References
	1.	 Antoniou EE, Otter R. Phthalate exposure and neurotoxicity in chil‑

dren: a systematic review and meta-analysis. Int J Public Health. 
2024;69:1606802. https://​doi.​org/​10.​3389/​ijph.​2024.​16068​02.

	2.	 Aylward LL, Hays SM, Smolders R, Koch HM, Cocker J, Jones K, Warren 
N, Levy L, Bevan R. Sources of variability in biomarker concentrations. J 
Toxicol Environ Health B Crit Rev. 2014;17(1):45–61. https://​doi.​org/​10.​
1080/​10937​404.​2013.​864250.

	3.	 Aylward LL, Hays SM, Zidek A. Variation in urinary spot sample, 24 h 
samples, and longer-term average urinary concentrations of short-lived 
environmental chemicals: implications for exposure assessment and 
reverse dosimetry. J Expo Sci Environ Epidemiol. 2017;27:582–90. https://​
doi.​org/​10.​1038/​jes.​2016.​54.

	4.	 Braun JM. Early-life exposure to EDCs: role in childhood obesity and 
neurodevelopment. Nat Rev Endocrinol. 2017;13(3):161–73. https://​doi.​
org/​10.​1038/​nrendo.​2016.​186.

	5.	 Calafat AM, Ye X, Wong LY, Reidy JA, Needham LL. Exposure of the U.S. 
population to bisphenol A and 4-tertiary-octylphenol: 2003–2004. 
Environ Health Perspect. 2008;116(1):39–44. https://​doi.​org/​10.​1289/​ehp.​
10753.

	6.	 CDC, 2019. Centers for disease control and prevention. Fourth National 
report on Human Exposure to Environmental Chemicals, Updated tables, 
January 2019. https://​www.​cdc.​gov/​expos​urere​port/​pdf/​Fourt​hRepo​rt_​
Updat​edTab​les_V lume1_Jan2019–508.

	7.	 Chen D, Kannan K, Tan H, Zheng Z, Feng Y-L, Wu Y, Widelka M. Bisphenol 
analogues other than BPA: environmental occurrence, human exposure, 
and toxicity—a review. Environ Sci Technol. 2016;50:5438–53. https://​doi.​
org/​10.​1021/​acs.​est.​5b053​87.

	8.	 Christensen KL, Lorber M, Koch HM, Kolossa-Gehring M, Morgan MK. 
Population variability of phthalate metabolites and bisphenol A concen‑
trations in spot urine samples versus 24- or 48-h collections. J Expo Sci 
Environ Epidemiol. 2012;22(6):632–40. https://​doi.​org/​10.​1038/​jes.​2012.​
52.

	9.	 Colicino E, Foppa Pedretti N, Busgang SA, Gennings C. Per- and poly-
fluoroalkyl substances and bone mineral density: results from the Bayes‑
ian weighted quantile sum regression. Environ Epidemiol. 2020;4(3): e092. 
https://​doi.​org/​10.​1097/​ee9.​00000​00000​000092.

	10.	 Commission Decision 1999/815/EC of 7 December 1999 adopting meas‑
ures prohibiting the placing on the market of toys and childcare articles 
intended to be placed in the mouth by children under three years of age 
made of soft PVC containing one or more of the substances di-iso-nonyl 
phthalate (DINP), di(2-ethylhexyl) phthalate (DEHP), dibutyl phthalate 
(DBP), di-iso-decyl phthalate (DIDP), di-n-octyl phthalate (DNOP), and 
butylbenzyl phthalate (BBP).

	11.	 Commission Regulation (EU) 2018/2005 of 17 December 2018 amending 
Annex XVII to Regulation (EC) No 1907/2006 of the European Parliament 
and of the Council concerning the Registration, Evaluation, Authorisa‑
tion and Restriction of Chemicals (REACH) as regards bis(2-ethylhexyl) 
phthalate (DEHP), dibutyl phthalate (DBP), benzyl butyl phthalate (BBP) 
and diisobutyl phthalate (DIBP).

	12.	 Den Hond E, Govarts E, Willems H, Smolders R, Casteleyn L, Kolossa-
Gehring M, Schwedler G, Seiwert M, Fiddicke U, Castano A, Esteban M, 
Angerer J, Koch HM, Schindler BK, Sepai O, Exley K, Bloemen L, Horvat 
M, Knudsen LE, Joas A, Joas R, Biot P, Aerts D, Koppen G, Katsonouri 
A, Hadjipanayis A, Krskova A, Maly M, Morck TA, Rudnai P, Kozepesy S, 
Mulcahy M, Mannion R, Gutleb AC, Fischer ME, Ligocka D, Jakubowski M, 
Reis MF, Namorado S, Gurzau AE, Lupsa IR, Halzlova K, Jajcaj M, Mazej D, 
Tratnik JS, Lopez A, Lopez E, Berglund M, Larsson K, Lehmann A, Crettaz 
P, Schoeters G. First steps toward harmonized human biomonitoring in 
Europe: demonstration project to perform human biomonitoring on a 
European scale. Environ Health Perspect. 2015;123(3):255–63. https://​doi.​
org/​10.​1289/​ehp.​14086​16.

	13.	 Directive 2005/84/EC of the European Parliament and of the Council 
of 14 December 2005 amending for the 22nd time Council Directive 
76/769/EEC on the approximation of the laws, regulations and admin‑
istrative provisions of the Member States relating to restrictions on the 
marketing and use of certain dangerous substances and preparations 
(phthalates in toys and childcare articles).

	14.	 Duinhof EL, Lek KM, de Looze ME, Cosma A, Mazur J, Gobina I, Wüstner A, 
Vollebergh WAM, Stevens GWJM. Revising the self-report strengths and 
difficulties questionnaire for cross-country comparisons of adolescent 
mental health problems: the SDQ-R. Epidemiol Psychiatr Sci. 2019;29: e35. 
https://​doi.​org/​10.​1017/​S2045​79601​90002​46.

	15.	 EFSA. The European Food Safety Authority https://​www.​efsa.​europa.​eu/​
en/​topics/​topic/​bisph​enol

https://repod.icm.edu.pl
https://github.com/mercegari/Impact-of-Plastic-related-chemicals-on-Emotional-and-Behavioral-health
https://github.com/mercegari/Impact-of-Plastic-related-chemicals-on-Emotional-and-Behavioral-health
https://doi.org/10.3389/ijph.2024.1606802
https://doi.org/10.1080/10937404.2013.864250
https://doi.org/10.1080/10937404.2013.864250
https://doi.org/10.1038/jes.2016.54
https://doi.org/10.1038/jes.2016.54
https://doi.org/10.1038/nrendo.2016.186
https://doi.org/10.1038/nrendo.2016.186
https://doi.org/10.1289/ehp.10753
https://doi.org/10.1289/ehp.10753
https://www.cdc.gov/exposurereport/pdf/FourthReport_UpdatedTables_V
https://www.cdc.gov/exposurereport/pdf/FourthReport_UpdatedTables_V
https://doi.org/10.1021/acs.est.5b05387
https://doi.org/10.1021/acs.est.5b05387
https://doi.org/10.1038/jes.2012.52
https://doi.org/10.1038/jes.2012.52
https://doi.org/10.1097/ee9.0000000000000092
https://doi.org/10.1289/ehp.1408616
https://doi.org/10.1289/ehp.1408616
https://doi.org/10.1017/S2045796019000246
https://www.efsa.europa.eu/en/topics/topic/bisphenol
https://www.efsa.europa.eu/en/topics/topic/bisphenol


Page 13 of 14Polańska et al. Environmental Health           (2025) 24:76 	

	16.	 Engel SM, Patisaul HB, Brody C, Hauser R, Zota AR, Bennet DH, Swanson 
M, Whyatt RM. Neurotoxicity of ortho-phthalates: recommendations 
for critical policy reforms to protect brain development in children. Am 
J Public Health. 2021;111:687–95. https://​doi.​org/​10.​2105/​AJPH.​2020.​
306014.

	17.	 Frederiksen H, Upners EN, Ljubicic ML, Fischer MB, Busch AS, Hagen CP, 
Juul A, Andersson AM. Exposure to 15 phthalates and two substitutes 
(DEHTP and DINCH) assessed in trios of infants and their parents as well 
as longitudinally in infants exclusively breastfed and after the introduc‑
tion of a mixed diet. Environ Int. 2022;161: 107107. https://​doi.​org/​10.​
1016/j.​envint.​2022.​107107.

	18.	 Garí M, Koch HM, Pälmke C, Jankowska A, Wesołowska E, Hanke W, Nowak 
D, Bose-O’Reilly S, Polańska K. Determinants of phthalate exposure and 
risk assessment in children from Poland. Environ Int. 2019;127:742–53. 
https://​doi.​org/​10.​1016/j.​envint.​2019.​04.​011.

	19.	 Garí M, Moos R, Bury D, Kasper-Sonnenberg M, Jankowska A, Andysz 
A, et al. Human-Biomonitoring derived exposure and Daily Intakes of 
Bisphenol A and their associations with neurodevelopmental outcomes 
among children of the Polish Mother and Child Cohort Study. Environ 
Health. 2021;20(1):95. Erratum in: Environ Health. 2023;22(1):24. https://​
doi.​org/​10.​1186/​s12940-​021-​00777-0.

	20.	 Garí M, Bury D, Moos RK, Weteska M, Jankowska A, Brzozowska A, et al. 
Urinary concentrations of BPA and analogous Bisphenols (BPF and BPS) 
among school children from Poland: Exposure and Risk Assessment in 
the REPRO_PL Cohort. Exposure Health. 2024. https://​doi.​org/​10.​1007/​
s12403-​024-​00654-4.

	21.	 Gelman A, Su Y (2024). arm: Data Analysis Using Regression and Multi‑
level/Hierarchical Models. https://​doi.​org/​10.​32614/​CRAN.​packa​ge.​arm, R 
package version 1.14–4, https://​CRAN.R-​proje​ct.​org/​packa​ge=​arm.

	22.	 Goodman R, Scott S. Child Psychiatry. Wiley; 1997.
	23.	 Guilbert A, Rolland M, Pin I, Thomsen C, Sakhi AK, Sabaredzovic A, et al. 

Associations between a mixture of phenols and phthalates and child 
behaviour in a French mother-child cohort with early life exposure to 
these compounds. Environ Int. 2021;154. https://​doi.​org/​10.​1016/j.​envint.​
2021.​106697.

	24.	 Gys C, Ait Bamai Y, Araki A, Bastiaensen M, Caballero-Casero N, Kishi R, 
Covaci A. Biomonitoring and temporal trends of bisphenols exposure in 
Japanese school children. Environ Res. 2020;191: 110172. https://​doi.​org/​
10.​1016/j.​envres.​2020.​110172.

	25.	 Haug LS, Sakhi AK, Cequier E, Casas M, Maitre L, Basagana X, Andrusai‑
tyte S, Chalkiadaki G, Chatzi L, Coen M, de Bont J, Dedele A, Ferrand J, 
Grazuleviciene R, Gonzalez JR, Gutzkow KB, Keun H, McEachan R, Meltzer 
HM, Petraviciene I, Robinson O, Saulnier PJ, Slama R, Sunyer J, Urquiza 
J, Vafeiadi M, Wright J, Vrijheid M, Thomsen C. In-utero and childhood 
chemical exposome in six European mother-child cohorts. Environ Int. 
2018;121:751–63. https://​doi.​org/​10.​1016/j.​envint.​2018.​09.​056.

	26.	 Janc M, Jankowska A, Weteska M, Brzozowska A, Hanke W, Jurewicz J, 
Garí M, Polańska K, Jerzyńska J. REPRO_PL - Polish mother and child 
cohort-exposure, health status, and neurobehavioral assessments in 
adolescents-design and cohort update. Int J Environ Res Public Health. 
2022;19(21): 14167. https://​doi.​org/​10.​3390/​ijerp​h1921​14167.

	27.	 Jankowska A, Polańska K, Hanke W, Wesołowska E, Ligocka D, Wasz‑
kowska M, Stańczak A, Tartaglione AM, Mirabella F, Chiarotti F, Garí M, 
Calamandrei G. Prenatal and early postnatal phthalate exposure and child 
neurodevelopment at age of 7 years - Polish Mother and Child Cohort. 
Environ Res. 2019;177: 108626. https://​doi.​org/​10.​1016/j.​envres.​2019.​
108626.

	28.	 Jankowska A, Polańska K, Koch HM, Pälmke C, Waszkowska M, Stańczak A, 
Wesołowska E, Hanke W, Bose-O’Reilly S, Calamandrei G, Garí M. Phthalate 
exposure and neurodevelopmental outcomes in early school age chil‑
dren from Poland. Environ Res. 2019;179(Pt B): 108829. https://​doi.​org/​10.​
1016/j.​envres.​2019.​108829.

	29.	 Koch HM, Gonzalez-Reche LM, Angerer J. On-line clean-up by multi-
dimensional liquid chromatography-electrospray ionization tandem 
mass spectrometry for high throughput quantification of primary and 
secondary phthalate metabolites in human urine. J Chromatogr B Analyt 
Technol Biomed Life Sci. 2003;784(1):169–82. https://​doi.​org/​10.​1016/​
s1570-​0232(02)​00785-7.

	30.	 Koch HM, Ruther M, Schutze A, Conrad A, Palmke C, Apel P, Bruning T, 
Kolossa-Gehring M. 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. 2017;220(2PtA):130–41. https://​doi.​org/​10.​1016/j.​ijheh.​2016.​11.​003.

	31.	 Koch HM, Schutze A, Palmke C, Angerer J, Bruning T. Metabolism of the 
plasticizer and phthalate substitute diisononyl-cyclohexane-1,2-dicar‑
boxylate (DINCH((R))) in humans after single oral doses. Arch Toxicol. 
2013;87:799–806. https://​doi.​org/​10.​1007/​s00204-​012-​0990-4.

	32.	 Kułaga Z, Rożdżyńska-Świątkowska A, Grajda A, Gurzkowska B, Wojtyło M, 
Goźdź M, Świąder-Leśniak A, Litwin M. Percentile charts for growth and 
nutritional status assessment in Polish children and adolescents from 
birth to 18 year of age. Standardy Medyczne/Pediatria. 2015;12:119–35.

	33.	 Lauretta R, Sansone A, Sansone M, Romanelli F, Appetecchia M. Endocrine 
disrupting chemicals: effects on endocrine glands. Front Endocrinol 
(Lausanne). 2019;10: 178. https://​doi.​org/​10.​3389/​fendo.​2019.​00178.

	34.	 Lehmler HJ, Liu B, Gadogbe M, Bao W. Exposure to bisphenol A, bisphenol 
F, and bisphenol S in U.S. adults and children: the national health and 
nutrition examination survey 2013–2014. ACS Omega. 2018;3:6523–32. 
https://​doi.​org/​10.​1021/​acsom​ega.​8b008​24.

	35.	 Lessmann F, Schütze A, Weiss T, Brüning T, Koch HM. Determination of 
metabolites of di(2-ethylhexyl) terephthalate (DEHTP) in human urine 
by HPLC-MS/MS with on-line clean-up. J Chromatogr B Analyt Technol 
Biomed Life Sci. 2016;1011:196–203. https://​doi.​org/​10.​1016/j.​jchro​mb.​
2015.​12.​042.

	36.	 Lessmann F, Schütze A, Weiss T, Langsch A, Otter R, Brüning T, Koch HM. 
Metabolism and urinary excretion kinetics of di(2-ethylhexyl) tereph‑
thalate (DEHTP) in three male volunteers after oral dosage. Arch Toxicol. 
2016;90(7):1659–67. https://​doi.​org/​10.​1007/​s00204-​016-​1715-x.

	37.	 Li DK, Miao M, Zhou Z, Wu C, Shi H, Liu X, Wang S, Yuan W. Urine bisphenol-
A level in relation to obesity and overweight in school-age children. PLoS 
One. 2013;8(6): e65399. https://​doi.​org/​10.​1371/​journ​al.​pone.​00653​99.

	38.	 Lupsa IR, Nunes B, Ligocka D, Gurzau AE, Jakubowski M, Casteleyn L, Aerts 
D, Biot P, DenHond E, Castano A, Esteban M, Kolossa-Gehring M, Fiddicke 
U, Knudsen LE, Schoeters G, Reis MF. Urinary cotinine levels and environ‑
mental tobacco smoke in mothers and children of Romania, Portugal and 
Poland within the European human biomonitoring pilot study. Environ 
Res. 2015;141:106–17. https://​doi.​org/​10.​1016/j.​envres.​2015.​03.​018.

	39.	 Maitre L, Julvez J, López-Vicente M, Warembourg C, Tamayo-Uria I, Philip‑
pat C, Gützkow KB, Guxens M, Andrusaityte S, Basagaña X, Casas M, de 
Castro M, Chatzi L, Evandt J, Gonzalez JR, Gražulevičienė R, Smastuen 
Haug L, Heude B, Hernandez-Ferrer C, Kampouri M, Manson D, Marquez 
S, McEachan R, Nieuwenhuijsen M, Robinson O, Slama R, Thomsen C, 
Urquiza J, Vafeidi M, Wright J, Vrijheid M. Early-life environmental expo‑
sure determinants of child behavior in Europe: a longitudinal, population-
based study. Environ Int. 2021;153: 106523. https://​doi.​org/​10.​1016/j.​
envint.​2021.​106523.

	40.	 Minatoya M, Kishi R. A review of recent studies on Bisphenol A and Phtha‑
late exposures and child neurodevelopment. Int J Environ Res Public 
Health. 2021;18: 3585. https://​doi.​org/​10.​3390/​ijerp​h1807​3585.

	41.	 Mustieles V, Fernández MF. Bisphenol A shapes children’s brain and 
behavior: towards an integrated neurotoxicity assessment includ‑
ing human data. Environ Health. 2020;19:66. https://​doi.​org/​10.​1186/​
s12940-​020-​00620-y.

	42.	 Mustieles V, Rolland M, Pin I, Thomsen C, Sakhi AK, Sabaredzovic A, 
Muckle G, Guichardet K, Slama R, Philippat C. Early-life exposure to a 
mixture of phenols and phthalates in relation to child social behavior: 
applying an evidence-based prioritization to a cohort with improved 
exposure assessment. Environ Health Perspect. 2023;131: 87006. https://​
doi.​org/​10.​1289/​EHP11​798.

	43.	 Palanza P, Paterlini S, Brambilla MM, Ramundo G, Caviola G, Gioiosa L, Par‑
migiani S, Vom Saal FS, Ponzi D. Sex-biased impact of endocrine disrupt‑
ing chemicals on behavioral development and vulnerability to disease: of 
mice and children. Neurosci Biobehav Rev. 2021;121:29–46. https://​doi.​
org/​10.​1016/j.​neubi​orev.​2020.​11.​015.

	44.	 Philippat C, Nakiwala D, Calafat AM, Botton J, De Agostini M, Heude B, 
Slama R. Prenatal exposure to non-persistent endocrine disruptors and 
behavior in boys at 3 and 5 years. Environ Health Perspect. 2017;125(9): 
097014. https://​doi.​org/​10.​1289/​EHP13​14.

	45.	 Polańska K, Hanke W, Gromadzińska J, Ligocka D, Gulczyńska E, Sobala 
W, Wąsowicz W. Polish mother and child cohort study–defining the 
problem, the aim of the study and methodological assumption. Int J 
Occup Med Environ Health. 2009;22:383–91. https://​doi.​org/​10.​2478/​
v10001-​009-​0037-0.

https://doi.org/10.2105/AJPH.2020.306014
https://doi.org/10.2105/AJPH.2020.306014
https://doi.org/10.1016/j.envint.2022.107107
https://doi.org/10.1016/j.envint.2022.107107
https://doi.org/10.1016/j.envint.2019.04.011
https://doi.org/10.1186/s12940-021-00777-0
https://doi.org/10.1186/s12940-021-00777-0
https://doi.org/10.1007/s12403-024-00654-4
https://doi.org/10.1007/s12403-024-00654-4
https://doi.org/10.32614/CRAN.package.arm
https://CRAN.R-project.org/package=arm
https://doi.org/10.1016/j.envint.2021.106697
https://doi.org/10.1016/j.envint.2021.106697
https://doi.org/10.1016/j.envres.2020.110172
https://doi.org/10.1016/j.envres.2020.110172
https://doi.org/10.1016/j.envint.2018.09.056
https://doi.org/10.3390/ijerph192114167
https://doi.org/10.1016/j.envres.2019.108626
https://doi.org/10.1016/j.envres.2019.108626
https://doi.org/10.1016/j.envres.2019.108829
https://doi.org/10.1016/j.envres.2019.108829
https://doi.org/10.1016/s1570-0232(02)00785-7
https://doi.org/10.1016/s1570-0232(02)00785-7
https://doi.org/10.1016/j.ijheh.2016.11.003
https://doi.org/10.1007/s00204-012-0990-4
https://doi.org/10.3389/fendo.2019.00178
https://doi.org/10.1021/acsomega.8b00824
https://doi.org/10.1016/j.jchromb.2015.12.042
https://doi.org/10.1016/j.jchromb.2015.12.042
https://doi.org/10.1007/s00204-016-1715-x
https://doi.org/10.1371/journal.pone.0065399
https://doi.org/10.1016/j.envres.2015.03.018
https://doi.org/10.1016/j.envint.2021.106523
https://doi.org/10.1016/j.envint.2021.106523
https://doi.org/10.3390/ijerph18073585
https://doi.org/10.1186/s12940-020-00620-y
https://doi.org/10.1186/s12940-020-00620-y
https://doi.org/10.1289/EHP11798
https://doi.org/10.1289/EHP11798
https://doi.org/10.1016/j.neubiorev.2020.11.015
https://doi.org/10.1016/j.neubiorev.2020.11.015
https://doi.org/10.1289/EHP1314
https://doi.org/10.2478/v10001-009-0037-0
https://doi.org/10.2478/v10001-009-0037-0


Page 14 of 14Polańska et al. Environmental Health           (2025) 24:76 

	46.	 Polańska K, Hanke W, Jurewicz J, Sobala W, Madsen C, Nafstad P. Polish 
mother and child cohort study (REPRO_PL)-methodology of follow-up of 
the children. Int J Occup Med Environ Health. 2011;24:391–8. https://​doi.​
org/​10.​13075/​ijomeh.​1896.​00811.

	47.	 Polańska K, Hanke W, Król A, Potocka A, Waszkowska M, Jacukowicz 
A, Gromadzińska J, Wąsowicz W, Jerzyńska J, Stelmach W, Stelmach I. 
Polish mother and child cohort study (REPRO_PL) - methodology of the 
follow-up of the children at the age of 7. Int J Occup Med Environ Health. 
2016;883–93. https://​doi.​org/​10.​13075/​ijomeh.​1896.​00811.

	48.	 R Core Team. R: A Language and Environment for Statistical Computing 
[Computer program]. Vienna (Austria): R Foundation for Statistical Com‑
puting; 2025. https://​www.R-​proje​ct.​org.

	49.	 Radke EG, Braun JM, Nachman RM, Cooper GS. Phthalate exposure and 
neurodevelopment: a systematic review and meta-analysis of human 
epidemiological evidence. Environ Int. 2020;137: 105408. https://​doi.​org/​
10.​1016/j.​envint.​2019.​105408.

	50.	 Regulation (EC) No 1907/2006 of the European Parliament and of the 
Council of 18 December 2006 concerning the Registration, Evaluation, 
Authorisation and Restriction of Chemicals (REACH), establishing a Euro‑
pean Chemicals Agency, amending Directive 1999/45/EC and repealing 
Council Regulation (EEC) No 793/93 and Commission Regulation (EC) No 
1488/94 as well as Council Directive 76/769/EEC and Commission Direc‑
tives 91/155/EEC, 93/67/EEC, 93/105/EC and 2000/21/EC.

	51.	 Rocha BA, Asimakopoulos AG, Honda M, da Costa NL, Barbosa RM, 
Barbosa F, Kurunthachalam K. Advanced data mining approaches in 
the assessment of urinary concentrations of bisphenols, chlorophenols, 
parabens and benzophenones in Brazilian children and their association 
to DNA damage. Environ Int. 2018;116:269–77. https://​doi.​org/​10.​1016/j.​
envint.​2018.​04.​023.

	52.	 Salamanca-Fernández E, Espín-Moreno L, Olivas-Martíne A, Pérez-Cantero 
A, Martín-Rodríguez JL, Poyatos RM, Barbone F, Rosole V, Mariuz M, Ronfani 
L, Palkovičová Murínová Ľ, Fábelová L, Sziget T, Kakuc R, Sakhi AK, Haug 
LS, Lindeman B, Snoj Tratnik J, Kosjek T, Jacobs G, Voorspoels S, Jurdáková 
H, Górová R, Petrovičová I, Kolena B, Esteban M, Pedraza-Díaz S, Kolossa-
Gehring M, Remy S, Govarts E, Schoeters G, Fernández MF, Mustieles 
V. Associations between Urinary Phthalate Metabolites with BDNF and 
Behavioral Function among European Children from Five HBM4EU Aligned 
Studies. Toxics. 2024;12:642. https://​doi.​org/​10.​3390/​toxic​s1209​0642.

	53.	 Sakhi KA, Sabaredozovic A, Papadopoulou E, Cequier E, Thomsen C. 
Levels, variability and determinants of environmental phenols in pairs of 
Norwegian mothers and children. Environ Int. 2018;114:242–51. https://​
doi.​org/​10.​1016/j.​envint.​2018.​02.​037.

	54.	 Schütze A, Otter R, Modick H, Langsch A, Brüning T, Koch HM. Addi‑
tional oxidized and alkyl chain breakdown metabolites of the plasticizer 
DINCH in urine after oral dosage to human volunteers. Arch Toxicol. 
2017;91(1):179–88. https://​doi.​org/​10.​1007/​s00204-​016-​1688-9.

	55.	 Schütze A, Pälmke C, Angerer J, Weiss T, Brüning T, Koch HM. Quantifica‑
tion of biomarkers of environmental exposure to di(isononyl)cyclohex‑
ane-1,2-dicarboxylate (DINCH) in urine via HPLC-MS/MS. J Chromatogr 
B Analyt Technol Biomed Life Sci. 2012;895:123–30. https://​doi.​org/​10.​
1016/j.​jchro​mb.​2012.​03.​030.

	56.	 Stragierowicz J, Mikołajewska K, Zawadzka-Stolarz M, Polańska K, Ligocka 
D. Estimation of cutoff values of cotinine in urine and saliva for pregnant 
women in Poland. Biomed Res Int. 2013;2013: 386784. https://​doi.​org/​10.​
1155/​2013/​386784.

	57.	 Vernet C, Philippat C, Agier L, Calafat AM, Ye X, Lyon-Caen S, Hainaut P, 
Siroux V, Schisterman EF, Slama R. An empirical validation of the within-
subject biospecimens pooling approach to minimize exposure misclas‑
sification in biomarker-based studies. Epidemiology. 2019;30:756–67. 
https://​doi.​org/​10.​1097/​EDE.​00000​00000​001056.

	58.	 Vogel N, Schmidt P, Lange R, Gerofke A, Sakhi AK, Haug LS, Jensen TK, 
Frederiksen H, Szigeti T, Csákó Z, Murinova LP, Sidlovska M, Janasik B, 
Wasowicz W, Tratnik JS, Mazej D, Gabriel C, Karakitsios S, Barbone F, 
Rosolen V, Rambaud L, Riou M, Murawski A, Leseman D, Koppen G, Covaci 
A, Lignell S, Lindroos AK, Zvonar M, Andryskova L, Fabelova L, Richterova 
D, Horvat M, Kosjek T, Sarigiannis D, Maroulis M, Pedraza-Diaz S, Cañas 
A, Verheyen VJ, Bastiaensen M, Gilles L, Schoeters G, Esteban-López M, 
Castaño A, Govarts E, Koch HM, Kolossa-Gehring M. Current exposure to 
phthalates and DINCH in European children and adolescents - Results 
from the HBM4EU Aligned Studies 2014 to 2021. Int J Hyg Environ Health. 
2023;249: 114101. https://​doi.​org/​10.​1016/j.​ijheh.​2022.​114101.

	59.	 Wheeler D, Carli M (2022). BayesGWQS: Bayesian Grouped Weighted 
Quantile Sum Regression. https://​doi.​org/​10.​32614/​CRAN.​packa​ge.​Bayes​
GWQS, R package version 0.1.1,

	60.	 Weisskopf MG, Seals RM, Webster TF. Bias amplification in epidemiologic 
analysis of exposure to mixtures. Environ Health Perspect. 2018;126: 
047003. https://​doi.​org/​10.​1289/​EHP24​50.

	61.	 Xue J, Wu Q, Sakthivel S, Pavithran PV, Vasukutty JR, Kannan K. Urinary lev‑
els of endocrine-disrupting chemicals, including bisphenols, bisphenol A 
diglycidyl ethers, benzophenones, parabens, and triclosan in obese and 
non-obese Indian children. Environ Res. 2015;137:120–8. https://​doi.​org/​
10.​1016/j.​envres.​2014.​12.​007.

	62.	 Yesildemir O, Celik MN. Association between pre- and postnatal exposure 
to endocrine-disrupting chemicals and birth and neurodevelopmental 
outcomes: an extensive review. Clin Exp Pediatr. 2024;67(7):328–46. 
https://​doi.​org/​10.​3345/​cep.​2023.​00941.

	63.	 Zhang J, Yuan M, Liu Y, Zhong X, Wu J. Chen W Bisphenol A exposure 
and neurodevelopmental disorders and problems in children under 
12 years of age: A systematic review and meta-analysis. J Hazard Mater. 
2025;490:137731. https://​doi.​org/​10.​1016/j.​jhazm​at.​2025.​137731.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.13075/ijomeh.1896.00811
https://doi.org/10.13075/ijomeh.1896.00811
https://doi.org/10.13075/ijomeh.1896.00811
https://www.R-project.org
https://doi.org/10.1016/j.envint.2019.105408
https://doi.org/10.1016/j.envint.2019.105408
https://doi.org/10.1016/j.envint.2018.04.023
https://doi.org/10.1016/j.envint.2018.04.023
https://doi.org/10.3390/toxics12090642
https://doi.org/10.1016/j.envint.2018.02.037
https://doi.org/10.1016/j.envint.2018.02.037
https://doi.org/10.1007/s00204-016-1688-9
https://doi.org/10.1016/j.jchromb.2012.03.030
https://doi.org/10.1016/j.jchromb.2012.03.030
https://doi.org/10.1155/2013/386784
https://doi.org/10.1155/2013/386784
https://doi.org/10.1097/EDE.0000000000001056
https://doi.org/10.1016/j.ijheh.2022.114101
https://doi.org/10.32614/CRAN.package.BayesGWQS
https://doi.org/10.32614/CRAN.package.BayesGWQS
https://doi.org/10.1289/EHP2450
https://doi.org/10.1016/j.envres.2014.12.007
https://doi.org/10.1016/j.envres.2014.12.007
https://doi.org/10.3345/cep.2023.00941
https://doi.org/10.1016/j.jhazmat.2025.137731

	Impact of plastic-related chemicals on emotional and behavioral health in children from Poland
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design and population

	Exposure assessment
	Outcome assessment
	Covariates
	Statistical analysis
	Results
	Characteristics of the population under study

	Characteristics of the exposure
	Characteristics of the outcome
	Cross-sectional associations between exposure to analysed chemicals and behavioral outcomes – single-pollutant models
	Cross-sectional associations between the exposure to analyzed chemicals and behavioral outcomes – Joint exposure linear regression models and mixture models
	Discussion
	Conclusions
	Acknowledgements
	References


