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A B S T R A C T   

Background: Adequate intake of iodine is required for the production of thyroid hormones and contributes in 
pregnant women to a healthy brain development and growth in their offspring. To date, some evidence exists 
that fine particulate air pollution is linked with the fetal thyroid hormone homeostasis. However, possible effects 
of air pollutants on the placental iodine storage have not been investigated so far. 
Objectives: We investigated the association between air pollution exposure to particulate matter with a diameter 
less than 2.5 µm (PM2.5), NO2, and black carbon and the placental iodine load. 
Methods: The current study is part of the ENVIRONAGE birth cohort and included 470 mother-newborn pairs. 
Iodine concentrations were measured in placental tissue. A high-resolution air pollution model was used to es-
timate the daily exposure to PM2.5, NO2, and black carbon over the entire pregnancy based on the maternal 
residential addresses. Distributed lag nonlinear models (DLNMs) were used to estimate gestational week-specific 
associations between placental iodine concentrations and the air pollutants to understand the impact of specific 
exposure windows. 
Results: PM2.5 showed a positive association with placental iodine concentration between the 16th and 22nd week 
of gestation. In contrast, a significant inverse association between PM2.5 and placental iodine concentration was 
observed in gestational weeks 29–35. The effect estimate, for a 5 µg/m3 increment in PM2.5 concentration, was 
the strongest at week 32 (β − 0.11 µg/kg; 95%CI: − 0.18 to − 0.03). No associations were observed between 
placental iodine concentrations and NO2 or black carbon. Assuming causality, we estimated that placental iodine 
mediated 26% (− 0.33 pmol/L; 95%CI: − 0.70 to 0.04 pmol/L) of the estimated effect of a 5 µg/m3 increment in 
PM2.5 exposure on cord blood free thyroxine (FT4) concentrations. 
Conclusion: In utero exposure to particulate matter during the third trimester of pregnancy is linked with a lower 
placental iodine load. Furthermore, the effect of air pollution on cord blood FT4 levels was partially mediated by 
the placental iodine load.   

1. Introduction 

An adequate intake of iodine, an essential trace element, is required 
for the production of thyroid hormones and contributes in pregnant 
women to a healthy brain development and growth of their offspring 
(Andersson et al., 2012). During gestation, the placenta acts as a storage 

organ for iodine in a concentration-dependent manner and therefore 
represents a biomarker for the long-term iodine load (Burns et al., 2011; 
Neven et al., 2020b). This storage property allows for an adaptive 
mechanism to protect the foetus from (short-term) inadequacy of 
maternal iodine intake. The World Health Organization (WHO) recom-
mends a minimal daily iodine intake of 150 µg in adults, and 250 µg for 
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pregnant and lactating women (WHO - UNICEF - ICCIDD 2007). How-
ever, it is estimated that approximately 38% of the global population is 
affected by iodine deficiency (Leung et al., 2011), representing a major 
culprit of preventable cognitive impairment in children around the 
world (WHO - UNICEF - ICCIDD 2007). 

Iodine is used by the thyroid gland to produce thyroxine (T4), and 
triiodothyronine (T3). Over 99% of these hormones are bound to plasma 
proteins, which carry them throughout the body and can cross the 
placenta to reach the fetal circulation (Calvo et al., 2002). During the 
first trimester of gestation the fetal thyroid gland develops (Burrow 
et al., 1994), and afterwards, the fetus is capable of producing its supply 
of T4 (Contempre et al., 1993). 

Air pollution is a major contributor to the global burden of disease 
(Cohen et al., 2017). In Europe, a citizen loses approximately nine 
months of healthy life due to ambient air pollution (ECA 2018). As the 
world’s population grows and ages, the prevalence of major disabling 
neurological disorders increases (GBD Neurology Collaborators 2019, 
2016). To some extent, air pollution adversely influences (1) normal 
fetal development, as indicated by a lower birth weight (Dadvand et al., 
2013; Liang et al., 2019) or risk at cardiovascular diseases (Madhloum 
et al., 2019; Yang et al., 2020); (2) the cognitive performance, as indi-
cated by worse verbal and math tests in adults (Zhang et al., 2018), 
accelerated cognitive decline in adults (Chen et al., 2017), and slower 
rates of cognitive development in children (Kicinski et al., 2015; Saenen 
et al., 2016a; Sunyer et al., 2015). Part of the air pollution-induced 
health effects can probably be traced down to the gestational period, 
as fine particulate matter with a diameter of less than 2.5 µm (PM2.5) can 
cross the placental barrier (Bové et al., 2019) and has been linked with 
low birth weight (Pedersen et al., 2013; Smith et al., 2017) and a 
reduced head circumference at birth (Pedersen et al., 2013). Further 
biochemical and molecular evidence of these health outcomes can be 
found in the dysregulation of the thyroid hormones associated with 
ambient air pollution throughout the gestation (Ghassabian et al., 2019; 
Janssen et al., 2017b). 

While over a third of the world’s population is considered iodine 
deficient and ambient air pollution is omnipresent, it is surprising that, 
to our knowledge, no epidemiological studies have investigated the as-
sociation between common air pollutants (such as PM2.5, nitrogen di-
oxide [NO2], or black carbon) and the iodine concentrations in the 
human placenta. We hypothesize that gestational exposure to these 
residential air pollutants is associated with alterations in the placental 
iodine load. Moreover, previous findings of our cohort provides evi-
dence of an inverse association between air pollution and FT4 concen-
trations in the third trimester of pregnancy. We additionally aim to 
investigate a potential mediating role of iodine in that association in a 
secondary analysis. 

2. Methods 

Study design and sample collection – As part of the prospective birth 
cohort ENVIRonmental influences ON early AGEing (ENVIRONAGE), we 
recruited 799 mother-newborn pairs between March 1st,2013 and April 
1st, 2017 according to our study procedures, detailed previously (Jans-
sen et al., 2017a). Funding allowed us to determined the concentration 
of placental iodine for 500 pairs, and finally, 469 mother-newborn pairs 
were included in the current study based on the following exclusion 
criteria: samples with iodine concentrations below the LOQ (n = 2), 
mothers with preeclampsia (n = 8), hyperthyroidism (n = 4), hypo-
thyroidism (n = 12), a gestational duration less than 37 weeks (n = 2), 
and missing air pollution data (n = 3). We were able to measure the 
thyroid hormone levels for 454 mother-newborn pairs. The study pro-
tocol was approved by both the Ethics Committee of Hasselt University 
and the East-Limburg Hospital and was carried out following the 
Declaration of Helsinki. We obtained written informed consent from all 
participating mothers. 

Maternal pre-pregnancy BMI was recorded at the first antenatal visit 

at gestational weeks 7–9. The date of the last menstrual period and the 
first ultrasound exam were used to estimate the date of conception. 
Mothers filled out a questionnaire, which gave us detailed information 
on household smoking status, maternal alcohol consumption, maternal 
education, multivitamin use, residential address, parity, season of de-
livery, and the neonates’ ethnicity. The hospital’s medical records pro-
vided us with information regarding the pre-pregnancy BMI, gestational 
weight gain, gestational age, and date at delivery. Mothers were cate-
gorized as “exposed to indoor second-hand smoke (SHS)” if anyone in 
the household smoked except the mother, and “not exposed to indoor 
SHS” if no one smoked in the household. Mothers who consumed any 
alcoholic beverage during pregnancy were classified as “yes”, and 
otherwise they were classified as “no”. Consumption of multivitamins 
during pregnancy was also classified as “yes” or “no” if the mothers 
consumed any (multi-)vitamins or none at all respectively. Maternal 
smoking behavior during pregnancy was coded as “non-smoker”, 
“cessation before pregnancy”, or “current smoker”, and maternal edu-
cation was classified as “low” for no diploma or primary school, “mid-
dle” for high school, or “high” for college or university degree. Season of 
delivery was categorized based on the date at delivery as “winter” 
(December 21st – March 20th), “spring” (March 21st – June 20th), 
“summer” (June 21st – September 20th), and “autumn” (September 21st – 
December 20th). 

Placental sample collection and iodine analysis – The full protocol, 
including quality control and performance characteristics, has been 
published previously (Neven et al., 2020b). In short, placentas were 
collected within 10 min after birth and frozen at − 20 ◦C. Placentas were 
minimally thawed and biopsies were taken at three standardized loca-
tions, 2 cm from the umbilical cord. The membranes were curtailed, and 
any excess blood was eliminated by rubbing it against a Grade 54 filter 
paper (GE Healthcare, Chicago, United States). Tissues were stored in 
metal-free containers (sterile propylene tubes; VWR, Pennsylvania, 
United States) and bio-banked at − 20 ◦C until iodine determination. For 
each placenta, biopsies were pooled from each of the three sampling 
locations to obtain 500 mg of tissue that was placed in a 0.5% tetra-
methylammonium hydroxide (TMAH) solution, and heated to 90 ◦C for 
three hours in a DigiPREP block digestion system (SCP SCIENCE, 
Quebec, Canada). Iodine was measured via ICP-MS on an Elan DRC II 
(Perkin Elmer, Massachusetts, United States) on mass 127I, with 125Te as 
an internal standard. 

Cord blood collection and thyroid hormone measurements – 
Immediately after birth, 8 mL of umbilical cord blood was collected in 
plastic BD Vacutainer® Lithium Heparin Tubes (BD, NJ, United States). 
Samples were centrifuged at 2,500 g for 15 min to obtain plasma, which 
was immediately stored at − 80 ◦C. The clinical laboratory of East- 
Limburg Hospital determined the plasma levels of FT4 (pmol/L), FT3 
(pmol/L), and TSH (mIU/L) with an electro-chemiluminescence 
immunoassay using the Modular E170 automatic analyzer (Roche, 
Basel, Switzerland). The laboratory reference values range from 4.0 to 
6.8 pmol/L for FT3, from 12.0 to 21.9 pmol/L for FT4, and 0.3 to 4.2 
mIU/L for TSH. Thyroid hormones in cord blood plasma could be 
determined in 454 subjects. 

Prenatal air pollution exposure assessment – We used a high- 
resolution spatial-temporal interpolation to determine the outdoor 
PM2.5, NO2, and black carbon concentrations (in µg/m3) based on the 
maternal residential address (Janssen et al., 2008). Pollution data, 
provided by the official Belgian fixed monitoring network upon simple 
request, is interpolated with the use of land cover data from satellite 
images from the CORINE land cover dataset, in combination with a 
dispersion model (Lefebvre et al., 2011; Lefebvre et al., 2013). This 
model chain provides interpolated air pollution values from the Belgian 
telemetric air quality networks, ‘point’ sources like industries, and ‘line’ 
sources like highways, on a dense, irregular receptor point grid. This 
grid has a maximum cell size of 25 m by 25 m. The performance of the 
overall model was assessed by a leave-one-out cross-validation, which 
included 34 monitoring stations for PM2.5, 44 for NO2, and 14 for black 
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carbon. The validation statistics of our interpolation tool explained more 
than 80% of the spatial-temporal variability in our study area for PM2.5, 
78% for NO2, and 74% for black carbon (Lefebvre et al., 2011; Maiheu 
et al., 2013). The model was additionally validated by linking the 
modelled residential PM2.5 and black carbon levels with the biomarkers 
of internal exposure to nanosized black carbon particles in urine (Saenen 
et al., 2017) and placental tissue (Bové et al., 2019). Daily air pollution 
levels for the total pregnancy period were modelled at each mother’s 
home address. Besides the weekly average of the air pollutant values, we 
also calculated the exposures for specific time windows during the 
pregnancy: the first trimester (i.e., date of conception until 13 weeks of 
pregnancy), the second trimester (i.e., 14 weeks until 26 weeks of 
pregnancy), and the third trimester (i.e., 26 weeks of pregnancy until 
delivery). Address changes of mothers during the pregnancy (n = 51) 
were taken into account for these calculations. 

Statistical methods – First, we used the averaged trimester-specific 
residential air pollution exposures and evaluated the association be-
tween the exposure to each pollutant and placental iodine concentration 
in a generalized linear model. Next, to model a more detailed association 
(with higher temporal resolution), we applied the distributed lag 
nonlinear models (DLNMs) (Gasparrini 2011) to model the gestational 
week-specific association between placental iodine concentrations and 
the air pollutants PM2.5, NO2, and black carbon. DLNMs are flexible in 
modelling the exposure levels while adjusting for lagged exposures so 
that both the exposure-response and the lag-response relationships are 
accounted for in a single model. This was achieved by constructing a 
cross-basis combing two basis functions, one for modelling the exposure 
structure and the other for the lag structure (Gasparrini 2014). We 
assumed the former to be linear and for the latter, we specified a natural 
cubic spline with three equally spaced inner knots (i.e. 5 degrees of 
freedom) between gestational weeks 1 and 40. In all models, we 
accounted for a priori selected variables including the known de-
terminants of placental iodine concentrations, i.e. maternal pre- 
pregnancy BMI, gestational weight gain, maternal alcohol consump-
tion, multivitamin use, gestational age, date of delivery, and season of 
delivery, and those variables that might have a possible link with air 
pollution and placental iodine such as indoor SHS exposure, maternal 
smoking behavior during pregnancy, maternal education, maternal age 
at delivery, newborns’ sex, parity, and ethnicity. 

We reported week-specific estimates with the 95% confidence in-
tervals (95%CI) of DLNM-based associations as the changes of placental 
iodine concentration for an increment of 5 µg/m3 in PM2.5, 10 µg/m3 in 
NO2, or 1 µg/m3 in black carbon. The cumulative associations per 
trimester of pregnancy were calculated and expressed similarly. The 
significance level used throughout this study was 0.05. 

In a secondary analysis, we performed a mediation analysis on the 
subset of individuals for whom thyroid hormones could be measured (n 
= 454) to investigate potential associations that may exist between the 
air pollutants (i.e. exposure variables), placental iodine (i.e. mediator of 
the effect) and cord blood plasma thyroid hormones (i.e. outcome var-
iables) (Valeri and Vanderweele 2013). This model decomposes the total 
effect into a direct effect (DE; effect of the exposure on the outcome at a 
fixed level of the mediator) and an indirect effect (IE; effect of the 
exposure on the outcome that acts through the mediator). This analysis 
requires several assumptions with the four-step approach (Baron and 
Kenny 1986; Valeri and Vanderweele 2013): (1) The causal variable has 
to be correlated with the outcome; (2) The causal variable has to be 
correlated with the mediator; (3) the mediator needs to affect the 
outcome variable; and (4) the mediator needs to affect the outcome 
variable (whilst controlling for the causal variable). 

Sensitivity analyses were performed for the total population after 
excluding the mothers with hypertension (n = 27), excluding the current 
smokers (n = 45), and including weekly averaged ambient temperature. 
Furthermore, we reran the DLNM models for the subset wherein cord 
blood thyroid hormones were determined (n = 453). To take into ac-
count potential co-pollution effects, we reanalyzed the significant air 

pollutants as the main model, and added the other air pollutants indi-
vidually to the main model. 

Role of the funding source – The funder of the study had no role in 
study design, data collection, data analysis, data interpretation, or 
writing of the report. The corresponding author had full access to all the 
data in the study and had final responsibility for the decision to submit 
for publication. 

3. Results 

Population characteristics – The general characteristics of the study 
population (n = 470) are provided in Table 1. Gestation lasted on 
average, 39.9 weeks (SD 1.0) and the newborns weighed 3464 g (423) 

Table 1 
Clinical and sociodemographic characteristics of the mother-newborn pairs.  

Characteristics Total (n = 469) 

Mother  
Age, years 29.4 (4.4) 
Pre-pregnancy BMI, kg/m2 24.6 (4.8) 
Net weight gain, kg 14.0 (5.8) 
Hypertension  

No 442 (94.2%) 
Yes 27 (5.8%) 

Exposure to indoor second-hand smoke  
None 429 (91.7%) 
Yes 39 (8.3%) 

Maternal smoking behavior  
Never smoked 303 (64.6%) 
Cessation before pregnancy 121 (25.8%) 
Current smoker 45 (9.6%) 

Alcohol consumption  
None 405 (86.4%) 
Yesa 64 (13.6%) 

Maternal educationb  

Low 61 (13.0%) 
Middle 156 (33.3%) 
High 252 (53.7%) 

Multivitamin use  
None 209 (44.6%) 
Yes 260 (55.4%) 

Newborn  
Gestational age, weeks 39.9 (1.0) 
Birth weight, g 3464 (423) 
Birth length, cmd 50.3 (1.9) 
Sex  

Male 242 (51.6%) 
Ethnicityc  

European 409 (87.2%) 
Non-European 60 (12.8%) 

Parity  
1 248 (52.9%) 
2 158 (33.7%) 
≥ 3 63 (13.4%) 

Season at delivery  
Winter (Dec 21 to March 20) 109 (23.2%) 
Spring (March 21 to June 20) 112 (23.9%) 
Summer (June 21 to Sept 22) 135 (28.8%) 
Autumn (Sept 23 to Dec 20) 113 (2413%) 

Cord blood thyroid hormonese  

Free thyroxine (FT4), pmol/L 16.5 (2.1) 
Free triiodothyronine (FT3), pmol/L 2.3 (5.8) 
Thyroid-stimulating hormone (TSH), mIU/L 11.1 (8.3) 

Placental iodine concentration, µg/kg 26.1 (4.3) 

Data are mean (SD) or n (%). 
a Mothers who consumed a maximum of two glasses of alcoholic beverages 

per week. 
b Maternal education was coded as low (no diploma or primary school), 

middle (high school), and high (college or university degree). 
c Classification of ethnicity is based on the native country of the neonates’ 

grandparents as either European (at least two grandparents were European) or 
non-European (at least three grandparents were of non-European origin). 

d Data available for 467 participants. 
e Data available for 454 participants. 
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and measured 50.3 cm (1.9). Over half of all newborns were boys 
(51.6%), and most of the newborns were of European descent (87.2%). 
Maternal age at the moment of delivery was 29.4 years (4.4). The 
average pre-pregnancy BMI was 24.6 kg/m2 (4.8) and the mother 
gained, on average, 14.0 kg (5.8). A minority of the mothers were 
exposed to indoor SHS (8.3%) or consumed a maximum of two glasses of 
alcoholic beverages per week (13.6%). Placental iodine concentrations 
averaged 26.1 µg/kg (4.3). 

Table 2 shows the residential prenatal exposure concentrations of air 
pollutants by the gestational time window. The median (5th to 95th 

percentile) ambient PM2.5, NO2, and black carbon concentrations over 
the entire pregnancy was 11.9 µg/m3 (8.4–16.0 µg/m3), 15.9 µg/m3 

(11.1–24.2 µg/m3), and 1.1 µg/m3 (0.8–1.7 µg/m3) respectively. 
Associations between air pollutants and placental iodine concen-

tration – In the first analysis, using the averaged trimester-specific res-
idential air pollution exposures, we observed that 5 µg/m3 increment in 
PM2.5 was associated with a 0.70 µg/kg increase in placental iodine 
during the second trimester (95%CI: 0.00–1.39; p = 0.049), while in the 
third trimester a decrease of 0.74 µg/kg (95%CI: − 1.45 to − 0.03; p =
0.04) occurred. To obtain a more detailed association analysis, the 
DLNM model was applied. Fig. 1 shows for the entire pregnancy period 
the course of the weekly associations between the changes in placental 
iodine concentration and exposure for each pollutant-specific increment 
in concentration. As to PM2.5, a 5 µg/m3 increment was associated with a 
significant increase in placental iodine content from gestational week 
16–22, and a decrease in placental iodine concentration from gestational 
week 29–35 (Fig. 1A). In the second trimester, week 19 had the largest 
effect estimate (β 0.09 µg/kg; 95%CI: 0.01–0.16) and week 16 the 
smallest (β 0.06 µg/kg; 95%CI: 0.003–0.12). For the third trimester, the 
effect estimate was the strongest at week 32 (β − 0.10 µg/kg; 95%CI: 
− 0.18 to − 0.03), and the weakest at week 29 (β − 0.08; 95%CI: − 0.16 to 
− 0.007) of gestation. The cumulative estimates of the second and third 
trimester of pregnancy (week 14 until week 26 and week 27 until de-
livery, respectively) showed that an increment of 5 µg/m3 in ambient 
PM2.5 exposure was associated with an increase of 0.67 µg/kg in 
placental iodine concentration (95%CI: 0.01–1.3) and decrease of 0.84 
µg/kg (95%CI: − 1.54 to − 0.13), respectively. For NO2 and black carbon 
exposure, similar temporal patterns as with PM2.5 were observed, 
however, none of the associations reached the level of statistical sig-
nificance (Fig. 1B and Fig. 1C). 

In a sensitivity analysis, we excluded mothers with hypertension or 
current smokers. These exclusions did not significantly alter the esti-
mated associations between placental iodine concentrations and expo-
sure to PM2.5 (Supplemental Fig. S1). Furthermore, the results from the 
co-pollutant analysis showed that adding NO2, black carbon or tem-
perature to the main model of PM2.5 did not alter the reported associ-
ations (Supplemental Fig. S2). 

Air pollution and thyroid hormones – Since we observed an 

association between PM2.5 and FT4 (Janssen et al., 2017b) in addition to 
an association between placental iodine and FT4, we performed a 
mediation analysis to estimate the proportion of the PM2.5 exposure 
effect on the cord blood thyroid hormones as mediated by placental 
iodine concentrations. For PM2.5, the concentrations of the significant 
gestational weeks suggested by the DLNM model (weeks 29 until 35) 
were averaged. In the first step of the four-step approach (Baron and 
Kenny 1986), no significant effect was observed between PM2.5 and FT4 
(p = 0.39), FT3 (p = 0.35), or TSH (p = 0.67). However, there is 
consensus among statisticians that the exposure and outcome associa-
tion does not need to be statistically significant when considering a 
mediator (MacKinnon et al., 2007; Valeri and Vanderweele 2013). For 
the second step, placental iodine was significantly associated with PM2.5 
(p = 0.046). In the third step, only FT4 was significantly associated with 
the placental iodine concentrations (p < 0.0001). For the fourth step, 
PM2.5 was added to the model and showed that only placental iodine 
remained significant (p = 0.027) while PM2.5 was not significant (p =
0.57). These findings support a full mediation effect. Assuming causal-
ity, the adjusted estimates of the proportion of mediation showed that 
placental iodine concentrations explained 26% with borderline signifi-
cance (IE: − 0.33; 95%CI: − 0.70–0.04; p = 0.08) of the association be-
tween weeks 29–35 of PM2.5 exposure and cord blood FT4 levels (Fig. 2). 
We did not perform mediation analysis for NO2 or black carbon or for 
FT3 or TSH because the assumptions of mediation were not met (i.e. no 
significant association between the mediator and outcome). 

4. Discussion 

Iodine is an essential nutrient and its placental load might reflect the 
long-term iodine availability to the fetus. This is the first study to show 
an association between prenatal ambient air pollution, especially PM2.5, 
and placental iodine load. In 470 newborns, a 5 µg/m3 increment in 
PM2.5 exposure during the second trimester of pregnancy was associated 
with 0.67 µg/kg higher placental iodine concentration, while the third 
trimester of pregnancy was associated with a 0.84 µg/kg lower con-
centration. Furthermore, the mediation analysis showed that placental 
iodine partially mediates the association between pregnancy weeks 
29–35 of PM2.5 air pollution exposure and FT4 hormone in cord blood. In 
short, our findings emphasize the hazardousness of in utero exposure to 
particulate matter for gestational iodine concentrations in the placenta 
and thyroid hormones. Furthermore, the results were robust as they 
remained unaltered in multiple sensitivity analyses. 

Iodine deficiency during gestation is considered one of the main 
culprits of cognitive impairment in children around the world (WHO - 
UNICEF - ICCIDD 2007). Despite the implementation of numerous 
iodine supplementation programs over the past decades in several 
countries (Public Health Committee of the American Thyroid Associa-
tion et al., 2006; WHO - UNICEF - ICCIDD 2007), some studies have 
shown a steady decrease of iodine status in adults (Caldwell et al., 2003; 
Caldwell et al., 2011; Leung et al., 2011). Even pregnant women from 
the prospective ENVIRONAGE birth cohort are considered iodine defi-
cient with a median urinary iodine concentration of 67.8 µg/g creatinine 
(Neven et al., 2020b). Moreover, findings from NHANES (National 
Health and Nutrition Examination Survey) showed that pregnant 
women in the United States were marginally iodine sufficient (median 
urinary iodine concentration was 153 µg/L) (Perrine et al., 2010), which 
is in line with findings from a Belgian nation-wide study (Vandevijvere 
et al., 2013). This trend of iodine insufficiency, even mild, during a 
vulnerable period in early life, can have detrimental consequences in 
later life. Children, aged 7–9 years, whose mothers had untreated mild 
hypothyroidism during gestation had on average 7 IQ points less than 
the offspring of matched euthyroid control mothers (Haddow et al., 
1999). Moreover, children from iodine-deficient pregnancies had low 
verbal IQ scores and impaired reading accuracy and comprehension 
compared to iodine replete pregnancies (Bath et al., 2013). Our findings 
indicate that ambient levels of PM2.5 air pollution could have a 

Table 2 
Exposure to PM2.5, NO2, and black carbon by gestational time window.   

Median (5th – 95th percentile) 

PM2.5 exposure (µg/m3) 
Trimester 1 (1–13 weeks) 11.6 (7.6–19.9) 
Trimester 2 (14–26 weeks) 12.5 (7.0–20.8) 
Trimester 3 (27 weeks – delivery) 10.4 (6.8–19.3) 
Entire pregnancy 11.9 (8.4–16.0) 
NO2 exposure (µg/m3) 
Trimester 1 (1–13 weeks) 16.9 (9.8–26.0) 
Trimester 2 (14–26 weeks) 16.2 (9.2–25.8) 
Trimester 3 (27 weeks – delivery) 15.1 (8.5–24.6) 
Entire pregnancy 15.9 (11.1–24.2) 
Black carbon exposure (µg/m3) 
Trimester 1 (1–13 weeks) 1.2 (0.6–1.9) 
Trimester 2 (14–26 weeks) 1.1 (0.6–1.8) 
Trimester 3 (27 weeks–delivery) 1.0 (0.6–1.7) 
Entire pregnancy 1.1 (0.8–1.7)  
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disadvantageous effect during gestation on the iodine load in the 
placenta, even at PM2.5 concentrations well below the recommended 
European Air Quality Standards (a maximum annual PM2.5 concentra-
tion of 25 µg/m3) (European Parliament, 2015). 

The third trimester of pregnancy, more specifically from week 29 to 
35, was found to be the critical time window for in utero PM2.5 exposure 
and decremental placental iodine concentrations. To date, no studies 
were found that associate ambient air pollution during pregnancy with 

either urinary or placental iodine concentrations. However, in line with 
our observations, a recent study about household air pollution in preg-
nant Nigerian women found that cord blood levels of iodine, and other 
essential elements, were lower in women who cooked with kerosene 
compared to those who cooked with liquefied natural gas (Arinola et al., 
2018). Furthermore, our findings are consistent with those of Ghassa-
bian and colleagues, who investigated five cohorts, located in Europe 
and the United States (Ghassabian et al., 2019). They observed that 

Fig. 1. Change in placental iodine concentrations (in µg/kg) in association with week-specific prenatal exposure to PM2.5 (A), NO2 (B), and black carbon (C) during 
pregnancy. Week-specific estimates of changes are given for the air pollutant specific increment in concentration: 5, 10, and 1 µg/m3 for PM2.5, NO2, and black 
carbon, respectively. Models were adjusted for maternal pre-pregnancy BMI, gestational weight gain, indoor SHS exposure, maternal alcohol consumption, multi-
vitamin use, maternal smoking behavior during pregnancy, maternal education, maternal age at delivery, newborns’ sex, gestational age, date of delivery, and season 
of delivery. 
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exposure to PM2.5 was associated with mild thyroid dysfunction 
throughout pregnancy, while neither NO2 nor PM2.5 absorbance (i.e. a 
measure of black carbon) was associated. These findings reinforce the 
idea that the exposure to the composition of PM2.5 might be more 
harmful to the iodine status and the homeostasis of thyroid hormones 
during gestation than traffic-related pollution like NO2 and black carbon 
(Ghassabian et al., 2019). For example, it is well known that components 
like waterborne perchlorate, thiocyanate from cigarette smoke, and ni-
trates present in PM pose a threat to the iodine uptake as they are potent 
inhibitors of the sodium/iodide symporter (De Groef et al., 2006; Miller 
and Rayalam 2017; Ozpinar et al., 2014). Studies in rats showed a 
decrease in T4 and T3 after a single PM exposure event. However, the 
atmospheric contribution of these compounds on humans has yet to be 
investigated. 

Recently, we described a significant association between placental 
iodine load and FT4 levels in maternal and cord blood from the same 
cohort (Neven et al., 2020a). So, we investigated the placental iodine 
concentrations as a mediator of PM2.5 on the cord blood FT4 concen-
trations. The estimated mediated proportion was 26% (on average 
− 0.33 pmol/L per 5 µg/m3 increment in PM2.5), albeit borderline sig-
nificant. We have to note though that, given the observational study 
design, we are unable to verify causal conclusions between each pair of 
factors in the mediation analysis. Still, we identified the third trimester 
as the significant gestational time window in which the PM2.5 exposure 
is inversely associated with placental iodine concentrations, and sub-
sequently the cord blood FT4 levels. In line with previous observations 
(Ghassabian et al., 2019; Janssen et al., 2017b), our results provide 
evidence that air pollution adversely affects the placental iodine load, 
which in turn might lead to a lower thyroid hormone concentration, 
because of a positive association between iodine and FT4 (Neven et al., 
2020a). 

In contrast to the third trimester of pregnancy, week 16–22 was 
positively associated with ambient PM2.5 exposure. Although signifi-
cant, we should note that the effect size in the second trimester is smaller 
than in the third, and was borderline significant. These findings are 
similar to those observed by Howe and colleagues who observed a 
positive association in the second trimester of pregnancy between PM2.5 
and neonatal T4 concentrations (Howe et al., 2018). The authors indi-
cated that the positive association could be attributed to the increased 
production of maternal hormones, which are transported to the foetus. 
Nevertheless, it should be noted that higher levels of FT4 throughout 
pregnancy could lead to a lower birth weight (Derakhshan et al., 2020), 
which in turn can have a wide range of adverse health outcomes (Bel-
basis et al., 2016). As air pollution can induce oxidative and nitrosative 
stress (Gangwar et al., 2020; Saenen et al., 2016b) during gestation, 
antioxidants are required to cope with this additional stress. Iodine has 
been found to have potential antioxidant properties (Kupper et al., 2008; 
Soriguer et al., 2011; Winkler et al., 2000). We may thus propose that 

iodine could be conserved during the second trimester of pregnancy 
because of two reasons: neurodevelopmental iodine requirements (i.e. 
neuronal migration and differentiation) and antioxidant requirements 
due to air pollution exposure. Therefore, the iodine storage needs to be 
replenished and iodine retention is required and facilitated by iodotyr-
osine deiodinases (Zicker and Schoenherr 2012) and the sodium/iodide 
symporter. 

Strengths and limitations – Our study has several strengths. First of 
all, we can generalize our findings to the Belgian population, because 
our study population is representative of the general population in the 
gestational segment of life (Supplemental Table S1) (Cox et al., 2013). 
Second, the use of placental iodine concentrations as a marker of long- 
term gestational iodine accumulation is more reliable and accurate 
compared to urinary iodine concentrations, which is a short-term 
marker of iodine intake (Neven et al., 2020b). Third, the utilization of 
a high-resolution exposure model allowed us to integrate the daily 
exposure concentrations of air pollutants on the home address of the 
mothers into weekly mean exposure estimates during the entire preg-
nancy. Furthermore, the air pollutant concentrations in our study are 
similar to most of the 22 cohorts in the ESCAPE project (Beelen et al., 
2014) and were validated with a biomarker in urine (Saenen et al., 
2017) and placenta (Bové et al., 2019). 

Despite these strengths, we acknowledge some potential limitations 
of this study. Firstly, the air pollution levels were modelled solely on the 
maternal residential address. Therefore, we recognize the possibility of 
exposure misclassification because we were unable to account for other 
sources that would contribute to personal exposure which can occur 
during commuting, at work, and elsewhere. Nevertheless, Saenen and 
colleagues showed that modelled estimates of residential ambient PM2.5 
and black carbon are linked with internal black carbon load (Saenen 
et al., 2017). It is thus plausible that our models reflect well the indi-
vidual ambient exposures. Secondly, the placental iodine concentrations 
could only be determined after delivery and therefore a time-dependent 
iodine dynamic during gestation could not be established. Thirdly, we 
did not include any statistical corrections for dietary habits as we only 
had such data for 97 individuals (Neven et al., 2020a). Although 
nutrition is the main source of iodine, nutrition is unlikely to be a 
confounder as it is reasonable to assume that prenatal exposure to air 
pollution does not relate to nutritional variability. Moreover, we re-
ported a series of determinants of placental iodine previously (Neven 
et al., 2020a). We postulated that socio-economic status in our statistical 
model could be a better proxy of a possible confounding structure be-
tween the nutritional iodine intake and air pollution exposure (Mtumwa 
et al., 2017). 

5. Conclusion 

The current study provides insights in the alteration of placental 

Fig. 2. Estimated proportion of the association be-
tween PM2.5 exposure from weeks 29 to 35 of 
pregnancy and cord blood free thyroxine (FT4 in 
pmol/L) levels, mediated by placental iodine con-
centrations. The proportion of mediation is calcu-
lated based on the estimate of the direct effect (DE) 
and the indirect effect (IE) via the following for-
mula: IE/(IE + DE). Estimates are presented for a 5 
µg/m3 increment in PM2.5 exposure during week 
29–35 of pregnancy. The model was adjusted for 
maternal pre-pregnancy BMI, gestational weight 
gain, indoor SHS exposure, maternal alcohol con-
sumption, multivitamin use, maternal smoking 
behavior during pregnancy, maternal education, 
maternal age at delivery, newborns’ sex, gestational 
age, date of delivery, and season of delivery.   
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iodine load in association with prenatal exposure to PM2.5 concentra-
tions below the European Union air pollution guidelines. Our findings 
are in line with previous reports on the impact of air pollution on thyroid 
hormones, and suggest a possible mechanism wherein placental iodine 
could be a mediator of the effects observed on the neonatal thyroid 
hormone levels. Nevertheless, further experimental research is war-
ranted to investigate functional alterations of the thyroid pathway by 
particulate matter air pollution. 
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