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• Evidence on effects of prenatal exposure
to EDCs on birth size is inconclusive

• We investigated parabens, phenols and
phthalates in pregnant women

• Linear regressionmodels estimated the as-
sociations, stratified by offspring sex

• Prenatal exposure to BPA and MeP may
reduce birth size in male offspring

• Any impact of EDCs in pregnancy on birth
size appear to be sex-specific
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A B S T R A C T
A R T I C L E I N F O
Editor: Adrian Covaci
 Current evidence on the effects of prenatal exposure to endocrine disrupting chemicals on birth size remains largely
inconclusive. We aimed to investigate sex-specific associations between maternal exposure to parabens, phenols and
phthalates during pregnancy and birth weight, length and head/abdominal circumferences. We performed a prospec-
tive study of 88 pregnant women who underwent amniocentesis in the period 2012 to 2014. Maternal urine samples
were collected during pregnancy in weeks 12 to 36 (median: 18 weeks). The concentrations of parabens, phenols and
individual phthalate diester metabolites were analyzed by isotope-diluted liquid chromatography-tandem mass spec-
trometry and osmolality adjusted. Linear regression models estimated the associations between urinary levels of se-
lected compounds (tertile(T2-T3)medium/high versus T1low exposure) and birth size, stratified by offspring sex. A total
of three parabens, two phenols, four individual phthalatemetabolites and four sums of diestermetaboliteswere detect-
able above limits of detection in at least 60% of urine samples. Overall, we observed few statistically significant asso-
ciations, butmedium/high exposure to bisphenol A (BPA) inmale offspringwas associatedwith statistically significant
lower birth size across most outcomes [birth weight:−428 g (95% CI−756 to−99.4); birth length:−1.76 cm (95%
CI−3.28 to−0.25); abdominal circumference:−1.97 cm (95%CI−3.55 to−0.39)]. Similarly, medium/high expo-
sure to methyl paraben (MeP) in male offspring was associated with lower birth weight (−661 g, 95% CI −1251 to
−70.7) and length (−3.11 cm, 95% CI −5.76 to −0.46) compared to low exposure. None of these associations
were statistically significant in female offspring. Across all compounds, individual exposures were associated with
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more negative estimates of birth weight for male than for female offspring. Our study indicates that prenatal exposure
to BPA andMePmay negatively affect birth size outcomes, with a possible sex effect. Given the small sample size, these
findings need to be replicated in future larger studies.
Total singleton births: N=200

Final study population: N=88 

(Nboys/girls:47/41)

Excluded (n=112) due to:
Abortion (n=22) 

No questionnaire data (n=10)  

Missing all birth outcome data 

(n=3)  

No chemical analyses (n=77) 

Parabens: N=60, (Nmale/female: 29/31)

Phenols: N=88, (Nmale/female: 47/41)

Phthalates: N=85, (Nmale/female: 45/40) 

Fig. 1. Flowchart of the study population.
1. Introduction

Endocrine disrupting chemicals (EDCs) comprise a range of chemicals
with the ability to interfere with normal functions of the endocrine systems
(Bergman et al., 1996). Parabens, phenols and phthalates are chemicals
with known or suspected endocrine disrupting properties and are used
widely as plasticizers, pesticides and antimicrobial agents in cosmetics,
pharmaceuticals, food packaging, building materials and many other
daily life products (Andersen et al., 2012; Baird et al., 2010; Giulivo et al.,
2016; Rolfo et al., 2020). Given the increased production and exposures
to certain environmental chemicals in modern society, the possible
human health effects represent an important area of concern (Diamanti-
Kandarakis et al., 2009; Giulivo et al., 2016; Kumar et al., 2020; Warner
and Flaws, 2018).

A particular concern is the ubiquitous exposure to EDCs in pregnancy,
which is considered a susceptible window for endocrine disrupters to pass
through the placental barrier to the developing fetus (Bergman et al.,
2012; Diamanti-Kandarakis et al., 2009).We recently reported the presence
of metabolites of selected parabens, phenols and phthalates in human am-
niotic fluid (Bräuner et al., 2022), which indicates a likely transfer across
the placenta, possibly leading to fetal exposure. The endocrine system of
the fetus is crucial for healthy intrauterine development and any hormonal
disturbances from EDCs may pose a significant health risk to the unborn
child (Brown et al., 2001). Human in utero environmental exposures have
previously been proposed to interferewith the endocrine system and linked
to adverse fetal growth biomarkers (including birth size) with implications
for neonatal and infant morbidities, obesity, certain cancers and
neurodevelopmental disorders such as attention deficit disorder and autism
as well as predispose to adverse health effects later in life (Belbasis et al.,
2016; McCormick, 1985; Zheng et al., 2016; Zlatnik, 2016).

There is therefore increasing scientific interest in establishing the possi-
ble fetal programming effects of selected chemicals and the hypothesized
impact on growth parameters and birth size outcomes (Bach et al., 2015;
Birks et al., 2016; Govarts et al., 2012; Jamal et al., 2019; Kamai et al.,
2019; Street and Bernasconi, 2020; Vrachnis et al., 2021; Windham and
Fenster, 2008; Zhong et al., 2020). A large body of epidemiological data
has specifically explored prenatal exposures to parabens, phenols and
phthalates and predominately used birth size as the primary measure of
fetal growth (Kamai et al., 2019; Street and Bernasconi, 2020; Vrachnis
et al., 2021). In this context, particular focus has been given to evaluating
the effect of phthalate exposures during pregnancy, but despite a hypothe-
sized negative association, studies have provided largely inconsistent and
equivocal findings (Kamai et al., 2019; Marie et al., 2015; Qian et al.,
2020; Street and Bernasconi, 2020; Vrachnis et al., 2021; Wolff et al.,
2008). Less is known about the impact of prenatal exposures to parabens
and phenols on birth size, but studies have indicated a reduction of fetal
size, though these findings appear rare and often statistically insignificant
(Ferguson et al., 2016; Lassen et al., 2016; Philippat et al., 2014; Veiga-
Lopez et al., 2015; Wolff et al., 2008; Wu et al., 2018a). Two recent system-
atic reviews have yielded fragmented and contradictory results with no def-
inite conclusions (Jamal et al., 2019; Zhong et al., 2020). To date, current
evidence on the association between target EDCs and birth size remains in-
conclusive and any effect of EDCs may have a sex specificity of endocrine
action (Callan et al., 2016; Fadaei et al., 2020; Ferguson et al., 2018;
Hajizadeh et al., 2021; Veiga-Lopez et al., 2015; Wolff et al., 2008; Yang
et al., 2021).

Based on the fetal programming hypothesis, we aimed to investigate the
associations between maternal urinary levels of selected parabens, phenols
and phthalate diesters in pregnancy and measures of birth size in male and
female offspring.
2

2. Materials and methods

2.1. Study design and data source

A prospective study of pregnant women was performed to investigate
the association of concentrations of selected parabens, phenols and phthal-
ate diesters in maternal urine collected during pregnancy with birth size
outcomes in offspring. Data were obtained from an established Danish
mother-child cohort with information from self-reported questionnaires
and medical records (Krause et al., 2018a).

2.2. Study population and setting

The study sample consisted of pregnant women undergoing amniocen-
tesis at either Copenhagen University Hospital Hvidovre or Rigshospitalet,
and their offspring. The overarching study has previously been described in
detail (Krause et al., 2018a); but in brief, pregnant women with a singleton
pregnancy were recruited at the time of amniocentesis in the period from
September 2012 toAugust 2014. The indications for amniocentesis differed
and therefore the pregnant women were divided into three pregnancy risk
groups according to the severity of the indication for and outcome of the
amniocentesis as well as the results of the ultrasound scan: low risk
group; women referred for amniocentesis because of maternal request
and/or highmaternal age and found to carry a fetus with normal karyotype
and normal results of ultrasound scan, medium risk group; women with in-
creased risk of neural tube defects, intestinal atresia, trisomy 18 or 21 or un-
specific echogenic bowl on ultrasound scan, but who were found to carry a
fetus without any malformations and with a normal karyotype, and high
risk group; women carrying a fetus with malformations found by ultra-
sound scan and/or with an abnormal karyotype.

Of the 200 pregnant women originally included in the study, 112 were
excluded from the analyses due to the following reasons: abortion (n=22),
no questionnaire data (n = 10), missing all birth outcome data (n =
3) and/or no chemical analyses performed (n = 77) (Fig. 1). A total of 88
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pairs of pregnant women and their newborns (nboys/ngirls: 47/41) were
eventually included in the final study population with available urine sam-
ples quantified for concentrations of parabens, phenols and/or metabolites
of phthalate diesters.

2.3. Sample collection and storage

Samples of paired blood, urine and amniotic fluid samples were col-
lected concurrently from each pregnant woman immediately after the am-
niocentesis procedure (<1 h), which were performed in gestational weeks
12 to 36 (median gestational week 18). In this study, we only investigated
data on urine samples because we had previously identifiedmaternal urine
as the biological media with the highest number of samples detected above
limit of detection (LOD) and not susceptible to contamination during collec-
tion and sample handling in the laboratories (Bräuner et al., 2022).

After collection, all urine samples (30 ml) were stored in glass bottles at
−20 °C until the time of chemical analysis.

2.4. Chemical analyses

In the original study population, maternal urine samples were ana-
lyzed for concentrations of six parabens, seven phenols as well as 31
metabolites of 15 phthalates diesters using isotope-diluted TurboFlow-
liquid chromatography-tandem mass spectrometry with prior enzymatic
deconjugation (Frederiksen et al., 2020, 2013, 2011). The measured con-
centrations have previously been reported in detail (Bräuner et al., 2022).
All concentrations detected below LOD were replaced in our analyses
with the LOD/√2 of the respective compound. Due to the small sample pop-
ulation and the large proportion of concentrations below LOD, we decided
that statistical analyses were only deemed meaningful for chemical com-
pounds that were present at concentrations above LOD in at least 60% of
the samples. This ensured sufficient statistical power for performing sex-
stratified analyses and ensured that the lowest exposure tertile was the
only tertile limited to observations below LOD.

Of the measured phenols and parabens, the following chemicals
were included for further statistical analyses: bisphenol A (BPA),
triclosan (TCS), methyl paraben (MeP), ethyl paraben (EtP), n-propyl
paraben (n-PrP).

For three of the included phthalate diesters, only the primary
monoester metabolites were measured: mono-ethyl- (MEP), mono-iso‐butyl-
(MiBP) and mono-benzyl- (MBzP) phthalate. We also included mono-3-
carboxypropyl- (MCPP) phthalate individually, as MCPP is the major metabo-
lite of di-octyl phthalate (DnOPm), however not specific for DnOP. For the re-
maining phthalates, more than one metabolite was measured for each
phthalate diester and these were categorized into summary variables based
on the molar sum of the metabolites of each phthalate diester and expressed
in ng/mL. This was calculated for metabolites of DnBP, DEHP, DnHpP and
DiNP by dividing the measured metabolite concentrations (ng/mL) with
the molecular weight (ng/mmol) for each of the individual metabolites.
Thereafter, the molar metabolite concentrations (mmol/mL) from each
of the parent phthalate diesters were added and this sum was then mul-
tiplied with the molecular weight (ng/mmol) of their respective parent
phthalate diesters to express the summed metabolites in the same unit
(ng/mL) as the other analytes (Frederiksen et al., 2022; Wolff et al.,
2008). Summing the obtained values was as follows:

a) ∑DnBPm (mono-n-butyl and mono-(3-hydroxybutyl) phthalate);
b) ∑DEHPm (mono-(2-ethyl-hexyl), mono-(2-ethyl-5-hydroxyhexyl),

mono-(2-ethyl-5-oxohexyl), mono-(2-ethyl-5-carboxypentyl) and
mono-(2-carboxymethyl-hexyl) phthalate);

c) ∑DnHpPm (mono-n-heptyl, mono-(6-hydroxyheptyl) and mono-(6-
carboxyhexyl) phthalate); and

d) ∑DiNPm (mono-iso‐nonyl, mono-hydroxy-iso‐nonyl, mono-oxo-iso‐
nonyl and mono-carboxy-iso‐octyl phthalate).

All chemical analyses were conducted at the Department of Growth and
Reproduction, Rigshospitalet, Copenhagen, Denmark.
3

2.5. Adjustment for urinary dilution

All the measured concentrations inmaternal urine were adjusted for os-
molality to account for urinary dilution (Krause et al., 2018a; Middleton
et al., 2016). Osmolality was measured by the freezing point depression
method with the automatic cryoscopy osmometer (Osmomat® 030 from
Gonotec, Berlin, Germany). Urinary osmolality ranged from 0.063 to
1.070 osmol/kg, which is within the ranges seen for individuals with
normal kidney function. For adjustment, we divided all measured urinary
concentrations of compounds above LOD by the osmolality of the sample
and multiply by the median osmolality of all samples (corresponding to
0.376 osmol/kg for urinary samples collected at the time of amniocentesis).

2.6. Covariates and birth size outcomes

Relevant information on the pregnancy including birth details and ma-
ternal characteristics was obtained from medical records and question-
naires: Maternal age (<30, 30–34, 35–39, ≥40); maternal pre-pregnancy
body mass index, BMI (<18.5, 18.5–24.9,≥25); maternal smoking during
pregnancy (no, passive, yes); maternal educational status as a proxy for
socio-economic status (SES) [four years beyond high school (high), two to
three years beyond high school (middle), vocational training, high school
or elementary (low)]; parity (nulliparous, multiparous); gestational age at
birth (continuous); pregnancy risk group (low, medium, high); and sex of
child (male, female). Potential confounders used in the adjusted analyses
were identified a priori using directed acyclic graphs (Fig. S1) and the on-
line source DAGITTY (Suttorp et al., 2015; Textor et al., 2016).

Birth size of the offspring (weight, length, head/abdominal circumfer-
ence) was measured as standard procedure by the midwives at delivery
and data were extracted from the birth records.

2.7. Statistical analyses

Descriptive statistics were calculated to identify frequencies of charac-
teristics in the study population according to sex of the child and according
to the three identified risk groups. Birth size outcomes and EDC osmolality
adjusted urinary concentrations were presented as medians and 25–75th

percentiles. These EDC exposure concentrations were distributed into cate-
gories by calculating three (nearly) equal tertiles based on cumulative per-
centages, expressed as low (tertile 1, T1), medium (T2) and high (T2). For
MBzP, the number of values below LOD was 37.6%, exceeding 33.3%,
and all undetectable samples were categorized to the low exposure group
(Nlow/medium/high: 32/25/28). For EtP, it was not possible to compute
three equal parts, as the value of the lower/middle cut-off point was not
uniquely determined, and equal values needed to be assigned to the same
group (Nlow/medium/high: 32/8/20). The correlations between urinary levels
of the different chemicals analyzedwere assessed using Spearman's rho cor-
relation for the entire population.

Linear regression analyses were conducted to estimate the associations
between maternal exposures to EDCs during pregnancy and birth size out-
comes with and without adjusting for identified confounders (maternal
age, BMI, smoking and educational status; and gestational age at birth),
using Generalized Linear Models (GLM) with an identity link function.
Prior to analysis, the outcome data were tested for normality and we
observed approximate normal distribution. Penalized splines in the Gener-
alized Additive Models (GAMs) were used to investigate linearity of associ-
ations between the log-transformed continuous individual exposures and
outcomes in each model (Fig. S2). Due to non-linearity, exposures were
included as categorical variables. To obtain better statistical power and
compare with larger exposure groups, we examined the associations of
individual exposures and outcome after categorizing exposures into
medium/high exposure (combined grouping of T2 and T3) versus low ex-
posure (T1). Results were expressed as the difference in the relevant birth
outcome of those exposed in the medium/high exposure category com-
pared to the low exposure category together with respective 95% confi-
dence intervals (95% CIs) and noteworthy statistically significant
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associations were visualized graphically. All analyses were stratified by off-
spring sex because birth size is generally disproportional by sex (Tinggaard
et al., 2014) and concentrations of the placental growth hormone are
known to be determined by fetal sex (Chellakooty et al., 2002; Coutant
et al., 2001; Krause et al., 2018b). In sensitivity analyses, we explored the
robustness of the associations by only analyzing pregnant women from
risk groups low and medium, adjusted for the same identified confounders
as in the main analysis. All statistical analyses were performed in Stata 17.0
(StataCorp, Texas, United States).

3. Results

3.1. Descriptive characteristics

On balance, maternal characteristics were similar when stratifying by
sex of the child (Table 1). Compared with pregnant women to female off-
spring, pregnant women to male offspring tended to be slightly younger,
more obese, with lower SES and were less likely to be primigravidae, but
were similar with regard to smoking exposure and gestational age. Birth
size outcomes varied by sex as expected. Maternal characteristics across
the three pregnancy (risk) groups did not differ substantially (Table S1)
and all mother-child pairs were considered as one group in the regression
analyses.

3.2. Urinary levels of EDCs and correlations

The distribution of maternal urinary levels and specific LODs of selected
parabens, phenols and individual phthalate diester metabolites and
summed phthalate diester metabolites are presented in Table 2 and S2. A
total of five parabens and phenols were detected above LOD in at least
60% of the samples: MeP (100%), EtP (91.7%), n-PrP (86.7%), BPA
(72.7%) and TCS (65.9%). Most pregnant women in the study population
were simultaneously exposed to several of the included phthalate diesters.
Metabolites of eight phthalate diesters were detected above LOD in at least
60% of the samples: MEP (96.5%), MiBP (100.0%), MBzP (62.4%),
∑DnBPm (92.9%), ∑DEHPm (100%), ∑DnHpPm (76.5%), MCPP (78.8%)
and ∑DiNPm (87.1%). All compounds were also statistically significantly
correlated with Spearman rho coefficients ranging from 0.113 to 0.543
(Table S3).

3.3. Regression analyses

The results of the regression analyses are presented in Tables 3 and 4
and Fig. 2.

3.3.1. Parabens
Medium/high exposure toMeP inmale offspring was statistically signif-

icantly associatedwith 661 g lower birthweight (95%CI−1251 to−70.7)
and 3.11 cm shorter birth length (95% CI −5.76 to −0.46) compared to
male offspring with low exposure to MeP (Table 3 and Fig. 2). None of
the associations ofMeP in female offspring were statistically significant. Ex-
posure to medium/high levels of each of the three parabens was generally
associated with negative birth weight estimates for male offspring, but pos-
itive birth weight estimates for female offspring.

3.3.2. Phenols
Similarly for exposure to phenols, medium/high exposure to BPA pro-

vided statistically significant associations with lower birth weight (−428
g, 95% CI −756 to −99.4), shorter birth length (−1.76 cm, 95% CI
−3.27 to −0.25) and shorter abdominal circumference (−1.97 cm, 95%
CI −3.55 to −0.39) in male offspring, but not with head circumference
in male offspring (−0.77, 95% CI: −1.85 to 0.31) (Table 3 and Fig. 2).
No statistically significant associations were observed for medium/high ex-
posure to TCS, but associations with birth weight appeared more negative
for male offspring as compared to female offspring.
4

3.3.3. Phthalates
Generally for exposure to phthalates, no clear trends were observed and

most estimates were subject to large uncertainties across all birth size out-
comes with wide 95% CIs overlapping unity and only sporadic statistically
significant associations (Table 4). For example, in adjusted analyses, me-
dium/high exposure to MiBP was associated with a statistically significant
shorter head circumference inmale offspring (but not associatedwith other
markers of birth size) and medium/high exposure to MCPP was associated
with a statistically significant longer head circumference in female off-
spring (but not associated with other markers of birth size). Across all
birth outcomes, we observed that the effects of exposure to medium/high
levels of phthalate diesters were consistently associatedwithmore negative
estimates of birth sizes for male offspring as compared to female offspring
for the same compound but reflected estimates on both the positive and
negative scales. The differences between crude and adjusted estimates in
all analyses of phthalate diesters were noteworthy large and mostly driven
by gestational age at birth and maternal BMI.

3.4. Sensitivity analyses

When restricting regression analyses to mother-child pairs from the low
and medium pregnancy risk groups, the estimates remained robust
(Table S4).

4. Discussion

In this prospective study on maternal exposure to EDCs during preg-
nancy and birth size in 88 mother-child pairs, we found that specific expo-
sure to BPA and MeP had a statistically significant negative effect on birth
size parameters (birth weight and length for both compounds in addition
to abdominal circumference only for BPA) in male, but not female off-
spring. Although estimates were subject to substantial statistical uncer-
tainties, the effects of individual EDCs on birth weight were consistently
more negative in male offspring compared to female offspring across all
EDCs.

Our findings suggest that any impact of selected EDCs during pregnancy
on birth size is dependent on sex of the offspring, supporting the hypothesis
that biological sex differences are already evident in fetal life, in which
male and female fetuses respond differently to the same intrauterine envi-
ronment (Alur, 2019). Specifically, we proposed a sex-specific association
betweenmaternal exposure to BPA andMeP during pregnancy and adverse
birth size, which may represent possible abnormal fetal growth. Studies
have already suggested a negative relationship between phenols and fetal
growth (Ferguson et al., 2018; Lee et al., 2017; Messerlian et al., 2018;
Philippat et al., 2012; Snijder et al., 2013; Tang et al., 2013; Wolff et al.,
2008). But in these studies, specific exposure-outcome associations were
fragmented and identified associations were often dependent on the type
of phenol and specific birth size outcomes investigated. In contrast to our
findings, a case-control study of 191 pregnant women from France reported
a statistically significant association between urinary concentrations of BPA
and increased head circumference at birth in male offspring but not with
weight and length (Philippat et al., 2012), while Wolff et al. in a study
from the US reported that prenatal BPA was positively associated with
birth weight though weak and not statistically significant (Wolff et al.,
2008). As in our findings on MeP, prenatal exposure to parabens has also
been demonstrated to have some negative effect on specific birth size pa-
rameters in other studies (Geer et al., 2017; Messerlian et al., 2018; Wu
et al., 2018b). However, positive associations with urinary levels of
parabens and birth weight (Philippat et al., 2014) and birth length (Wu
et al., 2017) have also been reported as well as largely null associations
(Ferguson et al., 2018; Geer et al., 2017; Philippat et al., 2012). Notewor-
thy, the findings from some of the aforementioned studies on parabens
demonstrated that specific exposure to MeP appear to be associated with
a decrease in head circumference (Messerlian et al., 2018) but tended to in-
crease birth length (Philippat et al., 2014; Wu et al., 2017) and weight
(Philippat et al., 2014) in male offspring. All of these inconsistencies in



Table 1
Characteristics of the study population (n = 88) stratified by sex of offspring.

Total Male offspring Female offspring P-value⁎

n = 88 n = 47 n = 41

Maternal age, n (%)
<30 years 16 (18.2) 10 (21.3) 6 (14.6) 0.777
30–34 years 23 (26.1) 13 (27.7) 10 (24.4)
35–39 years 40 (45.5) 20 (42.6) 20 (48.8)
≥40 years 9 (10.2) 4 (8.5) 5 (12.2)

Maternal pre-pregnancy BMI, n (%)
Underweight (<18.5) 3 (3.4) 2 (4.3) 1 (2.4) 0.656
Normal (18.5–24.9) 57 (64.8) 28 (59.6) 29 (70.7)
Overweight/Obese (≥25) 24 (27.3) 14 (29.8) 10 (24.4)
Missing 4 (4.6) 3 (6.4) 1 (2.4)

Maternal smoking during pregnancy, n (%)
No 66 (75.0) 35 (74.5) 31 (75.6) 0.972
Passive 18 (20.5) 10 (21.3) 8 (19.5)
Yes 4 (4.6) 2 (4.3) 2 (4.9)

Educational status, n (%)
High 38 (43.2) 19 (40.4) 19 (46.3) 0.619
Middle 32 (36.4) 19 (40.4) 13 (31.7)
Low 17 (19.3) 8 (17.0) 9 (22.0)
Missing 1 (1.1) 1 (2.1) 0 (0.0)

Parity, n (%)
Nulliparous 33 (37.5) 17 (36.2) 16 (39.0) 0.524
Multiparous 54 (61.4) 30 (63.8) 24 (58.5)
Missing 1 (1.1) 0 (0.0) 1 (2.4)
Gestational age, median (25th–75th percentiles) 40 (39–40) 40 (39–40) 40 (39–40) 0.995

Preterm birth, n (%)
Preterm (<37 weeks) 5 (5.7) 2 (4.3) 3 (7.3) 0.536
Normal term (≥37 weeks) 83 (94.3) 45 (95.7) 38 (92.7)

Risk group, n (%)
Low 31 (35.2) 16 (34.0) 15 (36.6) 0.826
Medium 33 (37.5) 19 (40.4) 14 (34.2)
High 24 (27.3) 12 (25.5) 12 (29.3)

Birth outcome, median (25th–75th percentiles)
Weight, g (n = 87) 3480 (3030–3800) 3599 (3264–3816) 3248 (2925–3650) 0.024
Length, cm (n = 88) 51 (50–52) 52 (50–53) 51 (49–52) 0.004
Head circumference, cm (n = 88) 34 (34–35) 35 (34–36) 34 (34–35) 0.079
Abdominal circumference, cm (n = 87) 33 (31–34) 33 (31–34) 33 (31–34) 0.780

Prenatal EDC exposurea, median (25th–75th percentiles)
Parabens (osmolality adjusted, ng/mL)
Methyl paraben (MeP) 6.11 (1.42–48.6) 2.51 (1.08–35.8) 1.40 (1.84–67.7) 0.196
Ethyl paraben (EtP) 0.13 (0.13–2.75) 0.13 (0.12–1.45) 0.53 (0.13–3.07) 0.491
n-propyl paraben (n-PrP) 1.74 (0.66–8.78) 1.61 (0.30–10.7) 1.83 (1.01–8.17) 0.405

Phenols (osmolality adjusted, ng/mL)
Bisphenol A (BPA) 1.83 (0.88–3.15) 2.02 (0.88–3.12) 1.69 (0.81–3.34) 0.614
Triclosan (TCS) 0.90 (0.54–2.54) 1.07 (0.61–2.71) 0.74 (0.43–2.36) 0.188

Phthalates (osmolality adjusted, ng/mL)
Mono-ethyl phthalate (MEP) 14.2 (5.04–43.5) 15.2 (6.97–35.21) 11.9 (3.46–48.0) 0.377
Mono-isobutyl phthalate (MiBP) 11.5 (5.21–22.6) 12.8 (4.30–30.4) 9.26 (5.28–22.2) 0.443
∑di-n-butyl phthalate (∑DnBPm) 8.39 (4.45–26.9) 14.9 (4.49–33.0) 8.12 (4.34–17.6) 0.311
Mono-benzyl phthalate (MBzP) 2.29 (1.36–4.54) 2.29 (1.36–4.99) 2.19 (1.41–4.10) 0.901
∑di-(2-ethyl-hexyl) phthalate (∑DEHPm) 18.5 (6.92–39.4) 13.9 (4.98–46.1) 19.7 (8.72–38.6) 0.591
∑di-n-heptyl phthalate (∑DnHpPm) 2.03 (0.74–3.06) 2.09 (0.73–4.64) 1.83 (0.80–2.70) 0.384
Mono-3-carboxypropyl phthalate (MCPP) 4.13 (2.20–8.68) 5.06 (2.30–9.12) 3.38 (2.16–7.50) 0.396
∑di-isononyl phthalate (∑DiNPm) 7.11 (2.69–15.2) 6.05 (1.66–19.1) 8.01 (2.98–13.0) 0.816

⁎ P-value calculated using χ2 test.
a For those included in the regression analyses; medians calculated based on samples above limit of detection (LOD).
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previous studies may to some degree explain why a recent systematic re-
view on parabens and phenols by (Zhong et al. (2020) was not able to con-
firm the otherwise indicated negative effect of BPA and MeP on fetal
development due to only few and mostly statistically insignificant associa-
tions. Another systematic review on parabens further stressed that most
previous findings on birth size parameters have been rare, inconsistent
and with limited statistical power (Jamal et al., 2019). Notably, none of
these two systematic reviews explicitly assessed the potential sex effect on
the association, whichmay challenge drawing any true conclusions consid-
ering the obvious sex-related biological differences. For example, summary
estimates of the one meta-analysis indicated no effects of BPA on birth
weight but these summary estimates were predominantly based on
individual estimates that combined effects in girls and boys, likely masking
any sex-specific effects (Zhong et al., 2020). (Veiga-Lopez et al. (2015)
5

investigated urinary exposure to BPA in pregnant women from Michigan,
USA using matching samples from first trimester and at delivery. They
reported a sex-specific reduction in birth weight, but in contrast to our
findings, the effect was not present in male offspring. Two recent studies,
both of Iranian pregnant women, explored sex-stratified associations in
line with our study, but they associated urinary MeP exposures with higher
birth weight and length in male neonates as well as no association for the
evaluated birth weight, length and head circumferences in males,
respectively (Fadaei et al., 2020; Hajizadeh et al., 2021). However, their
study populations were largely non-comparable to our study population,
e.g. in the study by (Hajizadeh et al. (2021), almost 80% of the women
reported passive smoking during pregnancy and almost 70% were
overweight, why residual confounding may have played a role in the
discrepancies. To support the proposed sex specificity, we recently



Table 2
Urinary concentrationsa (ng/mL) of selected compounds presented as medians (25th–75th percentile) for all samples above limit of detection (LOD) and range for exposure
tertile groups (T1 low, T2medium, T3high).

LODb,ⱡ n > LOD (%) Median (25th–75th percentile)⁎ Exposure groups, min–max (n)

T1Low T2Medium T3High

Parabens (ng/mL), n = 60
Methyl paraben MeP 0.08 60 (100) 6.11 (1.42–48.6) 0.14–1.99 (20) 2.02–29.8 (20) 34.1–376 (20)
Ethyl paraben EtP 0.04 55 (91.7) 0.13 (0.13–2.75) <LOD–0.13 (32) 0.13–1.05 (8) 1.45–331 (20)
n-propyl paraben n-PrP 0.05 52 (86.7) 1.74 (0.66–8.78) <LOD–0.52 (20) 0.64–2.83 (20) 3.05–173 (20)

Phenols (ng/mL), n = 88
Bisphenol A BPA 0.12 64 (72.7) 1.83 (0.88–3.15) <LOD–0.34 (30) 0.36–1.92 (29) 2.01–12.6 (29)
Triclosan TCS 0.06 58 (65.9) 0.90 (0.54–2.54) <LOD (30) 0.56–0.86 (29) 0.93–1012 (29)

Phthalates (ng/mL), n = 85
Mono-ethyl phthalate MEP 0.79 82 (96.5) 14.2 (5.04–43.5) <LOD–6.74 (29) 6.97–26.1 (28) 27.4–482 (28)
Mono-isobutyl phthalate MiBP 0.44 85 (100) 11.5 (5.21–22.6) 0.50–5.94 (29) 6.05–20.2 (28) 20.7–330 (28)
∑di-n-butyl phthalate ∑DnBPm 0.63–0.68 79 (92.9) 8.39 (4.45–26.9) <LOD–4.82 (29) 4.96–16.7 (28) 17.5–178 (28)
Mono-benzyl phthalate MBzP 0.50 53 (62.4) 2.29 (1.36–4.54) <LOD (32) 0.51–2.08 (25) 2.16–39.8 (28)
∑di-(2-ethyl-hexyl) phthalate ∑DEHPm 0.22–0.46 85 (100) 18.5 (6.92–39.4) 0.54–9.97 (29) 10.5–32.4 (28) 34.3–135 (28)
∑di-n-heptyl phthalate ∑DnHpPm 0.19–0.33 65 (76.5) 2.03 (0.74–3.06) <LOD–0.54 (29) 0.55–2.10 (28) 2.13–22.0 (28)
Mono-3-carboxypropyl phthalate MCPPc 1.04 67 (78.8) 4.13 (2.20–8.68) <LOD–1.75 (29) 1.86–4.81 (28) 5.06–469 (28)
∑di-isononyl phthalate ∑DiNPm 0.29–0.61 74 (87.1) 7.11 (2.69–15.2) <LOD–1.66 (29) 2.69–10.6 (28) 10.8–88.0 (28)

a Osmolality adjusted.
b LOD, limit of detection (ng/mL) for raw measurements before osmolality adjustment.
ⱡ The range in LODs for summary phthalates represents the min-max LOD range for the individual phthalate metabolites included in each sum.
⁎ Medians are calculated based on the number of samples above LOD.
c MCPP: major metabolite of DnOP (di-octyl phthalate), but not specific for DnOP.
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investigated UV filters as possible endocrine disrupters using the same
study population as the present study and found that maternal exposure
to 4-hydroxybenzophenone (4-HBP) was associated with lower birth
weight and shorter birth head and abdominal circumferences in male, but
not female newborns (Krause et al., 2018b). Interestingly, in another larger
study cohort, we recently found that prenatal exposure to MeP, as the only
compound among six measured parabens, was negatively associated with
anogenital distance in newborn boys, but not females (Jensen et al.,
2021). These various previous results provide some evidence supporting
sex-specific possible endocrine disrupting effects of MeP and BPA. But the
complexity and methodological limitations in evaluating the effect of envi-
ronmental exposures on health also need to be considered (Fisher et al.,
2020; Jamal et al., 2019). In general, current epidemiological studies in
this field of knowledge are challenged with obtaining statistical power
and although we consistently detected statistically significant associations
with birth outcomes according to BPA and MeP, estimates had relatively
wide CIs, and our findings – along with other previous findings - should
be interpreted with caution. We performed multiple testing of many com-
pounds and outcomes, which increases the risk of false-positive results
that arise as the result of chance (Type I error) (Young and Karr, 2011).
Thus, we suspect the two sporadic statistically significant associations de-
tected for MiBP (negative effect on head circumference in male offspring)
and MCPP (positive effect on head circumference in female offspring) to
be a possible result of chance findings.

The exact underlying mechanisms of BPA and MeP on fetal develop-
ment and birth size are not fully understood, but are biological plausible
and could in part reflect fetal epigenetic reprogramming by these EDCs,
as previously reviewed (Street and Bernasconi, 2020). Both human and an-
imal studies have provided evidence on this mechanism for BPA and fetal
exposure to BPA has been significantly associated with global methylation
indicators in humans (Gauderat et al., 2016) and both epigenomic and
metabolomic endpoints in mouse BPA exposure models (Angle et al.,
2013; Kim et al., 2014; Rubin et al., 2017). Less evidence is available for
MeP, but transplacental passage of parabens has been documented
(Bräuner et al., 2022; Towers et al., 2015). Environmental exposures during
susceptible time-windows are proposed to influence developmental pro-
gramming and induce changes in disease risks in later life (Choi et al.,
2020; Waterland and Michels, 2007). As potential endocrine disrupters,
both BPA and MeP have shown to possess weak estrogenic and anti-
androgenic effects (Chen et al., 2007; Darbre and Harvey, 2008; Ma et al.,
6

2019; Prusakiewicz et al., 2007). Previous human studies have found asso-
ciations between exposure to BPA and several parabens with male repro-
ductive health parameters, including birth weight (Hass et al., 2012; Huo
et al., 2015; Jensen et al., 2021; Miao et al., 2011; Snijder et al., 2013;
Troisi et al., 2014), suggesting possible lasting hormonemodulating effects.
Importantly, pregnant women are ubiquitously exposed to a mixture of
chemicals and especially the interpretation of effects of MeP is limited by
the extent to which MeP is correlated and interferes with other parabens,
e.g. propyl paraben. In other words, this means that the contribution of
other uninvestigated parabens in low concentrations (partially because
they are banned or with lower urinary excretion) might be underestimated,
andwe cannot exclude that the associationwe observed forMeP ismerely a
proxy of a true association with another paraben exposure that MeP is cor-
related with (Moos et al., 2016). In general, any impact of EDCs on birth
size may in fact reflect exposures to several chemicals with endocrine
disrupting properties, albeit at low concentrations, and not isolated
effects of individual exposures. Ideally, to account for the simultaneous
EDC exposures, an analysis of the combined mixture of all target
exposures would have been a more adequate way to assess any health
risk to the fetus, but not feasible in the present study due to power
restrictions.

The knowledge on transfer of EDCs from pregnant women to the fetus is
still scarce but it has been reported that pregnant women's exposure is asso-
ciated with entrance into the fetal circulatory system (Chen et al., 2008; Li
et al., 2013; Rolfo et al., 2020; Street and Bernasconi, 2020). We acknowl-
edge that instead of direct exposure to the fetus through the placental bar-
rier, the observed birth size outcomesmay in part bemediated by effects of
EDCs on the placental growth and function, which in turn impact on fetal
development (Lukasiewicz et al., 2020; Rajakumar et al., 2015; Rolfo
et al., 2020; Street and Bernasconi, 2020; Vrooman et al., 2016; Zong
et al., 2015). But using the same cohort, we recently reported that the target
compounds were simultaneously present in maternal urine and amniotic
fluid, possibly reflecting exposure to the developing fetus, though the pla-
cental transfer was generally low for most compounds (Bräuner et al.,
2022).

It is of significant public health concern if these suggested effects of
EDCs on birth size actuallymean that in utero exposure to EDCs compromise
early development processes of the fetus and pose a disease risk later in life
(Barker, 2007; Barouki et al., 2012; Grandjean et al., 2015; Kelley et al.,
2019), especially given the widespread use of these chemicals in consumer
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products and industrial commodities and nearly universal exposure to preg-
nant women (Arbuckle et al., 2015; Philips et al., 2018; Rosofsky et al.,
2017; Woodruff et al., 2011). Extensive epidemiological data have already
introduced birth size as a marker of later health, including cardiovascular
diseases, various cancer types, respiratory diseases and allergies etc.
(Belbasis et al., 2016). This highlights the importance of further establish-
ing the possible fetal programming effect of selected EDC exposures and
the impact on long-term health.

The urinary concentrations across many of the investigated compounds
were noteworthy low in our study compared other studies assessing levels
of the same non-persistent EDCs in pregnant women (Adibi et al., 2008;
Birks et al., 2016; Cantonwine et al., 2014; Philippat et al., 2013; Wolff
et al., 2008; Ye et al., 2009). These variations may be explained by issues
of contamination that we accounted for in our study that may not have
been addressed elsewhere (Bräuner et al., 2022). However, it may also re-
flect geographical and time-specific decreases in exposures to target
chemicals, as we recently observed with phthalate exposures in pregnant
women in three different cohorts (Henriksen et al., 2020).

4.1. Strengths and limitations

The main strength of our study was the use of actual measurements of
the selected EDCs in maternal urine, the preferred matrix for non-
persistent EDCs due to short biological half-lives (<24 h). Specifically, the
rapid metabolism and excretion of these compounds would result in their
concentrations being several orders of magnitude lower in serum than
urine (Bräuner et al., 2022; Frederiksen et al., 2010). These were collected
and stored with careful control for avoiding contamination.

However, the study also has several limitations. The single spot urine as-
sessment of these rapidly metabolized compounds only reflects one partic-
ular moment of exposure during pregnancy, increasing the risk of exposure
misclassification. Although we assume that the concentrations measured in
a single spot sample largely reflect the general exposure level during preg-
nancy, we cannot exclude that some windows of exposure represent differ-
ent susceptibility to effects of EDCs on fetal development. This may be of
particular concern considering the variation in timing of sample collection
(from 12 to 36 weeks of gestation). Another important limitation is the
rather limited sample size and subsequent low statistical power, which
hampers the precision of several estimates – a typical challenge in studies
that require resources for recruitment and chemical analyses. For the
same reason, statistically significant findings on BPA and MeP based on
tertiles of exposure would largely reflect extreme case scenarios and should
only be used to identify the existence of an effect, rather than to quantify a
specific effect. High correlation between included compounds and other
non-included compounds could also imply that any detected associations
in fact reflect exposures to other correlated chemicals.

We adjusted our analyses for multiple maternal covariates using the
existing knowledge on causality and influences on the associations, includ-
ing for the highest achieved education of themother, whichwe expect to be
correlated with income. However, given our relatively small sample size,
wewere not able to consider all potentially relevant covariates, andwe can-
not rule out confounding by other factors such as diet and income. We did
adjust our analyses for maternal BMI and gestational age, whichmay in fact
act as mediators in the association rather than confounding variables. In a
separate analysis, we used a step-wise adjustment model on BPA and MeP
to investigate additional adjustment for these variables and the differences
in estimates did not change the overall interpretation of findings (Results
not shown).

The pregnant women in our study population were a selected group of
women undergoing amniocentesis and potentially at risk of pregnancy
complications. This may impact on the generalizability of our findings to
the general population of pregnant women; however, we did not suspect
the exposure to be biased to the general population, as the levels of EDCs
reported in our study were comparable to other observational studies in
pregnant women (Bräuner et al., 2022), and we only observed small differ-
ences in birth size in the three risk groups.



Table 4
Associations between osmolality-adjusted phthalates (T2-T3medium-high versus T1low exposure) in maternal urine and birth size outcomes stratified by sex.

Birth weight Birth length Head circumference Abdominal circumference

Crude Adjusteda Crude Adjusteda Crude Adjusteda Crude Adjusteda

g (95% CI) cm (95% CI) cm (95% CI) cm (95% CI)

Phthalates (P)
Male offspring (n = 45)
Mono-ethyl P MEP 396 (61.4; 731) 50.9 (340; 442) 0.80 (−0.62; 2.21) −0.52 (−2.26; 1.22) 0.68 (−0.27; 1.63) 0.20 (−0.88; 1.28) 0.51 (−0.96; 1.98) −0.86 (−2.62; 0.90)
Mono-isobutyl P MiBP 102 (−239; 443) −337 (−746; 70.8) 0.37 (−0.98; 1.73) −1.19 (−3.02; 0.65) −0.21 (−1.12; 0.71) −1.23 (−2.31; −0.15) 0.31 (−1.09; 1.70) −1.41 (−3.27; 0.45)
∑di-n-butyl P ∑DnBPm 171 (−162; 505) −168 (−586; 251) 0.88 (−0.44; 2.20) −0.20 (−2.08; 1.68) 0.26 (−0.64; 1.16) −0.29 (−1.45; 0.86) 0.57 (−0.81; 1.94) −0.81 (−2.70; 1.09)
Mono-benzyl P MBzP 176 (−163; 514) −183 (−602; 235) 0.66 (−0.68; 2.01) −0.58 (−2.46; 1.30) −0.11 (−1.03; 0.81) −0.76 (−1.89; 0.38) 0.31 (−1.09; 1.70) −1.58 (−3.42; 0.26)
∑di-(2-ethyl-hexyl) P ∑DEHPm 234 (−96.2; 563) −254 (−641; 133) 1.07 (−0.23; 2.37) −0.59 (−2.34; 1.16) 0.26 (−0.64; 1.16) −0.61 (−1.68; 0.46) 0.57 (−0.81; 1.94) −1.10 (−2.85; 0.66)
∑di-n-heptyl P ∑DnHpPm 293 (−27.9; 615) −28.1 (−443; 387) 0.88 (−0.44; 2.20) −0.48 (−2.33; 1.36) 0.45 (−0.45; 1.34) 0.14 (−1.01; 1.28) 0.75 (−0.61; 2.12) −0.36 (−2.25; 1.53)
Mono-3-carboxypropyl P MCPPc 103 (−221; 427) −184 (−557; 190) −0.11 (−1.42; 1.20) −1.51 (−3.10; 0.08) 0.21 (−0.67; 1.09) −0.31 (−1.35; 0.72) 0.31 (−1.04; 1.66) −0.82 (−2.51; 0.87)
∑di-isononyl P ∑DiNPm 181 (−148; 510) −97.8 (−484; 288) 0.54 (−0.78; 1.86) −0.31 (−2.04; 1.42) 0.24 (−0.65; 1.13) −0.09 (−1.17; 0.98) 0.91 (−0.43; 2.25) −0.36 (−2.12; 1.41)

Female offspring (n = 40)
Mono-ethyl P MEP 20.0 (−371; 411) 106 (−217; 428) −0.96 (−2.75; 0.83) −0.35 (−1.72; 1.01) −0.21 (−1.15; 0.73) 0.31 (−0.64; 1.25) −0.41 (−1.79; 0.97) −0.26 (−1.59; 1.07)
Mono-isobutyl P MiBP −153 (−559; 253) 57.2 (−259; 374) −1.36 (−3.21; 0.48) −0.07 (−1.41; 1.27) −0.11 (−1.10; 0.87) 0.16 (−0.77; 1.09) −0.69 (−2.12; 0.74) −0.09 (−1.39; 1.21)
∑di-n-butyl P ∑DnBPm −15.7 (−433; 402) 214 (−108; 535) −1.30 (−3.19; 0.60) −0.13 (−1.52; 1.27) −1.32 (−1.01; 1.01) 0.31 (−0.65; 1.28) −0.17 (−1.65; 1.31) 0.70 (−0.63; 2.04)
Mono-benzyl P MBzP 122 (−267; 511) 91.0 (−225; 407) −0.65 (−2.45; 1.16) −0.20 (−1.54; 1.15) 0.42 (−0.51; 1.35) 0.42 (−0.50; 1.34) 0.55 (−0.83; 1.92) 0.71 (−0.59; 2.01)
∑di-(2-ethyl-hexyl) P ∑DEHPm 227 (−185; 638) 188 (−160; 537) 0.37 (−1.57; 2.31) 0.00 (−1.50; 1.50) 0.48 (−0.52; 1.47) 0.52 (−0.50; 1.55) 0.80 (−0.66; 2.25) 0.58 (−0.86; 2.02)
∑di-n-heptyl P ∑DnHpPm 13.8 (−404; 431) 53.5 (−284; 391) −0.70 (−2.63; 1.22) −0.48 (−1.90; 0.94) −2.64 (−1.01; 1.01) 0.15 (−0.84; 1.14) −0.05 (−1.53; 1.43) −0.19 (−1.58; 1.19)
Mono-3-carboxypropyl P MCPPb −38.9 (−497; 419) 85.4 (−308; 479) 0.19 (−1.94; 2.32) 0.39 (−1.27; 2.06) 0.86 (−0.21; 1.93) 1.50 (0.48; 2.51) −0.22 (−1.84; 1.40) −0.03 (−1.67; 1.61)
∑di-isononyl P ∑DiNPm 78.1 (−350; 506) 118 (−207; 443) −0.35 (−2.34; 1.63) −0.26 (−1.64; 1.12) 0.38 (−0.65; 1.40) 0.36 (−0.59; 1.32) 0.03 (−1.49; 1.55) 0.15 (−1.20; 1.49)

a Adjusted for maternal age, maternal BMI, maternal smoking during pregnancy, maternal educational status, gestational age at birth.
b MCPP: Major metabolite of DnOP (di-octyl phthalate), but not specific for DnOP.
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Fig. 2. Adjusted associations between tertiles (T) of bisphenol A and methyl
paraben exposure (T1low versus T2medium/T3high) and birth size outcomes (weight,
length, head and abdominal circumference) in male offspring.

C.S. Uldbjerg et al. Science of the Total Environment 836 (2022) 155565
5. Conclusions

Our study indicates that prenatal exposure to BPA and MeP may nega-
tively affect birth size outcomes, with a possible sex effect. This suggests po-
tential endocrine disrupting effects of BPA and MeP on markers of fetal
growth and may have prospective health implications in later life. Given
the rather small sample size, the studyfindings based on levels of target bio-
markers need to be replicated in future larger studies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.155565.
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