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BRIEF REPORT

Pregnancy Exposure to Phenols and Anthropometric
Measures in Gestation and at Birth

Paulina Jedynak,* Matthieu Rolland,* Isabelle Pin,*® Cathrine Thomsen®, Amrit K. Sakhi®,
Azemira Sabaredzovic®, Claire Philippat®, and Rémy Slama®; the SEPAGES Study Group*

Background: Some synthetic phenols alter pathways involved in
fetal development. Despite their high within-subject temporal vari-
ability, earlier studies relied on spot urine samples to assess preg-
nancy exposure. In this study, we examined associations between
prenatal phenol exposure and fetal growth.

Methods: We measured concentrations of two bisphenols, four para-
bens, benzophenone-3, and triclosan in 478 pregnant women in two
weekly pools of 21 samples each, collected at 18 and 34 gestational
weeks. We used adjusted linear regressions to study associations
between phenol concentrations and growth outcomes assessed twice
during pregnancy and at birth.
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Results: Benzophenone-3 was positively associated with all ultra-
sound growth parameters in at least one time point, in males but not
females. In females, butylparaben was negatively associated with
third-trimester abdominal circumference and weight at birth. We
observed isolated associations for triclosan (negative) and for meth-
ylparaben and bisphenol S (positive) and late pregnancy fetal growth.
Conclusions: Our results suggest associations between prenatal
exposure to phenols and fetal growth. Benzophenone-3 was the
exposure most consistently (positively) associated across all growth
parameters.

Keywords: Cohort; Phenol exposure; Bisphenol; Triclosan; Paraben;
Pooled biospecimens; Fetal growth; Birth outcomes

(Epidemiology 2022;33: 616-623)

ynthetic phenols are used in the manufacture of a variety
of household items and personal care products. Some are
endocrine disruptors and may alter endocrine pathways (e.g.,
thyroid, estrogen, and glucocorticoid signaling), involved in
fetal growth.! Numerous epidemiologic studies have reported
associations between prenatal exposure to synthetic phenols
and offspring size before,>® and at birth,” with possible sex-
specific effects.!#1 For most substances, the consistency
across human studies is limited and the question has hardly
been considered in toxicology, with the vast majority of stud-
ies focusing on growth outcomes measured at birth and not in
utero. 1722
Repeated sample collection, possibly followed by pool-
ing of multiple biospecimens, is a way to reduce bias in dose-
response functions for compounds with strong within-subject
variability.>?* Here, we aimed to investigate the associations
between prenatal phenol exposure and fetal growth, assess-
ing exposures from pooled maternal biospecimens collected
repeatedly during pregnancy. This approach allowed us to
account for the short half-life and time-varying sources of
exposure to the studied phenols.

METHODS

Study Design and Population
We relied on mother-child pairs participating in the
SEPAGES cohort (Grenoble area, France),”® who collected
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repeated urine samples at least once during pregnancy and had
fetal or birth growth measurements available (N ranged from
433 to 475 according to the growth parameter considered;
see eAppendix; http://links.Iww.com/EDE/B943 for details
on inclusion criteria and flowchart). Both parents signed an
informed consent before inclusion. The study was approved
by the relevant ethical committees.

Urine Sample Collection and Assessment of
Prenatal Exposure

We asked the women to collect three urine samples per
day (morning, midday, evening) for 7 consecutive days, gener-
ally during the second and third pregnancy trimesters (median,
18 and 34 gestational weeks, respectively). For each subject,
we pooled equal volumes of all samples collected during each
collection week.?24

We measured total (free plus conjugated) urinary con-
centrations of 12 compounds (bisphenols A, AF, B, F, S, benzo-
phenone-3, triclosan, triclocarban, butyl-, ethyl-, methyl-, and
propylparaben) in the weekly pools using ultraperformance
liquid chromatography coupled to mass spectrometry,?® as
detailed in the eAppendix; http://links.lww.com/EDE/B943.

Assessment of Prenatal Growth and Birth
Outcomes

Abdominal circumference, biparietal diameter, femoral
length, and head circumference were assessed from the ultra-
sound examinations done as part of the routine follow-up of
pregnancy in France. Here, we focused on the two measure-
ments done after the second trimester urine collection week,
corresponding to the second and third ultrasound examinations
(median, 22 and 32 gestational weeks, respectively). We also
measured children’s weight, length, and head circumference
at birth. We standardized growth outcomes by dividing them
by the period-specific standard deviation. Distributions of the
untransformed growth outcomes are presented in eTable 1;
http://links.lww.com/EDE/B943.

Statistical Analyses

We disregarded phenols that were detectable in less
than 2% of urine samples (bisphenols AF, B, F, triclocar-
ban). For bisphenol S and butylparaben, over 30% of the
samples were below the limit of quantification (LOQ) and
concentrations were handled as categorical variables [below
limit of detection (LOD), from LOD to LOQ, above LOQ].
We handled concentrations of other phenols as continuous
variables and In-transformed them to approach normality.
To account for between-sample variations related to differ-
ences in urine processing and assay, we standardized con-
tinuous exposures on sampling conditions,*?’?® with the
exception of triclosan, which was not affected by urine pro-
cessing and assay (for details see eAppendix; http://links.
lww.com/EDE/B943).

We selected adjustment factors a priori: maternal
height and prepregnancy weight, maternal age, maternal

© 2022 Wolters Kluwer Health, Inc. All rights reserved.

active smoking during second trimester, maternal educa-
tion level, gestational duration, child sex, and parity. We
collected data on covariates by self-administered question-
naires or through face-to-face interviews and imputed miss-
ing data. For details on variable coding and imputation of
missing covariates, see the eAppendix; http://links.lww.com/
EDE/B943.

We used independent adjusted linear regression models
to study the associations between each phenol concentration
and each growth parameter. For size measurements assessed
at the second ultrasound examination, we used phenol concen-
tration from the weekly urine pools from the second trimes-
ter, although later size measurements were related to average
phenol concentrations from trimesters 2 and 3 (eFigure 1;
http://links.lww.com/EDE/B943). For categorized exposures
measured at third trimester, we created a new summarizing
category (below LOD for trimesters 2 and 3; above LOD
for trimester 2 or 3; above LOD for trimesters 2 and 3). We
explored sex-specific effects by adding an interaction term
between each exposure biomarker and child sex. For inter-
action tests with P value below 0.2, additional sex-stratified
analyses were performed.

Sensitivity Analyses

To additionally account for exposure measurement
error, we applied a mixed (random-intercept) model,” as
implemented in the R mecor package.° This model relied on
one or two repeated urine pools per subject (collected at tri-
mesters 2 and 3) to estimate the dose-response function and
provide association estimates corrected for exposure measure-
ment error (for details see eAppendix; http://links.lww.com/
EDE/B943). To assess the effect of the concentration standard-
ization procedure,**”?® we ran additional analyses using non-
standardized biomarker concentrations. We also performed
analyses removing participants for whom the urine samples
were collected after the ultrasound measurement (trimester 2:
N =4; trimester 3: N = 264).

Research Data and Code

Data used in this study are confidential and can be
provided upon a reasonable request. All analyses were con-
ducted using R v. 4.0.5,' and RStudio v. 1.4.1106.3> The
source code is available in the public repository of the Team
of Environmental Epidemiology applied to Development and
Respiratory Health (https://gricad-gitlab.univ-grenoble-alpes.
fr/iab-env-epi).

RESULTS

On average, women were 32.1 years old and delivered at
40.0 gestational weeks (Table 1). Detection rates were above
81% for all retained compounds except bisphenol S (25%)
and butylparaben (24%; Table 2).

Five phenols were associated with at least one growth
outcome measured at third-trimester ultrasound or at birth
(Figure 1, eTable 2; http:/links.Iww.com/EDE/B943). P
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TABLE 1. Characteristics of the mother-child pairs included
in SEPAGES couple-child cohort study (France, 2014-2017,
N =478)

Distribution
Median
Characteristic N (%) [25th, 75th centiles]
Maternal weight before pregnancy (kg) 59.0 [54.0; 66.0]
Missing 0(0)
Maternal height (cm) 165 [161; 169]
Missing 4(1)
Maternal age at conception (yrs) 32.1[29.9;35.2]
Missing 0(0)
Maternal education after high school (yrs)
<3 82 (17)
3-4 125 (26)
>4 268 (56)
Missing 3(1)
Maternal active smoking during trimester 2
<1 cigarette/day 427 (89)
>1 cigarette/day 11(2)
Missing 40 (8)
Parity before the index pregnancy
Nulliparous 219 (46)
1 child 211 (44)
>2 children 48 (10)
Missing 0(0)
Duration of gestation (wks)* 40.0 [39.0; 40.7]
Missing 2 (0)°
Child sex
Female 220 (46)
Male 256 (54)
Missing 2 (0)°

“Based on the date of the LMP or gestational duration assessed by the obstetrician if
it differed from the LMP-based estimate by >2 wks.

"Two recruited women had ultrasound data but dropped out of the study before
delivery.

LMP indicates last menstrual period.

values testing the interaction with sex were below 0.2 for sev-
eral growth measurements (Figure 2, eTable 3; http:/links.
lww.com/EDE/B943).

In males, benzophenone-3 was positively associated
with all ultrasound growth measurements in at least one time
point (regression estimates ranging from 3 = 0.05; 95% confi-
dence interval: —0.02, 0.12 for head circumference at trimester
2 to p=0.1; 0.02, 0.17 for biparietal diameter at trimester 2).
When both sexes were studied together, a positive association
with third-trimester head circumference was identified.

Among parabens, butylparaben concentrations were
associated with decreased abdominal circumference at
third trimester and decreased weight at birth. The associa-
tions tended to be stronger in female than male newborns.
Methylparaben was positively associated with abdominal cir-
cumference assessed during the third trimester. We observed
no association for the other parabens.

618 | www.epidem.com

Concentrations of triclosan were associated with decreased
third-trimester abdominal circumference, while bisphenol S was
associated with increased third-trimester femur length.

Results of the sensitivity analyses are presented in the
eAppendix; http://links.lww.com/EDE/B943 and were overall
similar to those of our main analyses.

DISCUSSION

Epidemiologic evidence for the effect of phenols on
fetal growth has been inconclusive. Indeed, recent meta-
analyses on bisphenol A,3'° triclosan,”? and parabens,?® did
not show clear associations between these compounds and
birth outcomes, but most studies relied on a single spot urine
sample to assess exposure. Since the urinary concentrations
of phenols have moderate to high intraindividual variability
during pregnancy,’*3** exposure misclassification, attenuation
bias, and power reduction are expected, making it difficult to
consider lack of consistent associations as strong evidence of
lack of effect.>> Our study is one of the few relying on within-
subject pooling of many biospecimens to assess exposure.
This approach is expected to decrease attenuation bias and
increase power, compared with studies of the same number
of subjects relying on spot biospecimens. We observed a few
associations between pregnancy phenols exposure and fetal
growth outcomes. Maternal benzophenone-3 was positively
associated with all ultrasound measurements, mainly in male
newborns. In females, butylparaben was negatively associated
with third-trimester abdominal circumference and weight at
birth. We additionally observed isolated negative associations
for urinary triclosan, and positive associations for methyl-
paraben and bisphenol S and late pregnancy fetal growth. Our
results, taken together with the epidemiologic evidence aggre-
gated by the aforementioned meta-analyses, do not allow us
to draw a straightforward conclusion regarding the effect of
all phenols on fetal growth. Nevertheless, they may suggest a
positive association between benzophenone-3 concentrations
and fetal growth in utero.

Benzophenone-3

Positive associations that we observed for benzophe-
none-3 and ultrasound growth measurements were more
pronounced in males than females; a previous study found
a nonsignificant increase in abdominal circumference and
femur length in boys, and a decrease or no association in
girls, respectively (N = 312).2 Another study on boys did not
report any associations (N = 520).* In rodents, benzophe-
none-3 pregnancy exposure reduced fetal,'’® and postnatal
weight.'$1%2! In vitro, benzophenone-3 showed antiestrogenic
and antiandrogenic effects.3® Human studies reported associa-
tion of pregnancy benzophenone-3 with decreased maternal
total triiodothyronine.’” However, although triiodothyronine
is implied in fetal growth regulation,?® it is not clear if these
potential mechanisms of action could explain the increase in
anthropometric measures observed in our study.

© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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Parabens

As for parabens, methylparaben was associated with
increased third-trimester abdominal circumference. Previous
studies reported a negative association in girls but not
boys,? or no association when only boys were considered.*
Butylparaben was associated with decreased abdominal cir-
cumference at third trimester in females, an effect not observed
previously,> and decreased female weight at birth. For the
latter outcome, a positive effect was estimated regardless of
sex,>>40 in boys,** and girls.?** Other studies reported no
association when both sexes were studied together,*!4445 or
when only boys were considered.** It should be noted that
detection rate of butylparaben in our study was relatively low,
which could partially explain discrepancies in the results.
Apart from showing estrogenic activity,*”*® parabens promote
adipocyte differentiation by an activation of the glucocorti-
coid receptor or the peroxisome proliferator-activated recep-
tor gamma in vitro.*>*° Human studies found that pregnancy
parabens are associated with adipocyte differentiation and
lipogenesis,’! potentially altering fetal metabolism. Moreover,
maternal butylparaben was associated with decreased total tri-
iodothyronine,?” and C-reactive protein, as well as increased
isoprostane,®? a marker of oxidative stress, which may itself
cause fetal growth restriction.*

Triclosan

We observed negative associations between triclosan
and third-trimester abdominal circumference, which is in line
with effects previously reported in a study considering only
boys,* but not with other studies.>> In rodents, triclosan dis-
turbed maternal and fetal homeostasis of thyroid hormones,
which are needed for growth and development,>*>> and was
linked to reduced weight of fetuses!” and neonate pups.'¢ In
humans, pregnancy triclosan was associated with decreased
total triiodothyronine,?’” and increased proinflammatory cyto-
kine IL-6 of the mother.>?

Bisphenols

We observed an increase of third-trimester femur length
associated with bisphenol S concentration. A previous study
in 312 children reported a positive association between this
phenol and femur length in girls but not boys,? whereas others
did not observe associations.>¢ Bisphenol S showed testoster-
one-inhibiting properties in mice,*® but studies on its effects
on human thyroid function,” or steroid changes,*® reported
no associations.

Strengths and Limitations

Our study relating phenol pregnancy exposure to fetal
growth is one of the first relying on repeated collection and
pooling of many (median, 42 urine samples per woman)
maternal biospecimens. This approach allowed us to improve
characterization of the exposure by accounting for the short
half-life of the studied phenols (generally a few hours to
days) and temporal variability in maternal behaviors linked to

www.epidem.com | 619
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FIGURE 1. Adjusted associations between pregnancy phenol concentrations and growth outcomes in utero (trimesters 2 and 3)
and at birth. Trimester 2 outcomes were related to trimester 2 exposures, whereas trimester 3 and birth outcomes were related
to trimesters 2 and 3 averaged exposures. Regression models were adjusted for maternal height, maternal prepregnancy weight,
maternal age, maternal active smoking during trimester 2, maternal education level, gestational duration, child sex, and parity.
For continuous phenol biomarker concentrations (BP-3, BPA, ETPA, MEPA, PRPA, triclosan), 3 regression estimates correspond to
the change in standard deviation of the considered growth outcome associated with a 1-unit increase in standardized In-trans-
formed urinary phenol concentration. For categorically coded exposures (BPS, BUPA) measured at trimester 2, 3 estimates corre-
spond to the change, expressed in standard deviations, of the growth outcome associated with phenol biomarker concentrations
between LOD and LOQ (Cat. 2) or >LOQ (Cat. 3) compared with <LOD concentrations (reference). For BPS and BUPA measured
at trimester 3, 3 estimates correspond to the change in standard deviation of growth outcome associated with phenol biomarker
concentrations >LOD at trimester 2 or 3 (Cat. 2) or at trimester 2 and 3 (Cat. 3) compared with <LOD concentrations at trimester
2 and 3 (reference). For the original units of growth measurements refer to the eTable 1; http://links.Iww.com/EDE/B943. BP-3
indicates benzphenone-3; BPA, bisphenol A; BPS, bisphenol S; BUPA, butylparaben; Cat., category; ETPA, ethylparaben; LOD, limit
of detection; LOQ, limit of quantification; MEPA, methylparaben; PRPA, propylparaben.

exposure (e.g., food intake, use of personal care products) that
are expected to bias estimates by about 40% to 80% depend-
ing on the compound, and to strongly reduce power.?+3334
Exposure misclassification and, consequently, the added value
of collected repeated biospecimens per subject, depends on
the temporal variability of urinary concentrations which, as
shown in eTable 4; http:/links.lww.com/EDE/B943, varies
across phenols. The highest attenuation bias is expected for
chemicals with the highest temporal variability [i.e., with
the lowest intraclass correlation coefficient (ICC)] which, for
our study, include bisphenols and methylparaben (eTable 4;
http://links.lww.com/EDE/B943). The biospecimen pooling
approach is more efficient in terms of bias and power than
approaches relying on spot biospecimens, but less so than
measurement error models; these require assessment of sev-
eral biospecimens per subject and therefore entail higher ana-
lytical costs than biospecimens pooling.’> We pooled over 40
biospecimens per subject on average, which should provide
effect estimates almost as precise as those obtained using mea-
surement error correction models for chemicals with ICC of
0.6.% For compounds with ICC of 0.2, pooling was shown to
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perform only slightly worse than measurement error correc-
tion models,*® where greatly reducing analytical cost.

Given the high number of performed tests, cautious
interpretation of the results is required as chance findings can-
not be excluded. Although we did not formally rely on statisti-
cal testing nor did we correct for multiple comparisons,® it
should be noted that, for a number of considered compounds,
there was some (sometimes limited) a priori evidence for their
effects on fetal growth or related pathways in animal models
or humans.

For the third trimester and birth outcomes, we averaged
phenol concentrations in trimesters 2 and 3,° an approach that
may not be relevant for exposures with very short gestational
windows of susceptibility. Finally, although the SEPAGES
cohort provides information on a broad range of potential con-
founders, residual confounding by factors not considered in
our analysis (e.g., maternal diet) cannot be ruled out.

CONCLUSIONS
Our results suggest associations between pregnancy
exposure to phenols and fetal growth, with benzophenone-3
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FIGURE 2. Adjusted associations between pregnancy phenol concentrations and growth outcomes in utero (at trimester 2 and
3) and at birth in a sex-stratified analysis. Only exposures showing at least one association with a P < 0.2 for an interaction term
between sex and phenol concentration in the main analysis are displayed. *Associations with P < 0.2 for an interaction term
between sex and phenol concentration in the main analysis. Trimester 2 outcomes were related to trimester 2 exposures while
trimester 3 and birth outcomes were related to trimesters 2 and 3 averaged exposures. Regression models were adjusted for
maternal height, maternal prepregnancy weight, maternal age, maternal active smoking during trimester 2, maternal education
level, gestational duration, and parity. For BPS, MEPA, PRPA, and triclosan, we detected no interactions with child sex. For continu-
ous phenol biomarker concentrations (BP-3, BPA, ETPA), (3 regression estimates correspond to the change in standard deviation of
the considered growth outcome associated with a 1-unit increase in standardized In-transformed urinary phenol concentration.
For categorically coded exposure (BUPA) measured at trimester 2, § estimates correspond to the change, expressed in standard
deviations, of the growth outcome associated with phenol biomarker concentrations between LOD and LOQ (Cat. 2) or >LOQ
(Cat. 3) compared with <LOD concentrations (reference). For BUPA measured at trimester 3, § estimates correspond to the
change in standard deviation of growth outcome associated with phenol biomarker concentrations >LOD at trimester 2 or 3 (Cat.
2) or at trimester 2 and 3 (Cat. 3) compared with <LOD concentrations at trimester 2 and 3 (reference). BP-3 indicates benzo-
phenone-3; BPA, bisphenol A; BPS, bisphenol S; BUPA, butylparaben; Cat., category; ETPA, ethylparaben; MEPA, methylparaben;

PRPA, propylparaben.

showing the most consistent associations across outcomes.
Since the existing epidemiologic evidence on most com-
pounds is limited, replication studies on pooled biospecimens
are needed to better characterize the associations between
maternal concentrations of synthetic phenols and fetal growth.

ACKNOWLEDGMENTS

SEPAGES biospecimens are stored at Grenoble
University Hospital (CHU-GA) biobank (bb-0033-00069),; we
would like to thank the whole CRB team led by P Mossuz and
P, Lorimier; and in particular the technicians for their work of
biospecimens processing and pooling: W. Jayar and L. Than
as well as G. Schummer.

We thank clinical research assistants: A. Benlakhryfa,
L. Borges, Y. Gioria; nurses: J. Giraud, M. Marceau, M.-P
Martin;, midwives: E. Charvet, A. Putod; fieldworkers: M.
Graca, K. Gridel, C. Pelini, M. Barbagallo, neuropsycholo-
gists: A. Bossant, K. Guichardet, J.-T. Iltis, A. Levanic, C.
Martel, E. Quinteiro, S. Raffin; the staff from Grenoble

© 2022 Wolters Kluwer Health, Inc. All rights reserved.

Center for Clinical Investigation (CIC): J.-L. Cracowski, C.
Cracowski, E. Hodaj, D. Abry, N. Gonnet, and A. Tournier.
We acknowledge M. Althuser, S. Althuser, F. Camus-Chauvet,
P Dusonchet, S. Dusonchet, L. Emery, P Fabbrizio, P
Hoffmann, D. Marchal André, X. Morin, E. Opoix, L. Pacteau,
P Rivoire, A. Royannais, C. Tomasella, T. Tomasella, D.
Tournadre, P Viossat, E. Volpi, S. Rey, E. Warembourg,
and clinicians from Grenoble University Hospital for their
support in the recruitment of the study volunteers. We also
thank A. Buchet, S. FE Caraby, J.-N. Canonica, J. Dujourdil,
E. Eyriey, P Hoffmann, M. Jeannin, A. Licina, X. Morin, A.
Nicolas, and all midwives from the four maternity wards
of Grenoble urban areas. SEPAGES data are stored thanks
to Inserm RE-CO-NAI platform funded by Commissariat
Général a I'Investissement, with the implication of S. de
Visme (Inserm DSI). We would like to thank M. A. Charles,
RE-CO-NAI coordinator, for her support. Finally, and
importantly, we would like to express our sincere thanks to
participants of the SEPAGES study.

www.epidem.com | 621

Copyright © 2022 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



Jedynak et al.

Epidemiology ® Volume 33, Number 5, September 2022

We acknowledge K. Supernant and A. Boudier for data
management.

We would like to thank the mecor R package developer
L. Nab for her guidance on using the software.

The SEPAGES study group includes E. Eyriey, A.
Licinia, A. Vellement (Groupe Hospitalier Mutualiste,
Grenoble), I. Pin, P Hoffmann, E. Hullo, C. Llerena (Grenoble
University Hospital, La Tronche), X. Morin (Clinique des
Cedres, Echirolles), A. Morlot (Clinique Belledonne, Saint-
Martin d’Heres), J. Lepeule, S. Lyon-Caen, C. Philippat, 1.
Pin, J. Quentin, V. Siroux, R. Slama (Inserm, CNRS, University
Grenoble Alpes IAB research center).

CRediT authorship contribution: PJ. had full access
to all the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis.
JL.,SL-C,CR,LP,VS., R.S. did cohort study concept and
design. S.L.-C. and J.Q. did cohort data collection. PJ., C.P,
MR., and R.S. did acquisition, analysis, or interpretation of
data. PJ, C.P, and R.S. did drafting of the article. PJ. and
M.R. did statistical analysis. C.P and R.S. obtained funding.
C.T, A.S., and A.K.S. did technical or material support. C.P
and R.S. did study supervision. All authors have read, com-
mented on and approved the article.

REFERENCES

1. Kamai EM, McElrath TF, Ferguson KK. Fetal growth in environmental
epidemiology: mechanisms, limitations, and a review of associations
with biomarkers of non-persistent chemical exposures during pregnancy.
Environ Health. 2019;18:43.

2. Ferguson KK, Meeker JD, Cantonwine DE, et al. Environmental phe-
nol associations with ultrasound and delivery measures of fetal growth.
Environ Int. 2018;112:243-250.

3. Lee YM, Hong YC, Ha M, et al. Prenatal Bisphenol-A exposure affects
fetal length growth by maternal glutathione transferase polymorphisms,
and neonatal exposure affects child volume growth by sex: from mul-
tiregional prospective birth cohort MOCEH study. Sci Total Environ.
2018;612:1433-1441.

4. Philippat C, Botton J, Calafat AM, Ye X, Charles MA, Slama R;
EDEN Study Group. Prenatal exposure to phenols and growth in boys.
Epidemiology. 2014;25:625-635.

5. Sol CM, van Zwol-Janssens C, Philips EM, et al. Maternal bisphenol
urine concentrations, fetal growth and adverse birth outcomes: a popula-
tion-based prospective cohort. Environ Health. 2021;20:60.

6. Zhou B, Yang P, Deng YL, Zeng Q, Lu WQ, Mei SR. Prenatal exposure to
bisphenol a and its analogues (bisphenol F and S) and ultrasound param-
eters of fetal growth. Chemosphere. 2020;246:125805.

7. Khoshhali M, Amin MM, Fatehizadeh A, Ebrahimi A, Taheri E, Kelishadi
R. Impact of prenatal triclosan exposure on gestational age and anthro-
pometric measures at birth: a systematic review and meta-analysis. J Res
Med Sci. 2020;25:61.

8. Zhong Q, Peng M, He J, Yang W, Huang F. Association of prenatal expo-
sure to phenols and parabens with birth size: a systematic review and
meta-analysis. Sci Total Environ. 2020;703:134720.

9. Zhou Z, Lei Y, Wei W, et al. Association between prenatal exposure to
bisphenol a and birth outcomes: a systematic review with meta-analysis.
Medicine (Baltimore). 2019;98:¢17672.

10. Hu CY, Li FL, Hua XG, Jiang W, Mao C, Zhang XJ. The association
between prenatal bisphenol A exposure and birth weight: a meta-analysis.
Reprod Toxicol. 2018;79:21-31.

11. Savabieasfahani M, Kannan K, Astapova O, Evans NP, Padmanabhan V.
Developmental programming: differential effects of prenatal exposure to
bisphenol-A or methoxychlor on reproductive function. Endocrinology.
2006;147:5956-5966.

622 | www.epidem.com

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

. MohanKumar SM, Rajendran TD, Vyas AK, et al. Effects of prenatal

bisphenol-A exposure and postnatal overfeeding on cardiovascular func-
tion in female sheep. J Dev Orig Health Dis. 2017;8:65-74.

. Vyas AK, Veiga-Lopez A, Ye W, et al. Developmental programming: sex-

specific programming of growth upon prenatal bisphenol A exposure. J
Appl Toxicol. 2019;39:1516-1531.

. Garcia-Arévalo M, Alonso-Magdalena P, Servitja JM, et al. Maternal

exposure to bisphenol-A during pregnancy increases pancreatic
B-cell growth during early life in male mice offspring. Endocrinology.
2016;157:4158-4171.

. Miiller JE, Meyer N, Santamaria CG, et al. Bisphenol A exposure during

early pregnancy impairs uterine spiral artery remodeling and provokes
intrauterine growth restriction in mice. Sci Rep. 2018;8:9196.

. Hua X, Xiong JW, Zhang YJ, et al. Exposure of pregnant mice to triclo-

san causes hyperphagic obesity of offspring via the hypermethylation of
proopiomelanocortin promoter. Arch Toxicol. 2019;93:547-558.

. Cao X, Hua X, Wang X, Chen L. Exposure of pregnant mice to triclo-

san impairs placental development and nutrient transport. Sci Rep.
2017;7:44803.

. Santamaria CG, Meyer N, Schumacher A, et al. Dermal exposure to the

UV filter benzophenone-3 during early pregnancy affects fetal growth and
sex ratio of the progeny in mice. Arch Toxicol. 2020;94:2847-2859.

. Nakamura N, Inselman AL, White GA, et al. Effects of maternal and lac-

tational exposure to 2-hydroxy-4-methoxybenzone on development and
reproductive organs in male and female rat offspring. Birth Defects Res B
Dev Reprod Toxicol. 2015;104:35-51.

Schlumpf M, Cotton B, Conscience M, Haller V, Steinmann B,
Lichtensteiger W. In vitro and in vivo estrogenicity of UV screens.
Environ Health Perspect. 2001;109:239-244.

Inselman A, Nakamura N, White G, et al. Potential reproductive and
developmental toxicity of oxybenzone: a dose-finding study. Birth
Defects Res Part A Clin Mol Teratol. 2012;94:349.

Inselman A, Nakamura N, Mclntyre B, et al. Preliminary results from
prenatal toxicity study of oxybenzone in rats. Birth Defects Res Part A
Clin Mol Teratol. 2013;97:313.

Vernet C, Philippat C, Agier L, et al. An empirical validation of the
within-subject biospecimens pooling approach to minimize expo-
sure misclassification in biomarker-based studies. Epidemiology.
2019;30:756-767.

Philippat C, Calafat AM. Comparison of strategies to efficiently com-
bine repeated urine samples in biomarker-based studies. Environ Res.
2021;192:110275.

Lyon-Caen S, Siroux V, Lepeule J, et al. Deciphering the impact of early-
life exposures to highly variable environmental factors on foetal and child
health: design of SEPAGES couple-child cohort. Int J Environ Res Public
Health. 2019;16:E3888.

Sakhi AK, Sabaredzovic A, Papadopoulou E, Cequier E, Thomsen C.
Levels, variability and determinants of environmental phenols in pairs
of Norwegian mothers and children. Environ Int. 2018;114:242-251.
Mortamais M, Chevrier C, Philippat C, et al. Correcting for the influ-
ence of sampling conditions on biomarkers of exposure to phenols and
phthalates: a 2-step standardization method based on regression residu-
als. Environ Health. 2012;11:29.

Guilbert A, Rolland M, Pin I, et al. Associations between a mixture
of phenols and phthalates and child behaviour in a French mother-
child cohort with repeated assessment of exposure. Environ Int.
2021;156:106697.

Bartlett JW, De Stavola BL, Frost C. Linear mixed models for replica-
tion data to efficiently allow for covariate measurement error. Stat Med.
2009;28:3158-3178.

Nab L, van Smeden M, Keogh RH, et al. mecor: an R package for mea-
surement error correction in linear regression models with a continuous
outcome. arXiv:210204791 [stat]. 2021. Available at: http://arxiv.org/
abs/2102.04791. Accessed March 18, 2021.

R Core Team, R Foundation for Statistical Computing. R: 4 Language
and Environment for Statistical Computing. 2020. Available at: https:/
www.R-project.org/. Accessed December 2021.

RStudio Team. RStudio: Integrated Development for R. RStudio, Inc.
2020. Available at: http://www.rstudio.com/. Accessed December 2021.
Casas M, Basagafa X, Sakhi AK, et al. Variability of urinary concen-
trations of non-persistent chemicals in pregnant women and school-aged
children. Environ Int. 2018;121(Pt 1):561-573.

© 2022 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2022 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


http://arxiv.org/abs/2102.04791
http://arxiv.org/abs/2102.04791
https://www.R-project.org/
https://www.R-project.org/
http://www.rstudio.com/

Epidemiology ¢ Volume 33, Number 5, September 2022

Prenatal Exposure to Phenols and Fetal Growth

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Vernet C, Philippat C, Calafat AM, et al. Within-day, between-day, and
between-week variability of urinary concentrations of phenol biomarkers
in pregnant women. Environ Health Perspect. 2018;126:037005.

Perrier F, Giorgis-Allemand L, Slama R, Philippat C. Within-subject
pooling of biological samples to reduce exposure misclassification in
biomarker-based studies. Epidemiology. 2016;27:378-388.

Kunz PY, Fent K. Multiple hormonal activities of UV filters and compari-
son of in vivo and in vitro estrogenic activity of ethyl-4-aminobenzoate in
fish. Aquat Toxicol. 2006;79:305-324.

Aker AM, Johns L, McElrath TF, Cantonwine DE, Mukherjee B, Meeker
JD. Associations between maternal phenol and paraben urinary biomark-
ers and maternal hormones during pregnancy: a repeated measures study.
Environ Int. 2018;113:341-349.

Forhead AJ, Fowden AL. Thyroid hormones in fetal growth and prepar-
tum maturation. J Endocrinol. 2014;221:R87-R103.

Hajizadeh Y, Moradnia M, Kiani Feizabadi G, et al. The sex-specific
association between maternal urinary paraben levels and offspring size at
birth. Environ Sci Pollut Res Int. 2021;28:36029-36038.

Li W, Guo J, Wu C, et al. Effects of prenatal exposure to five parabens on
neonatal thyroid function and birth weight: evidence from SMBCS study.
Environ Res. 2020;188:109710.

Jamal A, Rastkari N, Dehghaniathar R, et al. Prenatal urinary concentra-
tions of environmental phenols and birth outcomes in the mother-infant
pairs of Tehran Environment and Neurodevelopmental Disorders (TEND)
cohort study. Environ Res. 2020;184:109331.

Agier L, Basagafia X, Hernandez-Ferrer C, et al. Association between the
pregnancy exposome and fetal growth. /ntJ Epidemiol. 2020;49:572-586.
Fadaei S, Pourzamani H, Ebrahimpour K, Feizi A, Daniali SS, Kelishadi
R. Association of maternal urinary concentration of parabens and neona-
tal anthropometric indices. J Environ Health Sci Eng. 2020;18:617-628.

Geer LA, Pycke BFG, Waxenbaum J, Sherer DM, Abulafia O, Halden RU.
Association of birth outcomes with fetal exposure to parabens, triclosan
and triclocarban in an immigrant population in Brooklyn, New York. J
Hazard Mater. 2017;323(Pt A):177-183.

Aker AM, Ferguson KK, Rosario ZY, et al. The associations between pre-
natal exposure to triclocarban, phenols and parabens with gestational age
and birth weight in northern Puerto Rico. Environ Res. 2019;169:41-51.

Philippat C, Mortamais M, Chevrier C, et al. Exposure to phthalates and
phenols during pregnancy and offspring size at birth. Environ Health
Perspect. 2012;120:464-470.

van Meeuwen JA, van Son O, Piersma AH, de Jong PC, van den Berg
M. Aromatase inhibiting and combined estrogenic effects of parabens

© 2022 Wolters Kluwer Health, Inc. All rights reserved.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

and estrogenic effects of other additives in cosmetics. Toxicol Appl
Pharmacol. 2008;230:372-382.

Golden R, Gandy J, Vollmer G. A review of the endocrine activity of
parabens and implications for potential risks to human health. Crit Rev
Toxicol. 2005;35:435-458.

Hu P, Chen X, Whitener RJ, et al. Effects of parabens on adipocyte dif-
ferentiation. Toxicol Sci. 2013;131:56-70.

Taxvig C, Dreisig K, Boberg J, et al. Differential effects of environmental
chemicals and food contaminants on adipogenesis, biomarker release and
PPARY activation. Mol Cell Endocrinol. 2012;361:106-115.
Quirds-Alcala L, Buckley JP, Boyle M. Parabens and measures of adi-
posity among adults and children from the U.S. general population:
NHANES 2007-2014. Int J Hyg Environ Health. 2018;221:652—660.
Watkins DJ, Ferguson KK, Anzalota Del Toro LV, Alshawabkeh AN,
Cordero JE Meeker JD. Associations between urinary phenol and
paraben concentrations and markers of oxidative stress and inflamma-
tion among pregnant women in Puerto Rico. /nt J Hyg Environ Health.
2015;218:212-219.

Wu C, LiJ, Xia W, et al. The association of repeated measurements of pre-
natal exposure to triclosan with fetal and early-childhood growth. Environ
Int. 2018;120:54-62.

Paul KB, Hedge JM, Devito MJ, Crofton KM. Developmental triclosan
exposure decreases maternal and neonatal thyroxine in rats. Environ
Toxicol Chem. 2010;29:2840-2844.

Paul KB, Hedge JM, Bansal R, et al. Developmental triclosan exposure
decreases maternal, fetal, and early neonatal thyroxine: a dynamic and kinetic
evaluation of a putative mode-of-action. Toxicology. 2012;300:31-45.
Kolatorova L, Duskova M, Vitku J, Starka L. Prenatal exposure to
bisphenols and parabens and impacts on human physiology. Physiol Res.
2017;66(Suppl 3):S305-S315.

Derakhshan A, Shu H, Peeters RP, et al. Association of urinary bisphenols
and triclosan with thyroid function during early pregnancy. Environ Int.
2019;133(Pt A):105123.

Kolatorova L, Vitku J, Hampl R, et al. Exposure to bisphenols and para-
bens during pregnancy and relations to steroid changes. Environ Res.
2018;163:115-122.

Rothman KJ. No adjustments are needed for multiple comparisons.
Epidemiology. 1990;1:43—46.

Rolland M, Lyon-Caen S, Sakhi AK, et al; SEPAGES study group.
Exposure to phenols during pregnancy and the first year of life in a new
type of couple-child cohort relying on repeated urine biospecimens.
Environ Int. 2020;139:105678.

www.epidem.com | 623

Copyright © 2022 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



