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ABSTRACT

Objective: Systematic screening for congenital hypothyroidism by heel-stick sampling has revealed unexpected
heterogeneity in the geographic distribution of newborn thyroid-stimulating hormone concentrations in Picardy,
France. We explored a possible relationship with environmental pollutants.

Methods: Zip code geolocation data from mothers of newborns without congenital hypothyroidism born in 2021
were linked to ecological data for a set of airborne (particulate matter with a diameter of 2.5 pm or less [PMy 5]
or 10 pm or less [PM;o]) and tap-water (nitrate and perchlorate ions and atrazine) pollutants. Statistical asso-
ciations between mean exposure levels during the third trimester of pregnancy and Thyroid-stimulating hormone
(TSH) concentrations in 6249 newborns (51 % male) were investigated using linear regression models.
Results: Median neonatal TSH concentration (interquartile range, IQR) was 1.7 (1-2.8) mIU/L. An increase of one
IQR in prenatal exposure to perchlorate ions (3.6 pg/L), nitrate ions (19.2 mg/L), PMy 5 (3.7 pg/m3) and PM;q
(3.4 ng/m®), were associated with increases in TSH concentrations of 2.30 % (95 % CI: 0.95-3.66), 5.84 % (95 %
CI: 2.81-8.87), 13.44 % (95 % CI: 9.65-17.28) and 6.26 % (95 % CI: 3.01-9.56), respectively.

Conclusions: Prenatal exposure to perchlorate and nitrate ions in tap water and to airborne PM over the third

trimester of pregnancy was significantly associated with increased neonatal TSH concentrations.

1. Introduction

Congenital hypothyroidism is defined as thyroid hormone deficiency
present at birth. In the absence of prompt diagnosis, it can result in
irreversible neurological deficits. All newborns in France are screened
for congenital hypothyroidism on the basis of Thyroid-stimulating hor-
mone (TSH) determinations, which have been performed as part of the
national newborn screening program since 1978. This program is con-
ducted at regional scale (France is subdivided into 22 administrative
regions) by regional centers of newborn screening that organize and
monitor the entire program in the region concerned, under the super-
vision of a national coordinating center.

Major geographic disparities in TSH concentrations have been found
in newborns without congenital hypothyroidism in the Picardy region,
and no clear explanation for the observed differences has yet been found
(Fig. S1 and Table S1 in Supplementary Material).

Picardy is a region of northern France characterized by intensive
agriculture, with high levels of pesticide and fertilizer use, in terms of
both the amounts applied and the frequency of applications (Ministere
de la Transition Ecologique et Solidaire, 2022; Solagro, 2022). Air
pollution levels are also high (INERIS, 2020). However, it remains un-
clear whether there is any relationship between the observed disparities
in newborn TSH concentrations and heavy pesticide use or air pollution.

Indeed, inconsistent associations have been reported between
exposure to environmental pollutants and various biomarkers of thyroid
homeostasis in newborns. Significant associations have been reported
for bisphenols (Xiong et al., 2023), dioxin, polychlorinated biphenyls
(PCB) and polybrominated diphenyl ethers (PBDE) (Baccarelli et al.,
2008; Maervoet et al., 2007; Wang et al., 2005), the polycyclic aromatic
hydrocarbon (PAH) acenaphthene (Dehghani et al., 2022), cadmium
and cesium (lijima et al., 2007; Wang et al., 2020), paraben (Li et al.,
2020), perfluorinated-alkyl-acids (PFAAs) (Boesen et al., 2020) and
particulate matter with a diameter of 2.5 pm or less (PMy ) or 10 pm or
less (PM1g) (Howe et al., 2018; Janssen et al., 2017).

Variable associations have been reported with organochlorine pes-
ticides levels (Asawasinsopon et al., 2006; Freire et al., 2011; Li et al.,
2014; Luo et al., 2017; Maervoet et al., 2007), whereas no association
has been retrieved for organophosphates (Mulder et al., 2019).

In Picardy, two well-known thyroid disruptors are also found in
significant amounts in tap water: perchlorate (Garnier et al., 2012) and
nitrate ions (Direction régionale de I’environnement, de I’aménagement
et du logement des Hauts-de-France, 2021). Perchlorate ions are the
products of the degradation of buried World War I bombs and from
certain fertilizers that have been used along the 20th century. Nitrates
ions mostly originate from the nitrogen fertilizers used in agriculture.
Perchlorate and nitrate ions can disrupt thyroid functions by blocking
the uptake of iodine, which is required for hormone production. They
inhibit the transport of iodide ions (I-) in the thyroid gland, as they share

the same transport mechanism (French Agency for Food, Environmental
and Occupational Health, and Safety, 2012; Ward et al., 2018). This
inhibition may lead to a decrease in thyroid hormone secretion (T4, T3),
inducing in turn increases TSH concentrations. Both perchlorate and
nitrate ions cross the placental barrier (French Agency for Food, Envi-
ronmental and Occupational Health, and Safety, 2012; Shuval and
Gruener, 1972).

The aim of this study was to investigate the possible association
between environmental prenatal exposures to the aforementioned
airborne and tap water pollutants and neonatal TSH concentrations. For
this purpose, we used the Picardy congenital hypothyroidism registry of
the Regional center of newborn screening of Picardy and linked it to
ecological data.

2. Methods
2.1. Neonatal TSH concentrations

We studied samples from every newborn born between January 1,
2021 and December 31, 2021 from the Picardy congenital hypothy-
roidism registry. All samples were taken from the newborn’s heel on the
third day of life and analyzed at Amiens’ University Hospital. Informa-
tion on the place of residence (zip code) of the mothers of newborns born
in Picardy was available. Other available information included the sex of
the child, time of birth, gestational age, and TSH concentration. A TSH
value >17 mIU/L on the third day of life was considered abnormal and,
if confirmed on a second sample, led to the diagnosis of congenital hy-
pothyroidism (GSP hTSH Neonatal kit from PerkinElmer). A data man-
agement step was required to delete duplicates, samples from newborns
with aberrant gestational ages, and samples for which the sex of the
infant or the zip code was not noted. Inclusion criteria were: birth in the
Picardy region between January 1st, 2021 and December 31st, 2021;
available data for the sex and gestational age and available ecological
data for the zip code of the mother’ residence. Exclusion criteria were:
newborns with congenital hypothyroidism; newborns with missing data
for sex or gestational age and newborns with missing ecological data.”

2.2. Environmental pollution data

The only information available for estimating the child’s prenatal
exposure to environmental pollutants was the zip code of the munici-
pality in which the mother was living when the child was born. We
matched the data from the Picardy congenital hypothyroidism registry
with the data for water and air quality in the area corresponding to the
zip code available from public or open-access databases.

2.2.1. Tap water
Tap water quality has been monitored since 1994 in France
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(Direction Geénérale de la Sante, 2023). The database containing tap-
water monitoring data can be consulted at municipality level and is
open-access since 2016. Decisions about sampling and its frequency
depend on the molecule, contamination history, the flow rate of the
network sampled and the size of the population supplied. Our choice of
appropriate pollutants for study was guided by the spatial distribution of
the data recorded in the database. Only substances associated with
changes in neonatal thyroid hormone concentrations and potential
endocrine disruptors were studied. Endocrine disruptors were identified
by selecting substances with an action on thyroid homeostasis according
to the DEDuCT database (Karthikeyan et al., 2019, 2021). We chose to
focus on the tap-water levels of perchlorate ions, nitrate ions and atra-
zine for this study (Figs. S2 to S5).

2.2.2. Outdoor air

Air quality has been monitored and mapped at municipality level in
France since 2000 (INERIS, 2020; Real et al., 2022). Assessments are
made daily and are simulated by kriging with the CHIMERE chemistry
transport model (Menut et al., 2013). We focused on PMj 5 and PM;,
which have been shown to be associated with variations of neonatal
thyroid hormones. The spatial distribution of the results is illustrated in
Figs. S6 and S7.

2.3. Assessment of prenatal exposure

The fetal thyroid gland becomes functional during the second
trimester of gestation, providing the fetus with its own supply of thyroid
hormones in addition to those supplied by the mother. Fetal T4 con-
centrations reach adult concentrations at the start of the third trimester
of gestation. We therefore focused exclusively on exposure during the
third trimester, as in a previous study on air pollution (Janssen et al.,
2017). We assessed prenatal exposure to each pollutant by using the
mean of the available results on the zip code for each child during the
third trimester of pregnancy.

For tap water monitoring results, values below the limits of quanti-
fication were replaced with random variables ranging from 0 (excluded)
to the limit of quantification value. The quantification limits were sys-
tematically specified in the database and the R “runif” function was used
to generate random values. Newborns for whom ecological data were
absent for at least one of the pollutants studied during their exposure

17,825 rows ’
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period were excluded from the study. The final analysis was performed
on data for 6249 of the 17,825 newborns born in 2021 for whom we had
information for the pollutants studied during the 3rd trimester of
pregnancy (Fig. 1). The data for perchlorate ions were the most limited
in scope, due to the low frequency of testing and the restriction of tests to
certain geographic areas deemed by public authorities to be contami-
nated, which could be debated scientifically as the degradation of buried
World War I bombs is an ongoing dynamic process.

2.4. Statistical analysis

Baseline demographic and clinical characteristics are expressed as
medians and interquartile ranges (IQR) for continuous variables and as
frequency (percent) for categorical variables. Pearson’s correlation an-
alyses were performed to assess the association between prenatal
exposure to pollutants. Simple and multiple linear regression models
were used to assess the association between the levels of various pol-
lutants and neonatal TSH concentrations. The TSH concentrations were
log-transformed to obtain a normal distribution. Multiple regression
analyses were adjusted for two potential confounders: gestational age
and sex. The regression models were based on the ordinary least squares
method with a normal distribution and the identity link function.

The threshold selection method (P > 0.2) was used for the multiple
regression models. We successively run a simple linear regression
models for gestational age and sex, multivariate single-pollutant
regression models and multivariate multi-pollutant regression models.
The conditions of validity for the linear regression of each model were
investigated by checking the independence of model residuals (Durbin-
Watson test), the normality of the distribution of residuals (Shapiro-Wilk
test) and the homogeneity of residual variances (Breusch-Pagan test).

For multiple linear regression models, covariates that were collinear
(variance inflation factor > 2.5) were excluded. A subgroup analysis by
sex was also performed. The interactions between the variables of the
models were studied. We considered P values <0.05 in two-tailed tests
to be statistically significant for all models. All statistical tests were
performed with R software (R Core Team, 2022) with the “stats” pack-
age version 4.4.0 and the “performance” package version 0.10.4
(Liidecke et al., 2021). The full script used to select our study population,
to link the Picardy congenital hypothyroidism registry with ecological
data, and the statistical analyses described are available in the

Aberrant gestational age (n= 468), aberrant TSH
* (n = 22), missing information for sex (n = 311)

17,024 rows J

Incorrect or missing zip code (n = 2,417), birth
l —— » before the third trimester of pregnancy (n= 46)

14,561 rows

Matching with data on waterand air qualityin
the area corresponding to the zip code.

‘ —— Zip codes without metrology data: 26% for

perchlorateions, 10 % for atrazine and 5% for

nitrate ions

6,249 rows

Fig. 1. Flow chart describing the procedure for selecting the study population from the Picardy congenital hypothyroidism register for newborns in 2021.
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Supplementary Material (Script File).

2.5. Ethics statement

This study was performed in accordance with the reference meth-
odology for research not involving human subjects in the health field,
CNIL MR 004, under the authority of Amiens University Hospital
(authorization number P12021_843_0127).

3. Results
3.1. Characteristics of the study population

The characteristics of the study population and the environmental
pollutants studied over 2020-2021 in the geographic area considered
are shown in Table 1. For perchlorate ions, the recorded values exceeded
the control limit of 4 pg/L for children <6 months of age in 28.5 % (544
of 1910) of the samples (French Agency for Food, Environmental and
Occupational Health, and Safety, 2012). Only 2 % (501 of 25,045) of the
samples exceeded the quality limit of 50 mg/L for nitrate ions (French
Agency for Food Safety, 2008). For atrazine, we did not compare the
results to the regulatory maximum concentration (10 pg/L) since it is not
based on a toxicological approach (Ministeres des solidarités et de la
santé, 2020). Levels were below the limit of quantification for 30.9 %
(590 of 1910) of samples for perchlorate ions, 53.1 % (2376 of 4479) of
samples for atrazine and 2.8 % (707 of 25,045) of samples for nitrate
ions. There were no missing values in the environmental databases. The
characteristics of the population not studied because of the absence of
pollution data are presented in the supplementary Table S2.

3.2. Single-pollutant models

In single-pollutant models, after adjusting for sex and gestational

Table 1
Characteristics of the study population and of raw metrology results/assess-
ments in the study area for 2020-2021.

Characteristics n (%) or median (Interquartile range)

Newborns (n = 6249)
TSH (mUI/L)

Female

Gestational age (weeks)

1.7 (1-2.8)
3067 (49.1 %)
39.9 (38.9-40.7)

PM2.5
PM25 (ug/m>)
PM10

PM10 (pg/m®)

8.5(4.7-10.1)

15.1 (10-18.4)

Perchlorate ions (n = 1910)
Perchlorate ion (pg/L)
Below LQ

Above control limit (4 pg/L)

2.0 (0.7-4.5)
590 (30.9 %)
544 (28.5 %)

Atrazine (n = 4479)
Atrazine (pg/L)
Below LQ

0.007 (0.003-0.02)
2376 (53.1 %)

Nitrate ions (n = 25,045)
Nitrate ion (mg/L)

Below LQ

Above quality limit (50 mg/L)

25.9 (18.0-35.9)
707 (2.8 %)
501 (2 %)

n: number of people in the population studied for newborns or number of
samples taken for water in the zip codes of the population studied. Median and
interquartile range for continuous variables and frequency (percent) for cate-
gorical variables. TSH: Thyroid-stimulating hormone. PM, s: particulate matter
with a diameter of 2.5 pm or less. PM; : particulate matter with a diameter of 10
pm or less. LQ: limit of quantification.

Science of the Total Environment 905 (2023) 167089

age, an increase of one interquartile range (IQR) in exposure to
perchlorate ions (equivalent to 3.6 pg/L), nitrate (equivalent to 19.2
mg/L), PMy 5 (equivalent to 3.7 pg/m>) and PM; (equivalent to 3.4 pg/
m®) during pregnancy was associated with an increased TSH concen-
trations in newborns of 2.30 % (95 % CI: 0.95-3.66; p < 0.001), 5.84 %
(95 % CI: 2.81-8.87; p < 0.001), 13.44 % (95 % CIL: 9.65-17.28; p <
0.001) and 6.26 % (95 % CI: 3.01-9.56; p < 0.001), respectively (Fig. 2
and Table 2). By contrast, prenatal atrazine exposure was not signifi-
cantly associated with neonatal TSH concentration. Being male and an
older gestational age were also associated with higher neonatal TSH
concentrations.

3.3. Multipollutant models

Exposures to PM; 5 and PM;( were strongly correlated (r = 0.88, p <
0.001) as shown in Fig. S8. We did not, therefore, incorporate these two
variables together in the same model. With the exception of PM; 5 and
PM;ig, none of the variables were found to be collinear. The multi-
pollutant models yielded similar results to the individual pollutant
models (Table 3, Figs. 3 and 4). A significant interaction was observed
between the levels of exposure to perchlorate and nitrate ions (p = 0.012
for the model including PM5 5 and p = 0.002 for the model including
PM;g). Subgroup analysis, by sex, also yielded similar results, but with
fewer significant differences, probably due to the smaller number of
cases.

4. Discussion

We found that prenatal exposure to nitrate and perchlorate ions in
tap water and to PM2.5 and PM10 in outdoor air were associated with
higher TSH concentrations in newborns. Tap-water contamination with
atrazine was not significantly associated with TSH concentrations in
newborns.

To our knowledge, only two other studies have investigated the link
between exposure to PM in outdoor air and thyroid function. The
ENVIRONAGE cohort study (n = 499) investigated PMs 5 exposure
during the third trimester of pregnancy, based on umbilical cord blood
assays (Janssen et al., 2017). They found an inverse association between
exposure and TSH concentrations and reported a decline in FT4/FT3
ratio due to a decrease in free thyroxine (FT4) concentrations and an
increase in free triiodothyronine (FT3) concentrations, suggesting
changes in deiodinase activity. The association between exposure and
TSH concentrations was almost significant, as an increase by one IQR in
PM, 5 levels was associated with an 11.6 % [95 % CI: —21.8, —0.1;p <
0.05] decrease in cord blood TSH concentrations. These results are not
consistent with those reported here, but the timing of sampling differed
between the two studies. Cord-blood samples are collected immediately
after delivery, whereas heel-stick samples are obtained on the third day
of life. The difference in the methods used (heel-stick in this study and
umbilical cord blood in the study by Janssen et al.) may account for the
difference in the results obtained. The physiological surge in TSH pro-
duction during the neonatal phase leads to an increase in TSH concen-
trations and dynamic changes in thyroxine (T4) and triiodothyronine
(T3) concentrations in the first 24 or 48 h after birth. Most centers collect
heel-stick blood samples >24 h after birth, to limit the rate of false-
positive high TSH concentrations (Biiyiikgebiz, 2013). A study based
on data from the Children’s Health Study (n = 2050) found a positive
association between PM; 5 and PM; exposure and total thyroxine (TT4)
concentrations (Howe et al., 2018). The authors suggested that PM
might increase Thyroxine Binding globuline (TBG) concentrations,
potentially complementing a stimulation of type 2 deiodinase activity.

Our study is the first, to our knowledge, to investigate the association
between exposure to pollutants in tap water and neonatal TSH con-
centrations. Nitrate competitively inhibits sodium iodide symporter
(NIS)-mediated iodide uptake, the first limiting step in thyroid hormone
production. This association has been reported in several studies
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Fig. 2. Forest plot of beta coefficients with their 95 %
confidence intervals in a single-pollutant linear
regression model for an increase of one interquartile
range for each pollutant, adjusted for sex and gesta-
tional age.

*** p < 0.001. The interquartile ranges for prenatal
exposure were 3.6 ug/L for perchlorate ions, 0.013
ug/L for atrazine, 19.2 mg/L for nitrate ions, 3.7 pg/
m? for PM, 5 and 3.4 |.lg/m3 for PM;q.

association was detected for atrazine, but more than half of the samples

B

Perchlorate 2.30 O‘gﬁlﬂi66
e oo
e see | e w
PM, 13.44 9% -
PV, 550 3.01 9.56

! l; : ZI ;Diffe}ence%%)inéTSHioranngRi%creaioein;l;ch;:Iilluta{?t 1I4 1I5 1I6 |
Table 2

Single-pollutant models raw results.

Model Variable B [CI95%] F p value for F
Perchlorate Intercept —0.9[-1.4, -0.4] 15.9 2.76e-10
Perchlorate 0.006 [0.003, 0.01]
Gestational age 0.005 [0.003, 0.007]
Male 0.07 [0.03, 0.11]
Atrazine Intercept —-0.9[-1.4, -0.3] 12.2 6.1e-08
Atrazine 0.26 [-1.6, 2.1]
Gestational age 0.005 [0.003, 0.007]
Male 0.07 [0.03, 0.11]
Nitrate Intercept —-0.9 [-1.4, -0.4] 16.9 6.0e-11
Nitrate 3e-06 [1e-06, 5e-06]
Gestational age 0.005 [0.003, 0.007]
Male 0.07 [0.04, 0.11]
PM2.5 Intercept -1.1[-1.7, —-0.6] 28.7 <2e-16
PM2.5 0.04 [0.03, 0.05]
Gestational age 0.005 [0.003, 0.007]
Male 0.08 [0.04, 0.11]
PM10 Intercept -1.1[-1.7, —0.6] 16.9 6.0e-11
PM10 0.02 [0.01, 0.03]
Gestational age 0.005 [0.003, 0.007]
Male 0.07 [0.04, 0.11]

B: regression coefficient with its 95 % confidence interval; F: Fisher’s statistic
and its p-value is indicated on the right.

performed in animals (EI-Wakf et al., 2015; Eskiocak et al., 2005; Zaki
et al., 2004) and in vitro (Costamagna et al., 1998). It has never been
reported in humans, but all the studies performed to date focused on
adult human subjects (Lambers et al., 2000; Ward et al., 2010). Fetuses
and newborns are highly sensitive to endocrine disruption, so it is not
surprising to find an association between nitrate ions exposure and
neonatal TSH concentrations, potentially reflecting a tendency towards
congenital hypothyroidism. Perchlorate ions act via a mechanism very
similar to that described for nitrate ions (Serrano-Nascimento and
Nunes, 2022). The interaction between these two ions in our multi-
pollutant regression models suggests that the effect of perchlorate ions
exposure on TSH concentrations depends on the level of nitrate ions
exposure, and vice versa, consistent with a common mechanism of ac-
tion. This is supported by the fact that perchlorate is taken up by the
same ion transporter as nitrate. Previous studies of the association be-
tween perchlorate exposure and human thyroid function have reported
inconsistent results. Environmental perchlorate exposure has been
found to be negatively associated with circulating FT4 concentrations in
women in the third trimester of pregnancy (Knight et al., 2018). No

were below the limit of quantification. Studies of the impact of atrazine
on the thyroid gland have mainly been performed in animals (Laws
etal., 2000; Stoker et al., 2000, 2002). A study in Thailand investigating
thyroid hormone concentrations in farmers found an association be-
tween occupational exposure to atrazine and increased TSH and T3 and
decreased FT4 (Kongtip et al., 2019). For 2020 and 2021, exposure
levels to PM; 5 and PMj in the Picardy region were slightly higher than
those in most other regions of France (INERIS, 2020), and comparable
with results at European level (Europe’s air quality status 2022, 2022;
Europe’s air quality status 2023, 2023).

The positive associations of being male and gestational age with
neonatal TSH concentrations are consistent with published results,
strengthening the credibility of our model (Cortés-Castell et al., 2019; Di
Dalmazi et al., 2020).

The major limitation of our work is that we have very little individual
information for the newborns, and none at all for the mothers, partic-
ularly as regards potential confounding factors such as maternal smok-
ing, which has been reported to be associated with decreases in TSH
concentrations and increases in T3 and T4 concentrations (Meberg and
Marstein, 1986; Shields et al., 2009). It should be noted, however, that
smoking during pregnancy is decreasing in France, with only 12.2 % of
pregnant women continuing to smoke during pregnancy in 2021 (Cinelli
et al.,, 2022). We have no information on maternal conditions during
pregnancy, nor on iodine intake, but for the second point, the WHO does
not consider France to be a problem area in terms of iodine deficiency
(De Benoist, 2004). However, the needs of pregnant women are greater
than those of the general population, and iodine intake in France may be
insufficient for them (Kadawathagedara et al., 2017; Taylor et al., 2018),
with no evidence to suggest that this distribution is not homogeneous
between different regions (Caron, 2007).

We also used a macroscopic exposure proxy to estimate the exposure
of our population. This approach was used by Howe et al. (2018) and
Janssen et al. (2017) for PM. For other pollutants described as poten-
tially affecting neonatal TSH concentrations, all studies were based on
biomarkers of exposure. We were not able to perform such in-
vestigations within the framework of this study, so we focused on the
most widespread forms of exposure: exposure to pollutants in outdoor
air and tap water. We did not know the precise level of exposure for each
mother and child in the study, but daily tap water consumption has been
increasing in France over the last few years, with 68 % of the French
population in 2021 reporting the consumption of tap water (Barometre
annuel d’opinion, 2021: les francais et I’eau, 2021).
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Fig. 3. Forest plot of beta coefficients with their 95 % confidence intervals in a multipollutant linear regression model including perchlorate ions, nitrate and PM, 5
for an increase of one interquartile range for each pollutant, adjusted for sex and gestational age.
* p < 0.05; *** p < 0.001 The interquartile ranges for prenatal exposure were 3.6 pg/L for perchlorate ions, 19.2 mg/L for nitrate ions, 3.7 pug/m?® for PM, 5 and 3.4

pg/m> for PMjo.

We were also unable to take relocations (human mobility) into ac-
count because this information was not available. Janssen et al. (2017)
reported that 10.8 % of the women in their population moved home
during the study period (Janssen et al., 2017). However, we had access
to the zip code for the place of residence of the mothers at the time of
delivery, and this information is clearly more accurate than address at
the start of pregnancy for determinations of exposure.

The reduction in our initial population size is due to the lack of
perchlorate ions samples. Nevertheless, this approach, taking into ac-
count only the exposure samples from the corresponding zip code area
during the 3rd trimester of pregnancy for each individual, generates the
least measurement bias. Despite this reduction, this study remains the
largest to date in terms of absolute numbers of subjects for the investi-
gation of associations between environmental factors and neonatal
thyroid function.

5. Conclusion

The results of this study suggest that prenatal exposure during the
third trimester of gestation to airborne PM, perchlorate and nitrate ions
in tap water is significantly associated with higher neonatal TSH con-
centrations. Prenatal exposure to atrazine was not statistically signifi-
cantly associated with TSH concentrations in the newborn. The use of
blood nitrate and perchlorate assays in future studies could confirm the
existence of a link with neonatal TSH concentrations. The clinical impact
of neonatal TSH variations, particularly on neurodevelopment, also
needs to be assessed.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.167089.
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Table 3
Multipollutant models raw results.
Model Variable B [CI95%] F p value
for F
-1.2[-1.7,
Intercept —0.6] 20,1 <2e-16
Perchlorate 0.005 [0.0006, 0.008]
2e-06 [3e-07,
Perchlorate, nitrate and Nitrate 6e-061
PM2.5 0.03 [0.02,
: PM2.5 0.04]
Gestational 0.005 [0.003,
age 0.007]
0.08 [0.04,
Male 0.11]
-1.2[-1.7,
I 13. 3e-1
ntercept _0.6] 3.6 3.3e-13
Perchlorate 0.005 [0.0009, 0.009]
2e-06 [6e-07,
Ni -
Perchlorate, nitrate and itrate 3e0(2)6[] 0.006
PM10 PM10 0.03]
Gestational 0.005 [0.003,
age 0.007]
0.08 [0.04,
Male 0.12]

B: regression coefficient with its 95 % confidence interval; F: Fisher’s statistic
and its p-value is indicated on the right.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
The data that has been used is confidential.
Acknowledgments

We would like to thank Prof. Cécile Manaouil, Head of the Depart-
ment of Forensic and Social Medicine, Amiens University Hospital, and,
more generally, Amiens University Hospital, for the purchase of the
computer equipment required to carry out this study, which involved
the manipulation of very large volumes of data. We would also like to
thank Timothé Fiat, Head of the tap water sanitary control results
database project at the Direction Générale de la Santé, for discussions
about this database and its structure. We thank INERIS, particularly
Laure Malherbe and Elsa Real of the “Data, technical applications and
acquisition” unit, for making the air pollution data in the core library
available on a municipality-by-municipality and day-by-day basis. We
thank Dr. Areejit Samal of the Institute of Mathematical Sciences,
Chennai, for exchanges concerning DEDuCT. Finally, we thank Christele
Thélu, neonatal screening manager, who entered all the administrative
information on newborns, including the zip codes.

References

Asawasinsopon, R., Prapamontol, T., Prakobvitayakit, O., Vaneesorn, Y.,
Mangklabruks, A., Hock, B., 2006. The association between organochlorine and
thyroid hormone levels in cord serum: a study from northern Thailand. Environ. Int.
Biométrol. 32, 554-559. https://doi.org/10.1016/j.envint.2006.01.001.

Baccarelli, A., Giacomini, S.M., Corbetta, C., Landi, M.T., Bonzini, M., Consonni, D.,
Grillo, P., Patterson, D.G., Pesatori, A.C., Bertazzi, P.A., 2008. Neonatal thyroid
function in Seveso 25 years after maternal exposure to dioxin. PLoS Med, Métrologie
5, el61. https://doi.org/10.1371/journal.pmed.0050161.

Barometre annuel d’’opinion, 2021. les francais et I'eau (No. 25), 2021. TNS-SOFRES.


https://doi.org/10.1016/j.envint.2006.01.001
https://doi.org/10.1371/journal.pmed.0050161
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0015

S. Chamot et al.

Boesen, S.A.H., Long, M., Wielsge, M., Mustieles, V., Fernandez, M.F., Bonefeld-
Jorgensen, E.C., 2020. Exposure to Perflouroalkyl acids and foetal and maternal
thyroid status: a review. Environ. Health, Biométrologie (revue) 19, 107. https://doi.
org/10.1186/s12940-020-00647-1.

Biiyiikgebiz, A., 2013. Newborn screening for congenital hypothyroidism. J. Clin. Res.
Pediatr. Endocrinol. 5 (Suppl. 1), 8-12. https://doi.org/10.4274/jcrpe.845.

Caron, P., 2007. Carence iodée: épidémiologie, conséquences, prophylaxie au cours de la
grossesse et I’allaitement. Journal de Pédiatrie et de Puériculture 20, 9-13. https://
doi.org/10.1016/j.jpp.2006.12.002.

Cinelli, H., Lelong, N., Le Ray, C., Demiguel, V., Lebreton, E., Deroyon, T., 2022. Enquéte
nationale périnatale. Rapport 2021. In: Les Naissances, le Suivi a Deux Mois et les
établissements. Santé Publique France.

Cortés-Castell, E., Juste, M., Palazon-Bru, A., Goicoechea, M., Gil-Guillén, V.F., Rizo-
Baeza, M.M., 2019. Factors associated with moderate neonatal
hyperthyrotropinemia. PloS One 14, e0220040. https://doi.org/10.1371/journal.
pone.0220040.

Costamagna, M.E., Cabanillas, A.M., Coleoni, A.H., Pellizas, C.G., Masini-Repiso, A.M.,
1998. Nitric oxide donors inhibit iodide transport and organification and induce
morphological changes in cultured bovine thyroid cells. Thyroid 8, 1127-1135.
https://doi.org/10.1089/thy.1998.8.1127.

De Benoist, B., 2004. Iodine Status Worldwide: WHO Global Database on Iodine
Deficiency. Dept. of Nutrition for Health and Development, World Health
Organization, Geneva.

Dehghani, S., Fararouei, M., Rafiee, A., Hoepner, L., Oskoei, V., Hoseini, M., 2022.
Prenatal exposure to polycyclic aromatic hydrocarbons and effects on neonatal
anthropometric indices and thyroid-stimulating hormone in a Middle Eastern
population. Chemosphere, Biométrologie 286, 131605. https://doi.org/10.1016/j.
chemosphere.2021.131605.

Di Dalmazi, G., Carlucci, M.A., Semeraro, D., Giuliani, C., Napolitano, G., Caturegli, P.,
Bucci, 1., 2020. A detailed analysis of the factors influencing neonatal TSH: results
from a 6-year congenital hypothyroidism screening program. Front. Endocrinol. 11,
456. https://doi.org/10.3389/fendo.2020.00456.

Direction Générale de la Santé, 2023. Résultats du controle sanitaire de 1’eau distribuée
commune par commune.

Direction régionale de I”’environnement, de 1"’aménagement et du logement des Hauts-
de-France, 2021. Arrété portant sur la désignation des zones vulnérables aux
pollutions par les nitrates d’origine agricole dans le bassin Artois-Picardie.

El-Wakf, A.M., Hassan, H.A., Mahmoud, A.Z., Habza, M.N., 2015. Fenugreek potent
activity against nitrate-induced diabetes in young and adult male rats.
Cytotechnology 67, 437-447. https://doi.org/10.1007/510616-014-9702-7.

Eskiocak, S., Dundar, C., Basoglu, T., Altaner, S., 2005. The effects of taking chronic
nitrate by drinking water on thyroid functions and morphology. Clin. Exper.Med. 5,
66-71. https://doi.org/10.1007/s10238-005-0068-1.

Europe’’s air quality status 2022, 2022. Publications Office of the European Union,
Luxembourg.

Europe’’s air quality status 2023, 2023. Publications Office of the European Union,
Luxembourg.

Freire, C., Lopez-Espinosa, M.-J., Fernandez, M., Molina-Molina, J.-M., Prada, R.,

Olea, N., 2011. Prenatal exposure to organochlorine pesticides and TSH status in
newborns from Southern Spain. Sci. Total Environ. Biométrologie 409, 3281-3287.
https://doi.org/10.1016/j.scitotenv.2011.05.037.

French Agency for Food, Environmental and Occupational Health & Safety, 2012.
Opinion of the French Agency for Food, Environmental and Occupational Health &
Safety concerning epidemiological studies on associations between exposure to
perchlorate in drinking water and thyroid function in specific populations.

French Agency for Food Safety, 2008. Evaluation des risques sanitaires liés au
dépassement des limites de qualité des nitrates et des nitrites dans les eaux destinées
a la consommation humaine (No. Saisine 2004-SA-0067).

Garnier, A., Rosin, C., Béatrice, J., Dauchy, X., Cartier, T., Munoz, J.-F., 2012.
Perchlorates dans les eaux destinées a la consommation humaine. Bilan d’une
campagne nationale d’occurrence en France. European journal of water quality -
Journal européen d’hydrologie, 43, p. 133. https://doi.org/10.1051/wqual/
2013014.

Howe, C.G., Eckel, S.P., Habre, R., Girguis, M.S., Gao, L., Lurmann, F.W., Gilliland, F.D.,
Breton, C.V., 2018. Association of Prenatal Exposure to ambient and traffic-related
air pollution with newborn thyroid function: findings from the Children’s health
study. JAMA Netw Open, Métrologie 1, €182172. https://doi.org/10.1001/
jamanetworkopen.2018.2172.

Iijima, K., Otake, T., Yoshinaga, J., Ikegami, M., Suzuki, E., Naruse, H., Yamanaka, T.,
Shibuya, N., Yasumizu, T., Kato, N., 2007. Cadmium, Lead, and selenium in cord
blood and thyroid hormone status of newborns. Biol Trace Elem Res, Biométrologie
119, 10-18. https://doi.org/10.1007/s12011-007-0057-1.

INERIS, 2020. Cartotheque de Qualité de I'Air.

Janssen, B.G., Saenen, N.D., Roels, H.A., Madhloum, N., Gyselaers, W., Lefebvre, W.,
Penders, J., Vanpoucke, C., Vrijens, K., Nawrot, T.S., 2017. Fetal thyroid function,
birth weight, and in utero exposure to fine particle air pollution: a birth cohort study.
Environ. Health Perspect. Métrologie 125, 699-705. https://doi.org/10.1289/
EHP508.

Kadawathagedara, M., Kersuzan, C., Wagner, S., Tichit, C., Gojard, S., Charles, M.A.,
Lioret, S., de Lauzon-Guillain, B., 2017. Adéquation des consommations alimentaires
des femmes enceintes de 1’étude ELFE aux recommandations du Programme national
nutrition santé. Cahiers de Nutrition et de Diététique 52, 78-88. https://doi.org/
10.1016/j.cnd.2016.12.001.

Karthikeyan, B.S., Ravichandran, J., Mohanraj, K., Vivek-Ananth, R.P., Samal, A., 2019.
A curated knowledgebase on endocrine disrupting chemicals and their biological

Science of the Total Environment 905 (2023) 167089

systems-level perturbations. Sci. Total Environ. 692, 281-296. https://doi.org/
10.1016/j.scitotenv.2019.07.225.

Karthikeyan, B.S., Ravichandran, J., Aparna, S.R., Samal, A., 2021. DEDuCT 2.0: an
updated knowledgebase and an exploration of the current regulations and guidelines
from the perspective of endocrine disrupting chemicals. Chemosphere 267, 128898.
https://doi.org/10.1016/j.chemosphere.2020.128898.

Knight, B.A,, Shields, B.M., He, X., Pearce, E.N., Braverman, L.E., Sturley, R., Vaidya, B.,
2018. Effect of perchlorate and thiocyanate exposure on thyroid function of pregnant
women from South-West England: a cohort study. Thyroid Res. 11, 9. https://doi.
0org/10.1186/513044-018-0053-x.

Kongtip, P., Nankongnab, N., Kallayanatham, N., Pundee, R., Choochouy, N.,
Yimsabai, J., Woskie, S., 2019. Thyroid hormones in conventional and organic
farmers in Thailand. Int. J. Environ. Res. Public Health 16. https://doi.org/10.3390/
ijerph16152704.

Lambers, A., Koppeschaar, H., van Isselt, J., Slob, W., Schothorst, R., Mensinga, T.,
Meulenbelt, J., 2000. The effect of nitrate on the thyroid gland function in healthy
volunteers in a 4-week oral toxicity study. Rijksinstituut voor Volksgezondheid en
Milieu (National Institute of Public Health of Netherlands).

Laws, S.C., Ferrell, J.M., Stoker, T.E., Schmid, J., Cooper, R.L., 2000. The effects of
atrazine on female wistar rats: an evaluation of the protocol for assessing pubertal
development and thyroid function. Toxicol. Sci. 58, 366-376. https://doi.org/
10.1093/toxsci/58.2.366.

Li, C., Cheng, Y., Tang, Q., Lin, S., Li, Y., Hu, X., Nian, J., Gu, H., Lu, Y., Tang, H., Dai, S.,
Zhang, Hongqun, Jin, C., Zhang, Haijing, Jin, Yuanyuan, Jin, Yinlong, 2014. The
association between prenatal exposure to organochlorine pesticides and thyroid
hormone levels in newborns in Yancheng, China. Environ. Res. Biométrologie 129,
47-51. https://doi.org/10.1016/j.envres.2013.12.009.

Li, W., Guo, J., Wy, C., Zhang, J., Zhang, L., Lv, S., Lu, D., Qi, X., Feng, C., Liang, W.,
Chang, X., Zhang, Y., Xu, H., Cao, Y., Wang, G., Zhou, Z., 2020. Effects of prenatal
exposure to five parabens on neonatal thyroid function and birth weight: evidence
from SMBCS study. Environ. Res. Biométrologie 188, 109710. https://doi.org/
10.1016/j.envres.2020.109710.

Liidecke, D., Ben-Shachar, M.S., Patil, 1., Waggoner, P., Makowski, D., 2021.
Performance: an R package for assessment, comparison and testing of statistical
models. J. Open Source Softw. 6, 3139. Doi:10.21105/j0ss.03139.

Luo, D., Pu, Y., Tian, H., Wu, W, Sun, X., Zhou, T., Tao, Y., Yuan, J., Shen, X., Feng, Y.,
Mei, S., 2017. Association of in utero exposure to organochlorine pesticides with
thyroid hormone levels in cord blood of newborns. Environ. Pollut. Biométrologie
231, 78-86. https://doi.org/10.1016/j.envpol.2017.07.091.

Maervoet, J., Vermeir, G., Covaci, A., Van Larebeke, N., Koppen, G., Schoeters, G.,
Nelen, V., Baeyens, W., Schepens, P., Viaene, M.K., 2007. Association of thyroid
hormone concentrations with levels of organochlorine compounds in cord blood of
neonates. Environ. Health Perspect. Biométrologie 115, 1780-1786. https://doi.org/
10.1289/ehp.10486.

Meberg, A., Marstein, S., 1986. Smoking during pregnancy—effects on the fetal thyroid
function. Acta Paediatr. Scand. 75, 762-766. https://doi.org/10.1111/j.1651-
2227.1986.tb10287.x.

Menut, L., Bessagnet, B., Khvorostyanov, D., Beekmann, M., Blond, N., Colette, A.,
Coll, ., Curci, G., Foret, G., Hodzic, A., Mailler, S., Meleux, F., Monge, J.-L., Pison, 1.,
Siour, G., Turquety, S., Valari, M., Vautard, R., Vivanco, M.G., 2013. CHIMERE
2013: a model for regional atmospheric composition modelling. Geosci. Model Dev.
6, 981-1028. https://doi.org/10.5194/gmd-6-981-2013.

Ministere de la Transition Ecologique et Solidaire, 2022. Etat des lieux des ventes et des
achats de produits phytopharmaceutiques en France en 2020 [WWW Document].
Données et études statistiques pour le changement climatique, 1’énergie,
I’environnement, le logement, et les transports. URL. https://statistiques.developpe
ment-durable.gouv.fr/etat-des-lieux-des-ventes-et-des-achats-de-produits-phytophar
maceutiques-en-france-en-2020.

Ministeres des solidarités et de la santé, 2020. Bilan de la qualité de I’eau du robinet vis-
a-vis des pesticides: Données 2019.

Mulder, T.A., van den Dries, M.A., Korevaar, T.I.M., Ferguson, K.K., Peeters, R.P.,
Tiemeier, H., 2019. Organophosphate pesticides exposure in pregnant women and
maternal and cord blood thyroid hormone concentrations. Environ. Int.
Biométrologie 132, 105124. https://doi.org/10.1016/j.envint.2019.105124.

R Core Team, 2022. R: A Language and Environment for Statistical Computing, Stats
Package. R Foundation for Statistical Computing, Vienna, Austria.

Real, E., Couvidat, F., Ung, A., Malherbe, L., Raux, B., Gressent, A., Colette, A., 2022.
Historical reconstruction of background air pollution over France for 2000-2015.
Earth System Science Data 14, 2419-2443. https://doi.org/10.5194/essd-14-2419-
2022.

Serrano-Nascimento, C., Nunes, M.T., 2022. Perchlorate, nitrate, and thiocyanate:
environmental relevant NIS-inhibitors pollutants and their impact on thyroid
function and human health. Front. Endocrinol. (Lausanne) 13, 995503. https://doi.
org/10.3389/fendo.2022.995503.

Shields, B., Hill, A., Bilous, M., Knight, B., Hattersley, A.T., Bilous, R.W., Vaidya, B.,
2009. Cigarette smoking during pregnancy is associated with alterations in maternal
and fetal thyroid function. J. Clin. Endocrinol. Metabol. 94, 570-574. https://doi.
org/10.1210/jc.2008-0380.

Shuval, H.I., Gruener, N., 1972. Epidemiological and toxicological aspects of nitrates and
nitrites in the environment. Am. J. Public Health 62, 1045-1052. https://doi.org/
10.2105/ajph.62.8.1045.

Solagro, 2022. Carte Adonis d’utilisation des pesticides en France.

Stoker, T.E., Laws, S.C., Guidici, D.L., Cooper, R.L., 2000. The effect of atrazine on
puberty in male wistar rats: an evaluation in the protocol for the assessment of
pubertal development and thyroid function. Toxicol. Sci. 58, 50-59. https://doi.org/
10.1093/toxsci/58.1.50.


https://doi.org/10.1186/s12940-020-00647-1
https://doi.org/10.1186/s12940-020-00647-1
https://doi.org/10.4274/jcrpe.845
https://doi.org/10.1016/j.jpp.2006.12.002
https://doi.org/10.1016/j.jpp.2006.12.002
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0035
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0035
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0035
https://doi.org/10.1371/journal.pone.0220040
https://doi.org/10.1371/journal.pone.0220040
https://doi.org/10.1089/thy.1998.8.1127
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0050
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0050
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0050
https://doi.org/10.1016/j.chemosphere.2021.131605
https://doi.org/10.1016/j.chemosphere.2021.131605
https://doi.org/10.3389/fendo.2020.00456
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0065
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0065
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0070
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0070
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0070
https://doi.org/10.1007/s10616-014-9702-7
https://doi.org/10.1007/s10238-005-0068-1
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0085
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0085
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0090
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0090
https://doi.org/10.1016/j.scitotenv.2011.05.037
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0100
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0100
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0100
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0100
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0105
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0105
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0105
https://doi.org/10.1051/wqual/2013014
https://doi.org/10.1051/wqual/2013014
https://doi.org/10.1001/jamanetworkopen.2018.2172
https://doi.org/10.1001/jamanetworkopen.2018.2172
https://doi.org/10.1007/s12011-007-0057-1
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0125
https://doi.org/10.1289/EHP508
https://doi.org/10.1289/EHP508
https://doi.org/10.1016/j.cnd.2016.12.001
https://doi.org/10.1016/j.cnd.2016.12.001
https://doi.org/10.1016/j.scitotenv.2019.07.225
https://doi.org/10.1016/j.scitotenv.2019.07.225
https://doi.org/10.1016/j.chemosphere.2020.128898
https://doi.org/10.1186/s13044-018-0053-x
https://doi.org/10.1186/s13044-018-0053-x
https://doi.org/10.3390/ijerph16152704
https://doi.org/10.3390/ijerph16152704
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0160
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0160
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0160
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0160
https://doi.org/10.1093/toxsci/58.2.366
https://doi.org/10.1093/toxsci/58.2.366
https://doi.org/10.1016/j.envres.2013.12.009
https://doi.org/10.1016/j.envres.2020.109710
https://doi.org/10.1016/j.envres.2020.109710
https://doi.org/10.21105/joss.03139
https://doi.org/10.1016/j.envpol.2017.07.091
https://doi.org/10.1289/ehp.10486
https://doi.org/10.1289/ehp.10486
https://doi.org/10.1111/j.1651-2227.1986.tb10287.x
https://doi.org/10.1111/j.1651-2227.1986.tb10287.x
https://doi.org/10.5194/gmd-6-981-2013
https://statistiques.developpement-durable.gouv.fr/etat-des-lieux-des-ventes-et-des-achats-de-produits-phytopharmaceutiques-en-france-en-2020
https://statistiques.developpement-durable.gouv.fr/etat-des-lieux-des-ventes-et-des-achats-de-produits-phytopharmaceutiques-en-france-en-2020
https://statistiques.developpement-durable.gouv.fr/etat-des-lieux-des-ventes-et-des-achats-de-produits-phytopharmaceutiques-en-france-en-2020
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0205
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0205
https://doi.org/10.1016/j.envint.2019.105124
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0215
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0215
https://doi.org/10.5194/essd-14-2419-2022
https://doi.org/10.5194/essd-14-2419-2022
https://doi.org/10.3389/fendo.2022.995503
https://doi.org/10.3389/fendo.2022.995503
https://doi.org/10.1210/jc.2008-0380
https://doi.org/10.1210/jc.2008-0380
https://doi.org/10.2105/ajph.62.8.1045
https://doi.org/10.2105/ajph.62.8.1045
http://refhub.elsevier.com/S0048-9697(23)05716-9/rf0240
https://doi.org/10.1093/toxsci/58.1.50
https://doi.org/10.1093/toxsci/58.1.50

S. Chamot et al.

Stoker, T.E., Guidici, D.L., Laws, S.C., Cooper, R.L., 2002. The effects of atrazine
metabolites on puberty and thyroid function in the male Wistar rat. Toxicol. Sci. 67,
198-206. https://doi.org/10.1093/toxsci/67.2.198.

Taylor, P.N., Albrecht, D., Scholz, A., Gutierrez-Buey, G., Lazarus, J.H., Dayan, C.M.,
Okosieme, O.E., 2018. Global epidemiology of hyperthyroidism and
hypothyroidism. Nat. Rev. Endocrinol. 14, 301-316. https://doi.org/10.1038/
nrendo.2018.18.

Wang, S.-L., Su, P.-H., Jong, S.-B., Guo, Y.L., Chou, W.-L., Papke, O., 2005. In utero
exposure to dioxins and polychlorinated biphenyls and its relations to thyroid
function and growth hormone in newborns. Environ. Health Perspect. Biométrologie
113, 1645-1650. https://doi.org/10.1289/chp.7994.

Wang, X., Sun, X., Zhang, Y., Chen, M., Dehli Villanger, G., Aase, H., Xia, Y., 2020.
Identifying a critical window of maternal metal exposure for maternal and neonatal
thyroid function in China: a cohort study. Environ. Int. Biométrologie 139, 105696.
https://doi.org/10.1016/j.envint.2020.105696.

Science of the Total Environment 905 (2023) 167089

Ward, M.H,, Kilfoy, B.A., Weyer, P.J., Anderson, K.E., Folsom, A.R., Cerhan, J.R., 2010.
Nitrate intake and the risk of thyroid cancer and thyroid disease. Epidemiology 21,
389-395. https://doi.org/10.1097/EDE.0b013e3181d6201d.

Ward, M.H., Jones, R.R., Brender, J.D., de Kok, T.M., Weyer, P.J., Nolan, B.T.,
Villanueva, C.M., van Breda, S.G., 2018. Drinking water nitrate and human health:
an updated review. Int. J. Environ. Res. Public Health 15, 1557. https://doi.org/
10.3390/ijerph15071557.

Xiong, C., Xu, L., Dong, X., Cao, Z., Wang, Y., Chen, K., Guo, M., Xu, S., Li, Y., Xia, W.,
Zhou, A., 2023. Trimester-specific associations of maternal exposure to bisphenols
with neonatal thyroid stimulating hormone levels: a birth cohort study. Sci. Total
Environ. 880, 163354. https://doi.org/10.1016/j.scitotenv.2023.163354.

Zaki, A., Ait Chaoui, A., Talibi, A., Derouiche, A.F., Aboussaouira, T., Zarrouck, K.,
Chait, A., Himmi, T., 2004. Impact of nitrate intake in drinking water on the thyroid
gland activity in male rat. Toxicol. Lett. 147, 27-33. https://doi.org/10.1016/j.
toxlet.2003.10.010.


https://doi.org/10.1093/toxsci/67.2.198
https://doi.org/10.1038/nrendo.2018.18
https://doi.org/10.1038/nrendo.2018.18
https://doi.org/10.1289/ehp.7994
https://doi.org/10.1016/j.envint.2020.105696
https://doi.org/10.1097/EDE.0b013e3181d6201d
https://doi.org/10.3390/ijerph15071557
https://doi.org/10.3390/ijerph15071557
https://doi.org/10.1016/j.scitotenv.2023.163354
https://doi.org/10.1016/j.toxlet.2003.10.010
https://doi.org/10.1016/j.toxlet.2003.10.010

	Does prenatal exposure to multiple airborne and tap-water pollutants increase neonatal thyroid-stimulating hormone concentr ...
	1 Introduction
	2 Methods
	2.1 Neonatal TSH concentrations
	2.2 Environmental pollution data
	2.2.1 Tap water
	2.2.2 Outdoor air

	2.3 Assessment of prenatal exposure
	2.4 Statistical analysis
	2.5 Ethics statement

	3 Results
	3.1 Characteristics of the study population
	3.2 Single-pollutant models
	3.3 Multipollutant models

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


