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Abstract

IMPORTANCE Air pollutants interact with estrogen nuclear receptors, but their effect on thyroid

signaling is less clear. Thyroid function is of particular importance for pregnant women because of the

thyroid’s role in fetal brain development.

OBJECTIVE To determine the short-term association of exposure to air pollution in the first

trimester with thyroid function throughout pregnancy.

DESIGN, SETTING, AND PARTICIPANTS In this cohort study, 9931 pregnant women from 4

European cohorts (the Amsterdam Born Children and Their Development Study, the Generation R

Study, Infancia y Medio Ambiente, and Rhea) and 1 US cohort (Project Viva) with data on air pollution

exposure and thyroid function during pregnancy were included. The recruitment period for the

Amsterdam Born Children and Their Development Study was January 2003 toMarch 2004; for

Generation R, April 2002 to January 2006; for Infancia y Medio Ambiente, November 2003 to

January 2008; for Rhea, February 2007 to February 2008; and for Project Viva, April 1999 to

November 2002. Statistical analyses were conducted from January 2018 to April 2019.

MAINOUTCOMES ANDMEASURES Residential air pollution concentrations (ie, nitrogen oxide and

particulate matter [PM]) during the first trimester of pregnancy were estimated using land-use

regression and satellite-derived aerosol optical depthmodels. Free thyroxine, thyrotropin, and

thyroid peroxidase antibody levels were measured across gestation. Hypothyroxinemia was defined

as free thyroxine below the fifth percentile of the cohort distributionwith normal thyrotropin levels,

following the American Thyroid Association guidelines.

RESULTS Among 9931 participants, themean (SD) agewas 31.2 (4.8) years, 4853 (48.9%) hadmore

than secondary educational levels, 5616 (56.6%) were nulliparous, 404 (4.2%) had

hypothyroxinemia, and 506 (6.7%) tested positive for thyroid peroxidase antibodies. Concentrations

of nitrogen dioxide and PMwith an aerodynamic diameter of 2.5 μm or less (PM2.5) were lower and

had less variation in women in the US cohort than those in European cohorts. No associations of

nitrogen oxide with thyroid function were found. Higher exposures to PM2.5were associated with

higher odds of hypothyroxinemia in pregnant women (odds ratio per 5-μg/m3 change, 1.21; 95% CI,

1.00-1.47). Although exposure to PM with an aerodynamic diameter of 10 μm or less was not

significantly associated with hypothyroxinemia, the coefficient was similar to that for the association

of PM2.5with hypothyroxinemia (odds ratio per 10-μg/m3 change, 1.18; 95% CI, 0.93-1.48).

Absorbances of PM2.5 and PMwith aerodynamic diameter from 2.5 to 10 μg and were not associated

with hypothyroxinemia. Therewas substantial heterogeneity among cohorts with respect to thyroid
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Abstract (continued)

peroxidase antibodies (P for heterogeneity, <.001), showing associations of nitrogen oxide and PM

with thyroid autoimmunity only in the women in the Generation R Study.

CONCLUSIONS ANDRELEVANCE The findings of this study suggest that first-trimester exposures

to PM2.5were associated with mild thyroid dysfunction throughout pregnancy. The association of

PM2.5 exposure with thyroid function during pregnancy is of global health importance because air

pollution exposure is widespread and hypothyroxinemia may adversely influence the brain

development of offspring.

JAMA Network Open. 2019;2(10):e1912902. doi:10.1001/jamanetworkopen.2019.12902

Introduction

Exposure to ambient air pollution is a leading contributor to the burden of disease globally. Exposure

to air pollutants, such as nitrogen dioxide (NO2), nitrogen oxides (NOx), particulatematter (PM), and

polycyclic aromatic hydrocarbons (PAHs), during pregnancy is associated with brain structural

alterations, impaired executive function, learning disabilities, and behavioral problems in offspring.1-4

Oxidative stress, neuroinflammation, and the disruption of the hypothalamus-pituitary-adrenal axis

are some underlying factors.5,6 Endocrine disruption might be among other mechanisms; for

example, PAHs induce activation of the estrogen receptor gene, and PAHs and PM can interfere with

nuclear receptors, such as estrogen receptor signaling.7,8 Experimental and epidemiological studies

have also shown associations between PAH exposure and thyroid function.9,10 Nonetheless,

evidence on whether exposure to air pollutionmight also disrupt thyroid signaling and thyroid

function is limited.

Thyroid function is of particular importance for pregnant women because of the critical role of

thyroid hormones in fetal brain development. Because the fetal thyroid gland achieves its full

function only frommidgestation on, undetected or inadequately treated thyroid insufficiency in

pregnant women adversely influences growth and development of offspring, even in the absence of

neonatal hypothyroidism.11 Recent evidence suggests that mild thyroid insufficiency, ie,

hypothyroxinemia, defined as low free thyroxine (T4) levels with normal thyrotropin (TSH)

concentrations, during pregnancymay also contribute to impaired cognition and

neurodevelopmental disorders in offspring.12-14While inadequate iodine intake is a common cause of

thyroid insufficiencyworldwide, exposure to environmental contaminants is increasingly considered

important.15 Some studies have examined the association of exposure to ambient and traffic-

related air pollution with thyroid function in pregnant women. A 2017 study16 of 499mother-child

pairs in Belgium examined the association of third-trimester exposure to PM with an aerodynamic

diameter of 2.5 μm or less (PM2.5) with maternal and fetal thyroid function. This study found inverse

associations of PM2.5 exposure with levels of free T4, free triiodothyronine, and TSH in fetal cord

blood andmaternal free T4 levels.
16 In 8077 pregnant women in Shanghai,17 exposure to higher

concentrations of PM2.5 but not NO2 in the first and second trimesters was associated with

hypothyroxinemia in midgestation. A study in California with 2050mother-child pairs18 showed that

newbornswhowere prenatally exposed to PM2.5 and PMwith an aerodynamic diameter of 10 μmor

less (PM10) had higher concentrations of total T4 levels in heel-stick blood spots.

A potential association of air pollution exposure with thyroid function during gestation might

further clarify underlyingmechanisms of hypothyroxinemia in pregnant women. Accordingly, using 5

birth cohorts (4 in Europe and 1 in the United States), we examined whether measures of air

pollutants, ie, NO2, NOx, and PM, averaged in the first trimester were associated with thyroid

function and thyroid autoimmunity throughout the pregnancy. We primarily investigated the short-

term associations of air pollutants withmild thyroid hormone insufficiency, ie, hypothyroxinemia and

high TSH, because of emerging evidence suggesting their implications for fetal development.12-14,19
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We also examined thyroid peroxidase antibody (TPOAb) positivity on the basis of evidence

suggesting the association of air pollution exposure with inflammation20 and our earlier findings on

the association of TPOAb positivity in pregnancy with maternal and offspring health outcomes.21-23

We specifically focused on air pollution exposure during the first trimester to ensure that air pollution

exposure preceded thyroid functionmeasurement.

Methods

Participants

This analysis used data from 5 birth cohorts with prenatal recruitment, including the Amsterdam

Born Children and Their Development Study (ABCD; Amsterdam, the Netherlands; n = 3867),24 the

Generation R Study (Rotterdam, the Netherlands; n = 2605),25 Infancia y Medio Ambiente (INMA;

including the regions of Sabadell, Gipuzkoa, Valencia, and Asturias, Spain; n = 2239),26 Rhea (island

of Crete, Greece; n = 483),27 and Project Viva (eastern Massachusetts, United States; n = 737),28

yielding a total sample of 9931. Recruitment periods for the cohorts were as follows: ABCD, January

2003 toMarch 2004; Generation R, April 2002 to January 2006; INMA, November 2003 to January

2008; Rhea, February 2007 to February 2008; and Project Viva, April 1999 to November 2002.

Iodine status of participants varied among cohorts. Median urinary iodine concentrations of

pregnant women in Generation R and Rhea were optimal according toWorld Health Organization

references.29,30 In contrast, mild to moderate iodine insufficiency was observed in INMA (except for

women in the Gipuzkoa region).31 Urinary iodine concentrations were not measured in ABCD or

Project Viva. However, reports from pregnant women in Massachusetts showed optimal iodine

status,32 and iodine status of participants in Amsterdam and Rotterdam are expected to be

comparable. There was no pattern suggesting associations of the iodine status of cohorts with air

pollution exposure.

In each cohort, we included pregnant womenwho had data on first-trimester air pollution

exposure and gestational thyroid function. For each woman, thyroid assessments were performed

once throughout pregnancy, with most measures collected in the first half of pregnancy (ie,

gestational age, <17 weeks). We excluded womenwith twin pregnancies, womenwith a history of

thyroid disease, and womenwho reported taking medication affecting thyroid function. There were

no data available on medication use in INMA. We did not exclude women who tested positive for

TPOAb because conditioning on autoimmune processes, an intermediate factor, might introduce

bias in the analysis. This study was granted an exception from ethics review and informed consent

because we used deidentified data in each cohort. This study followed the Strengthening the

Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline.

Measurements

In ABCD, Generation R, INMA, and Rhea, 3 two-week air pollutionmonitoring campaigns were

performedwithin 1 year (January 2009 to April 2011). Air pollution concentrations (ie, NO2; NOx;

PM2.5 absorbance, determined as the reflectance of PM2.5 filters; PM2.5; PM10; and PMwith

aerodynamic diameters between 2.5 and 10 μm [PM2.5-10]) at the participants’ home addresses were

estimated on a daily basis for the whole period of pregnancy using land-use regression following a

standardized procedure.33,34 Among the INMA regions, data on PMwere only available in Sabadell.

In Rhea, only PM10, PM2.5, and PM2.5-10 concentrations were estimated. Land-use regression models

were developed for each pollutant metric using all measurement sites. We used a back-

extrapolation procedure to estimate exposure concentrations for each woman, averaged across the

first trimester at the participant’s home address using daily concentrations from routine background

monitoring network sites. Land-use regressionmodels explained a large fraction of the spatial

variance in measured annual average air pollutant concentrations.33,34 In Project Viva, validated

predictionmodels were used to obtain spatially and temporally resolved estimates of daily PM2.5

exposure at each participant’s residential address, following amethod described elsewhere.35Briefly,
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this method combined the satellite aerosol optical depth data at a 10 km × 10 km spatial grid with the

spatiotemporal land-use regressionmodels based onmonitored ground PM2.5measurements.

Satellite remote sensing provides an important tool for monitoring aerosols when surface monitors

are not available. For measurement of NO2 in Project Viva, we calculated hourly ambient

concentrations of NO2 by averaging data from theMassachusetts Department of Environmental

Protection’s greater Bostonmonitoring sites,36,37 then calculated daily and first-trimester NO2

exposure. In ABCD, Generation R, INMA, and Project Viva, if more than 1 address was collected during

the first trimester, we calculated the weighted average concentrations of all addresses according to

the time spent at each address.

Serum concentrations of free T4 and TSHweremeasured at themedian gestational age of 13

weeks in ABCD (range, 5-37 weeks), Generation R (range, 6-18 weeks), INMA (range, 7-33 weeks) and

Rhea (range, 6-27 weeks). In Project Viva, TSH, total T4, and triiodothyronine resin uptake were

measured at themedian gestational age of 10 weeks (range, 6-21 weeks), allowing for the calculation

of the free T4 index, an estimate of circulating free T4 levels from total T4 × triiodothyronine uptake.

Cohorts used different assays for measurements of thyroid hormones and TPOAb (eTable 1 in the

Supplement).

To define hypothyroxinemia, we followed the recommendations of the American Thyroid

Association guideline, which describes hypothyroxinemia as free T4 concentrations in the lower 2.5th

to 5th percentile of the population, despite a normal TSH level.38 Following this guideline, we

calculated population-specific cutoffs in individuals without a history of thyroid disease or thyroid

medication use and those who tested negative for TPOAb. In INMA, TPOAbwas not measured, and

thus, no exclusions were made based on TPOAb results. We defined high TSH as concentrations

higher than the 95th percentile of the cohort. Cutoffs were population-specific, and corresponding

cutoffs in each cohort appear in eTable 2 in the Supplement. We also tested alternative cutoffs for

free T4 as well as the cutoff of 0.03 to 2.5 mIU/L for a normal TSH level to examine whether any

observed associations were independent of cutoff choice. We used the laboratory recommended

cutoffs for TPOAb positivity (eTable 1 in the Supplement). Details onmeasurements of covariates

appear in the eMethods in the Supplement.

Statistical Analysis

We used Spearman correlations to examine the correlations between concentrations of air

pollutants. We performed logistic regressionmodels to assess the short-term association of air

pollutants (averaged in the first trimester) with hypothyroxinemia, high TSH, and TPOAb positivity

in pregnant women throughout pregnancy. First, we explored any indication of nonlinearity in the

associations of air pollutants with thyroid parameters using generalized additive models. Results

confirmed the linearity of associations and indicated no threshold effect. Next, associations of air

pollutants with hypothyroxinemia, high TSH, and TPOAb positivity were examined in each cohort.

Cohort-specific effect estimates from regressionmodels were then combined using a random-effects

meta-analysis after exploring the heterogeneity in the estimates among cohorts. We assessed

heterogeneity in the estimates using theQ test and the I2 statistic. Similar to previous studies, we

reported the odds ratios (ORs) of hypothyroxinemia, high TSH, and TPOAb positivity per 10-μg/m3

change in NO2 and PM10 levels, 20-μg/m
3 change for NOX levels, 5-μg/m

3 change for PM2.5 and

PM2.5-10 levels, and 10
−5 × m−1 change for PM2.5 absorbance based on the distribution of pollutants.

17

Selection of confounders was a priori and based on the direct acyclic graph of the study

question and factors associated with air pollution exposure and thyroid function.39-41We did not

adjust for season because, to our knowledge, no evidence exists on the association of season of

pregnancy with free T4 or TSH levels (despite associations with air pollution).42,43Models included

information on maternal age at enrollment; education; country of birth; smoking and alcohol intake

during pregnancy; parity; prepregnancy bodymass index, calculated asweight in kilograms divided

by height in meters squared; gestational age at thyroid measurement; socioeconomic status, defined
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using information on household income or occupation obtained from self-administered

questionnaires; andmarital status. We adjusted the analyses in INMA for 4 regions.

Pregnant womenwhowere included in the analysis were different from those excluded

because of missing data on exposure and outcome (eTable 3 in the Supplement). To address the

selective nonresponse arising from these differences, we used inverse probability weighting. Briefly,

we used the available information for eligible women (eTable 4 in the Supplement) to estimate the

probability of participation in the study and used the inverse of those probabilities as weights in the

analyses so that the results would be representative of the full cohort.

Among participants with exposure and outcome data, information on covariates was missing in

less than 10% of participants, except for smoking during pregnancy (266 of 2605 [10.2%] in

Generation R), any alcohol intake during pregnancy (76 of 483 [15.7%] in Rhea), socioeconomic

status (626 of 3867 [16.2%] in ABCD, 651 of 2605 [25.0%] in Generation R, and 146 of 483 [30.2%]

in Rhea), and prepregnancy bodymass index (458 of 2605 [17.6%] in Generation R). We addressed

missing data in covariates by imputing data using the Stata ice command for chained equations

imputation. We created 25 data sets with complete observations, in which analyses were performed

using standard combination rules for multiple imputations (eTable 5 in the Supplement).

In a sensitivity analysis, we ran themeta-analysis for hypothyroxinemia excluding Project Viva

because a measure of free T4 index instead of free T4 level was included in that cohort. Additionally,

in Project Viva, NO2was measured using central monitors; therefore, we also reran the NO2meta-

analysis excluding Project Viva.

All analyses were performed in Stata statistical software version 14.0 (StataCorp) between

January 2018 and April 2019. All statistical tests were 2-sided with a significance threshold of P < .05.

Results

Table 1 summarizes participant characteristics. Of 9931 women in the analysis, the mean (SD) age of

participants at enrollmentwas 31.2 (4.8) years, 4853 (48.9%) hadmore than a secondary education,

5616 (56.6%) were nulliparous, and 584 (5.8%) were single. Overall, 7568 (76.2%) did not smoke

during pregnancy, and 2911 (29.3%) reported alcohol intake in pregnancy. A smaller proportion of

participants in Project Viva had a low socioeconomic status compared with women in other cohorts

(10 [1.4%] in Project Viva, 464 [12.0%] in ABCD, 102 [3.9%] in Generation R, 1189 [53.1%] in INMA,

and 40 [8.3%] in Rhea). Women in INMA and Rhea had lower educational levels compared with

women in other cohorts (nomore than elementary education: 544 [24.4%] in INMA, 97 [20.1%] in

Rhea, 683 [17.8%] in ABCD, 428 [17.2%] in Generation R, and 9 [1.2%] in Project Viva). In Project Viva,

103 women (13.9%) tested positive for TPOAb, which wasmodestly higher than in ABCD (213

[5.5%]), Generation R (145 [6.0%]), and Rhea (45 [9.3%]). Median (interquartile range)

concentrations of PM2.5were between 11.5 (10.7-12.3) μg/m
3 in Project Viva and 20.6 (19.7-24.2)

μg/m3 in ABCD (Figure 1; eTable 6, eFigure 1, and eFigure 2 in the Supplement). Themedian

(interquartile range) concentration of NO2was 21.6 (20.7-23.3) μg/m3 in Project Viva and 41.6 (34.7-

49.4) μg/m3 in ABCD. Concentrations of NO2 and PM2.5were lower and had less variation in Project

Viva compared with the 4 European cohorts. The correlations between air pollutants in each cohort

reflected high correlations betweenNO2 andNOx (correlation coefficients varied between0.88 and

0.92) and among PM concentrations (correlation coefficients varied between 0.59 and 0.95)

(eTable 7 in the Supplement). Overall, 404 women (4.2%) had hypothyroxinemia, and 506 (6.7%)

tested positive for TPOAb.

The short-term associations of air pollutants (concentrations averaged in the first trimester)

with hypothyroxinemia and high TSH throughout pregnancy are presented in Table 2 and Figure 2.

Unadjusted analyses appear in eTable 8 in the Supplement, and complete-case analysis without

imputation of covariates appears in eTable 9 in the Supplement. We found no associations of NO2

and NOx concentrations with hypothyroxinemia during pregnancy in themeta-analysis of estimates

in cohorts with available data. When we ran the meta-analysis excluding Project Viva, results
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remained unchanged (data not shown). Exposures to NO2 and NOxwere not associated with high

TSH during pregnancy.

Womenwith higher exposures to PM2.5 in the first trimester had higher odds of

hypothyroxinemia during pregnancy (OR, 1.21; 95% CI, 1.00-1.47) (Table 2 and Figure 3; eTable 8 and

eTable 9 in the Supplement). Exposure to PM10was not associated with higher odds of

hypothyroxinemia (OR, 1.18; 95% CI, 0.93-1.48). When we used the 2.5th percentile as the cutoff for

free T4 level to define hypothyroxinemia, the results did not change (data not shown). The

associations of PM exposures and high TSH (concentrations >95th percentile) during pregnancy

were not significant (Table 2), but when we used the clinical cutoff of 0.03 to 2.5 mIU/l for a normal

TSH level, we found significant associations of exposures to PM2.5 and PM10with high TSH (OR per

5-μg/m3 change of PM2.5 level, 1.23; 95% CI, 1.09-1.39; OR per 10-μg/m3 change of PM10 level, 1.24;

95% CI, 1.02-1.51). Levels of PM2.5-10 and PM2.5 absorbance were not associated with

hypothyroxinemia (PM2.5-10 level: OR, 1.05; 95%CI, 0.76-1.45; PM2.5 absorbance level: OR, 1.05; 95%

CI, 0.88-1.26) or high TSH (PM2.5-10 level: OR, 1.18; 95% CI, 0.88-1.57; PM2.5 absorbance level: OR,

1.10; 95% CI, 0.95-1.26), with effect estimates close to null (Table 2). Examination of the association

of air pollution exposure with TPOAb positivity showed large heterogeneity among cohorts (P values

for heterogeneity for NO2, PM10, PM2.5, and PM2.5-10, <.001; for NOx, P = .01). Therefore, we only

performed cohort-specific analysis for TPOAb. In Generation R, higher concentrations of air

pollutants were associated with TPOAb positivity (OR per 10-μg/m3 change of NO2 level, 1.22; 95%

CI, 1.11-1.34; OR per 5-μg/m3 change of PM2.5 level, 1.76; 95%CI, 1.51-2.04; OR per 10-μg/m3 change of

PM10 level, 1.96; 95% CI, 1.64-2.35). There was no association of air pollution exposure with TPOAb

positivity in the other cohorts with available data.

Table 1. Participant Characteristics

Characteristic

No. (%)

ABCD,
the Netherlands
(n = 3867)

Generation R,
the Netherlands
(n = 2605)

INMA,
Spain
(n = 2239)

Rhea,
Greece
(n = 483)

Project Viva,
United States
(n = 737)

Total
(N = 9931)

Age at enrollment, mean (SD), y 33.6 (3.9) 30.8 (4.7) 31.4 (4.2) 29.3 (4.9) 32.5 (4.7) 31.2 (4.8)

Educational levels

Elementary 683 (17.8) 428 (17.2) 544 (24.4) 97 (20.1) 9 (1.2) 1761 (18.0)

Secondary 1059 (27.6) 756 (30.4) 921 (41.2) 256 (53.0) 179 (24.3) 3171 (32.4)

Higher 2098 (54.6) 1307 (52.4) 769 (34.4) 130 (26.9) 549 (74.5) 4853 (49.6)

Nulliparous 2278 (57.4) 1574 (60.7) 1266 (56.6) 192 (40.4) 366 (49.7) 5616 (56.7)

Foreign country of birth 1210 (31.3) 1115 (42.8) 188 (8.4) 43 (8.9) 119 (16.2) 2675 (27.0)

Single 173 (4.5) 271 (10.9) 38 (1.7) 62 (12.8) 40 (5.4) 584 (6.0)

Never smoked during pregnancy 3503 (90.7) 1767 (75.5) 1485 (68.2) 302 (66.7) 511 (69.5) 7568 (79.1)

Drank alcohol during pregnancy 932 (24.1) 1130 (46.7) 206 (9.6) 102 (25.1) 541 (73.6) 2911 (30.4)

Low socioeconomic status 464 (12.0) 102 (3.9) 1189 (53.1) 40 (8.3) 10 (1.4) 1805 (20.0)

Prepregnancy BMI, mean (SD) 21.9 (3.5) 22.6 (4.4) 22.5 (4.4) 23.4 (5.3) 23.5 (5.3) 23.4 (4.2)

Thyroid function in pregnancy

Free T4, median (IQR), ng/dL 0.7 (0.7-0.8) 1.2 (1.0-1.3) 0.8 (0.7-0.8) 1.2 (1.1-1.3) 2.1 (1.9-2.3)a 0.8 (0.7-1.1)b

TSH, median (IQR), mIU/L 1.2 (0.8-1.7) 1.7 (1.0-2.5) 1.3 (0.8-1.8) 1.1 (0.7-1.6) 1.2 (0.7-1.9) 1.3 (0.8-1.9)

Hypothyroxinemiac 158 (4.1) 112 (4.4) 88 (4.2) 23 (4.8) 23 (3.2) 404 (4.2)

TPOAb positive 213 (5.5) 145 (6.0) NA 45 (9.3) 103 (13.9) 506 (6.7)

Gestational age at thyroid
measurement, median (IQR), wk

13.0 (11.9-14.0) 13.1 (12.1-16.8) 13.0 (12.3-14.0) 13.0 (12.0-15.0) 9.6 (8.7-10.7) 12.9 (11.9-12.3)

Abbreviations: ABCD, Amsterdam Born Children and Their Development; BMI, body

mass index (calculated as weight in kilograms divided by height in meters squared);

INMA, Infacia y Medio Ambiente; IQR, interquartile range; NA, not available; TPOAb,

thyroid peroxidase antibodies; TSH, thyrotropin; T4, thyroxine.

SI conversion factor: To convert free T4 to pmol/L, multiply by 12.871.

a Calculated from total T4 × triiodothyronine resin uptake.

b Excluding Project Viva.

c Defined as free T4 below the fifth percentile of cohort distribution despite normal

TSH level.
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Discussion

In a large sample from 5 cohorts in Europe and the United States, we found that first-trimester

exposures to PM2.5were associated with mild thyroid dysfunction throughout pregnancy. Exposures

Figure 1. Distribution of Air Pollutants Averaged Across the First Trimester of Pregnancy
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Data on particulate matter (PM) were only available in

the Sabadell subcohort of Infancia yMedio Ambiente

(INMA). Center line indicates 50th percentile; upper

and lower boundaries of boxes, 75th and 25th

percentile, respectively; upper whisker, 75th percentile

plus 1.5 times the interquartile range; lower whisker,

25th percentile minus 1.5 times the interquartile range;

and circles, any value above or below the whiskers.

ABCD indicates the Amsterdam Born Children and

Their Development Study; Gen R, the Generation R

Study; NO2, nitrogen dioxide; NOx, nitrogen oxides;

PM2.5, particulate matter less than 2.5 μm; PM10,

particulate matter less than 10 μm; and Viva,

Project Viva.

Table 2. Associations of Exposure to Ambient Air Pollutants in the First TrimesterWith Thyroid Function During Pregnancy

Exposure

Hypothyroxinemia High TSH

Cohorts
Included,
No.a OR (95% CI)b

Ph I
2, %

Cohorts
Included,
No.a OR (95% CI)b

Ph I
2, %

NO2, per 10-μg/m3 change 4 0.96 (0.82-1.12)c .16 41.25 4 1.02 (0.94-1.12) .83 0

NOX, per 20-μg/m3 change 3 0.95 (0.87-1.03) .60 0 3 0.99 (0.93-1.06) .80 0

PM2.5, per 5-μg/m3 change 5 1.21 (1.00-1.47)d .37 6.65 5 1.14 (0.88-1.48) .12 45.58

PM10, per 10-μg/m3 change 4 1.18 (0.93-1.48) .33 13.02 4 1.17 (0.87-1.58) .09 53.72

PM2.5-10, per 5-μg/m3 change 4 1.05 (0.76-1.45) .17 40.63 4 1.18 (0.88-1.57) .12 47.79

PM2.5 absorbance, per 10−5 × m−1 change 4 1.05 (0.88-1.26) .40 0 4 1.10 (0.95-1.26) .84 0

Abbreviations: NO2, nitrogen dioxide; NOx, nitrogen oxides; OR, odds ratio; Ph, P value

of heterogeneity; PM2.5-10, particulate matter between 2.5 and 10 μm; PM10, particulate

matter less than 10 μm; PM2.5, particulate matter less than 2.5 μm; TSH, thyrotropin.

a Data on PMwas only available in Sabadell region of Infacia y Medio Ambiente.

b Estimated using random-effects meta-analysis by cohort (Amsterdam Born Children

and Their Development, Generation R, Infacia y Medio Ambiente, Rhea, and Project

Viva). The median gestational age at thyroid measurement was at 13 weeks in all

cohorts, except for Project Viva, in whichmeasurement was at median gestational age

of 10 weeks. Models were adjusted for maternal age at enrollment, educational level,

country of birth, gestational age at thyroid measurement, smoking and alcohol intake

during pregnancy, socioeconomic status, marital status, parity, and prepregnancy body

mass index (calculated as weight in kilograms divided by height in meters squared).

Analysis in Infacia y Medio Ambiente was adjusted for region (ie, Sabadell, Gipuzkoa,

Valencia, or Asturias).

c Excluding participants of Project Viva: OR per 10-μg/m3 change of NO2 level, 0.97; 95%

CI, 0.87-1.08.

d Excluding participants of Project Viva: OR per 5-μg/m3 change of PM2.5 level, 1.23; 95%

CI, 1.04-1.47.
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to NOx and NO2were not associated with hypothyroxinemia or high TSH during pregnancy. In the

Generation R cohort, we observed that pregnant womenwith higher exposures to NO and PMwere

more likely to be TPOAb positive.

Studies have found associations of PAH exposure with thyroid dysfunction in nonpregnant

populations44 and of cigarette smoking with thyroid dysfunction in pregnant women.41 Three

observational studies16-18 have specifically examined the association of air pollutants with the thyroid

function of pregnant women and their neonates. Howe et al18 showed that prenatal exposures to

PM2.5 and PM10 but not NO2 and ozone were associated with higher neonatal total T4. Zhao et al
17

reported positive associations between residential PM2.5 concentrations and maternal

hypothyroxinemia during midgestation. Janssen et al16 found that third trimester PM2.5 exposure

was negatively associated with free T4 in maternal serum. Our results extend these observations and

showed that the association of PM2.5 concentrationswith hypothyroxinemiawere present in the first

trimester, the period when the fetus is most sensitive to maternal thyroid dysfunction. In addition,

we found no associations of NO2 and NOx exposures with thyroid function in pregnancy, similar to a

Figure 2. Association of Exposure to Nitrogen Dioxide (NO2) and Nitrogen Oxides (NOx) in the First Trimester

With Thyroid Function During Pregnancy

Association of high TSH with NOx concentration, per 20 μg/m3 changeD

Weight,

%

Favors

Lower Risk

Favors

Higher Risk

Total

ParticipantsCohort

OR

(95% CI)

41.093672ABCD 0.98 (0.88-1.08)

31.142457Generation R 0.98 (0.88-1.10)

27.771869INMA 1.03 (0.91-1.16)

100.07998Overall 0.99 (0.93-1.06)

Association of high TSH with NO2 concentration, per 10 μg/m3 changeC

Weight,

%

Favors

Lower Risk

Favors

Higher Risk

Total

ParticipantsCohort

OR

(95% CI)

44.053672ABCD 1.02 (0.89-1.16)

31.252457Generation R 1.03 (0.88-1.20)

24.341873INMA 1.02 (0.86-1.22)

0.36684Viva 2.04 (0.47-8.80)

100.08686Overall 1.02 (0.94-1.12)

Association of hypothyroxinemia with NOx concentration, per 20 μg/m3 changeB

Weight,

%

Favors

Lower Risk

Favors

Higher Risk

Total

ParticipantsCohort

OR

(95% CI)

36.053866ABCD 0.94 (0.82-1.08)

28.252566Generation R 0.90 (0.77-1.05)

35.111954INMA 1.00 (0.87-1.15)

100.08386Overall 0.95 (0.87-1.03)

Association of hypothyroxinemia with NO2 concentration, per 10 μg/m3 changeA

Weight,

%

Favors

Lower Risk

Favors

Higher Risk

1.410.8

OR (95% CI)

1.410.8

OR (95% CI)

1.410.8

OR (95% CI)

1.410.8

OR (95% CI)

Total

ParticipantsCohort

OR

(95% CI)

34.663866ABCD 0.91 (0.76-1.08)

32.742566Generation R 0.93 (0.77-1.13)

32.271961INMA 1.08 (0.89-1.32)

0.33717Viva 0.08 (0.01-1.26)

100.09110Overall 0.96 (0.82-1.12)

Odds ratios (ORs) were estimated using random-

effects meta-analysis by cohort (the Amsterdam Born

Children and Their Development Study [ABCD],

Generation R, Infancia y Medio Ambiente [INMA],

Rhea, and Project Viva [Viva]). Models were adjusted

for pregnant maternal age at enrollment, educational

level, country of birth, gestational age at thyroid

measurement, smoking and alcohol intake during

pregnancy, socioeconomic status, marital status,

parity, and prepregnancy bodymass index (calculated

as weight in kilograms divided by height in meters

squared). In addition, analysis in INMAwas adjusted

for region (Sabadell, Gipuzkoa, Valencia, and Asturias).

Data are presented as available in each cohort.

Hypothyroxinemia was defined as free thyroxine

below the fifth percentile of cohort distribution

despite normal thyrotropin (TSH) levels. High TSH

concentration was defined as levels higher than the

95th percentile. Size of box indicates weight.
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previous study in China.17 Consistent findings on null associations of NO2with thyroid function and

our findings on null associations of NOx and thyroid function, combined with observed associations

of PMwith thyroid function, suggest that the association of air pollutants with thyroid functionmay

be mostly associated with PM. Importantly, our findings also confirm that the associations of air

pollution exposure with thyroid dysfunction in pregnant women are present with concentrations of

pollutants at levels much lower that the study in China,17 as shown in Belgium and California.16,18

While our findings indicate a short-term association of PM exposure with thyroid function, the

mechanisms of this association are not fully understood and need further investigation. Although

speculative, direct interference in the intracellular action of deiodinase enzymes and the induction of

oxidative stress and inflammation are likely among the short-termmechanisms.5,45 Autoimmune

Figure 3. Association of Exposure to ParticulateMatterWith anAerodynamicDiameter of 2.5 μmor Less (PM2.5)

and ParticulateMatterWith an Aerodynamic Diameter of 10 μmor Less (PM10) in the First Trimester

With Thyroid Function During Pregnancy

Association of hypothyroxinemia with PM10 concentration, per 10 μg/m3 changeB
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%

Favors

Lower Risk

Favors

Higher Risk

Total

ParticipantsCohort

OR

(95% CI)

48.073866ABCD 1.26 (0.95-1.67)

38.942566Generation R 1.16 (0.84-1.61)

8.89532INMA 1.37 (0.64-2.92)

4.09441Rhea 0.43 (0.14-1.32)

100.07405Overall 1.18 (0.93-1.48)

1.810.8

OR (95% CI)

Association of high TSH with PM10 concentration, per 10 μg/m3 changeD

Weight,

%
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Lower Risk
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Higher Risk

Total

ParticipantsCohort

OR

(95% CI)

41.923672ABCD 1.35 (1.09-1.68)

37.252457Generation R 1.26 (0.96-1.65)

12.56505INMA 1.25 (0.59-2.62)

8.27419Rhea 0.38 (0.14-0.99)

100.07053Overall 1.17 (0.87-1.58)

OR (95% CI)

Association of hypothyroxinemia with PM2.5 concentration, per 5 μg/m3 changeA

Weight,

%

Favors

Lower Risk

Favors

Higher Risk

1.810.8

OR (95% CI)

Total

ParticipantsCohort

OR

(95% CI)

50.743866ABCD 1.28 (1.01-1.62)

40.652566Generation R 1.15 (0.88-1.52)

5.30532INMA 1.62 (0.71-3.68)

2.34441Rhea 0.94 (0.27-3.27)

100.07953Overall 1.21 (1.00-1.47)

0.97548Viva 0.20 (0.03-1.39)

Association of high TSH with PM2.5 concentration, per 5 μg/m3 changeC

Weight,

%

Favors

Lower Risk

Favors

Higher Risk

OR (95% CI)

Total

ParticipantsCohort

OR

(95% CI)

42.733672ABCD 1.30 (1.08-1.56)

37.812457Generation R 1.24 (0.98-1.56)

10.28505INMA 1.11 (0.54-2.28)

4.86419Rhea 0.30 (0.10-0.91)

100.07578Overall 1.14 (0.88-1.48)

4.33525Viva 0.73 (0.22-2.39)

0.10.6 1.6

0.10.6 1.6

Odds ratios (ORs) were estimated using random-

effects meta-analysis by cohort (the Amsterdam Born

Children and Their Development Study [ABCD],

Generation R, Infancia y Medio Ambiente [INMA],

Rhea, and Project Viva [Viva]). Models were adjusted

for pregnant maternal age at enrollment, educational

level, country of birth, gestational age at thyroid

measurement, smoking and alcohol intake during

pregnancy, socioeconomic status, marital status,

parity, and prepregnancy bodymass index (calculated

as weight in kilograms divided by height in meters

squared). Data on particulate matter (PM) was only

available in the Sabadell region of INMA. Data are

presented as available in each cohort.

Hypothyroxinemia was defined as free thyroxine

below the fifth percentile of cohort distribution

despite normal thyrotropin (TSH) levels. High TSH

concentration was defined as levels higher than the

95th percentile. Size of box indicates weight.
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processes might act on thyroid function in a longer period. In women of reproductive age,

autoimmunity is a common cause of thyroid dysfunction in iodine-sufficient areas. Earlier studies

among pregnant women have shown that prolonged lead exposure is associated with TPOAb

positivity and subsequently low thyroid function.46We found that exposure to PM during early

pregnancy was associated with higher odds of thyroid autoimmunity in Generation R, an iodine-

sufficient cohort in the Netherlands. The observed associations between PM exposures and low

thyroid function and the null association with NO2, NOx, and PM2.5 absorbance, a measure of black

carbon, suggest that the composition of PM rather than the general markers of traffic-related

pollutionmay be responsible for thyroid disruption. One hypothesis—supported by in vitro

studies47—is that PAHs are associated with the thyroid toxic effects of PM exposure, but we cannot

rule out the role of other components, such as trace elements.

The cohorts in our study varied with respect to the concentrations of air pollution exposure. For

example, ABCD andGeneration R had higher concentrations of PM2.5 exposure comparedwith other

cohorts. Exposure to concentrations of NO2 and PMmeasures in the European cohorts were positive

and moderate to strong, but there was a negative and small correlation between NO2 and PM2.5 in

the US cohort Project Viva. These differences can be explained by varying sources for exposure to

pollutants in different regions as well as different exposure assessmentmethods in European cohorts

and in Project Viva. Nonetheless, examination of the heterogeneity in estimates for analysis of the

association of NO2 and PM2.5with thyroid function confirmed that estimates among cohorts could be

combined in themeta-analysis. There was an inverse but imprecise association of PM2.5with

hypothyroxinemia in Project Viva, the smallest cohort with the lowest concentrations of PM2.5,

suggesting that the associationmight be present at a threshold of exposure. Nonetheless, results of

analyses using generalized additive models to create the smoothing curve spline confirmed no

threshold effect of pollutants. With regard to TPOAb positivity, appropriate testing showed large

heterogeneity among cohorts. In particular, a larger number of women were positive for TPOAb in

Project Viva compared with other cohorts, potentially explained by natural variation, use of different

assays, slightly higher mean age in Project Viva at the time of assessment, and earlier measurement

during pregnancy. Also, the association of air pollution exposure with TPOAb positivity was only

present in Generation R. Further investigation is needed to determine whether the iodine status of

the cohort population or other characteristics might explain the differences in the association of air

pollution exposure with thyroid autoimmunity.

Strengths and Limitations

This study has several strengths, including a large number of participants from regions with different

iodine status and diverse sociodemographic characteristics in Europe and the United States.

Nonetheless, this study had important limitations. We had onlymeasures of TSH, free T4, and TPOAb

during pregnancy (mostly in the first half of pregnancy), andmeasurements were performed using

different assays among cohorts. While the absolute concentrations of TSH and free T4 can vary

between assays, we defined the outcomes by population- and assay-specific cutoffs to overcome

any issues related to the interchangeability of absolute-concentration assay results. We adjusted the

models for history of smoking in pregnancy, butwe did not have data on secondhand tobacco smoke

exposure in all cohorts.We relied on residential addresses to estimate air pollution exposure, without

consideration for within-individual spatial variation in exposure. Furthermore, estimation of air

pollution exposure in European cohorts did not account for temporal variation during the first

trimester, and estimation of NO2 exposure in Project Viva did not account for spatial variation

between individuals. Another limitation concerning the European cohorts is that air pollution

exposure models were developed based on monitoring campaigns performed between 2009 and

2011 and used to estimate exposures of pregnant women in preceding years. We used routine

monitoring data to back-extrapolate the concentrations to the exact first trimester of pregnancy.

Therefore, we assumed that the spatial distribution of the sources and predictors of air pollution

levels remained stable over time, as previous research has shown.36We did not have history of
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addresses in pregnant women and thus could not examine the association of air pollution exposure

prior to pregnancy with thyroid function. Subsequently, no conclusion on the critical window of

exposure or accumulation of risk can be drawn from this analysis.

Conclusions

The findings of this study suggest that first-trimester exposures to PM2.5were associated with mild

thyroid dysfunction throughout pregnancy. The association of PM2.5 exposure with thyroid function

in pregnant women is of global health importance because air pollution exposure is widespread and

hypothyroxinemia may adversely influence offspring brain development.

ARTICLE INFORMATION

Accepted for Publication: August 15, 2019.

Published:October 16, 2019. doi:10.1001/jamanetworkopen.2019.12902

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2019 Ghassabian

A et al. JAMA Network Open.

Corresponding Author:Mònica Guxens, MD, ISGlobal, Barcelona Institute for Global Health, CampusMAR,

Barcelona Biomedical Research Park (PRBB) (Office 190), Doctor Aiguader, 88, 08003 Barcelona, Spain (monica.

guxens@isglobal.org).

Author Affiliations:Departments of Pediatrics, Environmental Medicine, and Population Health, School of

Medicine, New York University, New York (Ghassabian); ISGlobal, Barcelona, Spain (Pierotti, Julvez, Vrijheid,

Sunyer, Guxens); Spanish Consortium for Research on Epidemiology and Public Health, Madrid, Spain (Pierotti,

Basterrechea, Estarlich, Fernández-Somoano, Julvez, Lertxundi, Lopez-Espinosa, Tardón, Vrijheid, Sunyer,

Guxens); Universitat Pompeu Fabra, Barcelona, Spain (Pierotti, Julvez, Vrijheid, Sunyer, Guxens); Biodonostia

Health Research Institute, San Sebastian, Spain (Basterrechea, Lertxundi); Public Health Division of Gipuzkoa,

Basque Government, San Sebastian, Spain (Basterrechea); Department of Social Medicine, University of Crete,

Heraklion, Greece (Chatzi, Karakosta); Department of Preventive Medicine, Keck School of Medicine, University of

Southern California, Los Angeles (Chatzi); Epidemiology and Environmental Health Joint Research Unit, The

Foundation for the Promotion of Health and Biomedical Research of Valencia Region, Universitat Jaume

I-Universitat de València, Valencia, Spain (Estarlich, Lopez-Espinosa); Instituto Universaitario de Oncología del

Principado de Asturias, Departament of Medicine, University of Oviedo, Oviedo, Spain (Fernández-Somoano,

Tardón); Department of Pediatric Endocrinology and Diabetes, Maine Medical Center, Portland (Fleisch); Center

for Outcomes Research and Evaluation, Maine Medical Center Research Institute, Portland (Fleisch); Channing

Division of Network Medicine, Brigham andWomen’s Hospital, Harvard Medical School, Boston, Massachusetts

(Gold); Department of Environmental Health, Harvard T.H. Chan School of Public Health, Boston, Massachusetts

(Gold); Hospital del Mar Research Institute, Barcelona, Spain (Julvez, Sunyer); Clinical Microbiology Laboratory,

Attikon University Hospital, Medical School, National and Kapodistrian University of Athens, Athens, Greece

(Karakosta); Department of Public Health and Preventive Medicine, University of Basque Country, Bilbao, Spain

(Lertxundi); Academic Center for Thyroid Diseases, Department of Internal Medicine, ErasmusMedical Center,

Rotterdam, the Netherlands (Mulder, Korevaar, Peeters); Department of Child and Adolescent Psychiatry, Erasmus

Medical Center–Sophia Children’s Hospital, Rotterdam, the Netherlands (Mulder, Tiemeier, Guxens); Division of

Chronic Disease Research Across the Lifecourse, Department of PopulationMedicine, Harvard Medical School and

Harvard Pilgrim Health Care Institution, Boston, Massachusetts (Oken, Rifas-Shiman); Department of Nutrition,

Harvard T.H. Chan School of Public Health, Boston, Massachusetts (Oken); Department of Chemistry, University of

Crete, Heraklion, Greece (Stephanou); Department of Epidemiology, Harvard T.H. Chan School of Public Health,

Boston, Massachusetts (Tiemeier); Department of Public Health, Amsterdam Public Health Research Institute,

AmsterdamUniversity Medical Center, University of Amsterdam, Amsterdam, the Netherlands (Vrijkotte).

Author Contributions:Dr Guxens had full access to all of the data in the study and takes responsibility for the

integrity of the data and the accuracy of the data analysis.

Concept and design: Ghassabian, Lertxundi, Lopez-Espinosa, Peeters, Guxens.

Acquisition, analysis, or interpretation of data: Ghassabian, Pierotti, Basterrechea, Chatzi, Estarlich, Fernández-

Somoano, Fleisch, Gold, Julvez, Karakosta, Lopez-Espinosa, Mulder, Korevaar, Oken, Peeters, Rifas-Shiman,

Stephanou, Tardón, Tiemeier, Vrijheid, Vrijkotte, Sunyer, Guxens.

Drafting of the manuscript: Ghassabian, Pierotti, Gold, Lopez-Espinosa, Stephanou, Guxens.

JAMANetworkOpen | Environmental Health Exposure to Ambient Air Pollution and Thyroid Function During Pregnancy

JAMA Network Open. 2019;2(10):e1912902. doi:10.1001/jamanetworkopen.2019.12902 (Reprinted) October 16, 2019 11/15

Downloaded From: https://jamanetwork.com/ on 08/27/2022

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2019.12902&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.12902
https://jamanetwork.com/journals/jamanetworkopen/pages/instructions-for-authors#SecOpenAccess/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.12902
mailto:monica.guxens@isglobal.org
mailto:monica.guxens@isglobal.org


Critical revision of the manuscript for important intellectual content: Basterrechea, Chatzi, Estarlich, Fernández-

Somoano, Fleisch, Julvez, Karakosta, Lertxundi, Lopez-Espinosa, Mulder, Korevaar, Oken, Peeters, Rifas-Shiman,

Stephanou, Tardón, Tiemeier, Vrijheid, Vrijkotte, Sunyer, Guxens.

Statistical analysis: Ghassabian, Pierotti, Estarlich, Korevaar, Rifas-Shiman, Guxens.

Obtained funding: Chatzi, Gold, Lopez-Espinosa, Oken, Tardón, Vrijheid, Vrijkotte, Sunyer, Guxens.

Administrative, technical, or material support: Fernández-Somoano, Karakosta, Lopez-Espinosa, Korevaar, Oken,

Peeters, Tardón, Vrijkotte.

Supervision: Basterrechea, Chatzi, Estarlich, Lertxundi, Peeters, Stephanou, Tiemeier, Vrijheid, Vrijkotte, Guxens.

Conflict of Interest Disclosures: Dr Basterrechea reported receiving grants from the Instituto de Salud Carlos III

and the Department of Health of the Basque Government during the conduct of the study. Dr Fleisch reported

receiving grants from the National Institutes of Health during the conduct of the study. Dr Gold reported receiving

grants from the National Institutes of Health during the conduct of the study. Dr Lopez-Espinosa reported

receiving grants and personal fees from the Instituto de Salud Carlos III and grants from the Alicia Koplowitz

Foundation 2017 during the conduct of the study. Dr Oken reported receiving grants from the National Institutes

of Health during the conduct of the study. Dr Vrijkotte reported receiving grants from the Netherlands Institute for

Research and Development during the conduct of the study and outside the submitted work. Dr Sunyer reported

receiving grants from the Instituto de Salud Carlos III, the EU Commission, the Centro de Investigación Biomedica

en Red Epidemiología y Salud Pública, and the Generalitat de Catalunya during the conduct of the study. Dr Guxens

reported receiving grants from the Instituto de Salud Carlos III, the EU Commission, and the Centro de

Investigación Biomedica en Red Epidemiología y Salud Pública during the conduct of the study. No other

disclosures were reported.

Funding/Support: The Amsterdam Born Children and Their Development Study was supported by the

Netherlands Organization for Health Research and Development, Public Health Service Amsterdam, and the

AmsterdamUMC. The Generation R Study was supported by the ErasmusMedical Center, Rotterdam; Erasmus

University, Rotterdam; the Netherlands Organization for Health Research and Development; the Netherlands

Organization for Scientific Research; and theMinistry of Health, Welfare and Sport. Nederlandse Organisatie voor

Toegepast Natuurwetenschappelijk Onderzoek received funding from theNetherlandsMinistry of Infrastructure

and the Environment to support exposure assessment. Drs Mulder, Korevaar, Peeters, and Tiemeier were

supported by grant S17-19 from the Sophia Children’s Hospital Foundation. Dr Tiemeier was supported by grant

016.VICI.170.200 from the Netherlands Organization for Health Research and Development. The Generation R

Study was conducted by the ErasmusMedical Center in close collaboration with the Faculty of Social Sciences of

the Erasmus University Rotterdam, the Municipal Health Service Rotterdam area, Rotterdam, and the Stichting

Trombosedienst & Artsenlaboratorium Rijnmond, Rotterdam. Infancia y Medio Ambiente was funded by grants

Red INMA G03/176 and CB06/02/0041 FIS-FEDER PI03/1615, PI04/1509, PI04/1112, PI04/1931, PI042018, PI05/

1079, PI05/1052, PI06/0867, PI06/1213, PI07/0314, PI09/02311, PI09/02647, PI11/02591, PI11/02038, PI13/

1944, PI13/2032, PI13/02429, PI14/00891, PI14/01687, PI16/1288, and PI17/00663, andMiguel Servet-FEDER

CP11/00178, CP15/00025, MSII16/00051, MS13/00054, and CPII18/00018 from the Instituto de Salud Carlos III;

grant CIRIT 1999SGR 00241 from the Generalitat de Catalunya; grants FISABIO UGP 15-230, UGP-15-244, and

UGP-15-249 from the Generalitat Valenciana; grant 2005111093 from the Department of Health of the Basque

Government; grant DFG06/002 from the Provincial Government of Gipuzkoa, annual agreements with the

municipalities in the study area (Zumarraga, Urretxu, Legazpi, Azkoitia, Azpeitia, and Beasain); grants FP7/2007-

2011-GA#211250, FP7-ENV-2011 cod 282957, HEALTH.2010.2.4.5-1 from the EU Commission; the Obra Social

Cajastur and Fundación Liberbank; the Universidad de Oviedo; the Centro de Investigación Biomedica en Red

Epidemiología y Salud Pública. ISGlobal is a member of the CERCA Programme, Generalitat de Catalunya. The Rhea

project was supported by European projects (EU FP6-2003-Food-3-A NewGeneris, EU FP6. STREP Hiwate, EU

FP7 ENV.2007.1.2.2.2. Project No 211250 Escape, EU FP7-2008-ENV-1.2.1.4 Envirogenomarkers, EU FP7-HEALTH-

2009-single-stage CHICOS, EU FP7 ENV.2008.1.2.1.6. Proposal No 226285 ENRIECO) and the Greek Ministry of

Health (Program of Prevention of Obesity and Neurodevelopmental Disorders in Preschool Children, in Heraklion

district, Crete, Greece, 2011-2014). Project Viva was funded by grants R01 HD 034568, UH3 OD023286, K23

ES024803 from the National Institutes of Health.

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection,

management, analysis, and interpretation of the data; preparation, review, or approval of themanuscript; and

decision to submit themanuscript for publication.

Additional Contributions:We gratefully acknowledge the contribution of children and parents, general

practitioners, hospitals, midwives, and pharmacies in Rotterdam.

JAMANetworkOpen | Environmental Health Exposure to Ambient Air Pollution and Thyroid Function During Pregnancy

JAMA Network Open. 2019;2(10):e1912902. doi:10.1001/jamanetworkopen.2019.12902 (Reprinted) October 16, 2019 12/15

Downloaded From: https://jamanetwork.com/ on 08/27/2022



REFERENCES

1. Guxens M, Garcia-Esteban R, Giorgis-Allemand L, et al. Air pollution during pregnancy and childhood cognitive

and psychomotor development: six European birth cohorts. Epidemiology. 2014;25(5):636-647. doi:10.1097/EDE.

0000000000000133

2. Suades-González E, GasconM, Guxens M, Sunyer J. Air pollution and neuropsychological development:

a review of the latest evidence. Endocrinology. 2015;156(10):3473-3482. doi:10.1210/en.2015-1403

3. Sunyer J, Esnaola M, Alvarez-Pedrerol M, et al. Association between traffic-related air pollution in schools and

cognitive development in primary school children: a prospective cohort study. PLoS Med. 2015;12(3):e1001792.

doi:10.1371/journal.pmed.1001792

4. Guxens M, Lubczyńska MJ, Muetzel RL, et al. Air pollution exposure during fetal life, brain morphology, and

cognitive function in school-age children. Biol Psychiatry. 2018;84(4):295-303. doi:10.1016/j.biopsych.2018.

01.016

5. Block ML, Calderón-Garcidueñas L. Air pollution: mechanisms of neuroinflammation and CNS disease. Trends

Neurosci. 2009;32(9):506-516. doi:10.1016/j.tins.2009.05.009

6. Thomson EM. Neurobehavioral and metabolic impacts of inhaled pollutants: a role for the hypothalamic-

pituitary-adrenal axis? Endocr Disruptors (Austin). 2013;1(1):e27489. doi:10.4161/endo.27489

7. Klein GP, Hodge EM, DiamondML, et al. Gas-phase ambient air contaminants exhibit significant dioxin-like and

estrogen-like activity in vitro. Environ Health Perspect. 2006;114(5):697-703. doi:10.1289/ehp.8496

8. Clemons JH, Allan LM,Marvin CH, et al. Evidence of estrogen- and TCDD-like activities in crude and fractionated

extracts of PM10 air particulate material using in vitro gene expression assays. Environ Sci Technol. 1998;32(12):

1853-1860. doi:10.1021/es971124n

9. Kelishadi R, Sobhani P, Poursafa P, et al. Is there any association between urinary metabolites of polycyclic

aromatic hydrocarbons and thyroid hormone levels in children and adolescents? Environ Sci Pollut Res Int. 2018;25

(2):1962-1968. doi:10.1007/s11356-017-0577-y

10. Movahedinia A, Salamat N, Kheradmand P. Effects of the environmental endocrine disrupting compound

benzo[a]pyrene on thyroidal status of abumullet (Liza abu) during short-term exposure. Toxicol Rep. 2018;5:

377-382. doi:10.1016/j.toxrep.2018.02.018

11. Haddow JE, Palomaki GE, AllanWC, et al. Maternal thyroid deficiency during pregnancy and subsequent

neuropsychological development of the child. N Engl J Med. 1999;341(8):549-555. doi:10.1056/

NEJM199908193410801

12. Levie D, Korevaar TIM, Bath SC, et al. Thyroid function in early pregnancy, child IQ, and autistic traits: a meta-

analysis of individual participant data. J Clin Endocrinol Metab. 2018;103(8):2967-2979. doi:10.1210/jc.

2018-00224

13. Ghassabian A, El Marroun H, Peeters RP, et al. Downstream effects of maternal hypothyroxinemia in early

pregnancy: nonverbal IQ and brain morphology in school-age children. J Clin Endocrinol Metab. 2014;99(7):

2383-2390. doi:10.1210/jc.2013-4281

14. Modesto T, Tiemeier H, Peeters RP, et al. Maternal mild thyroid hormone insufficiency in early pregnancy and

attention-deficit/hyperactivity disorder symptoms in children. JAMA Pediatr. 2015;169(9):838-845. doi:10.

1001/jamapediatrics.2015.0498

15. Zoeller RT, Brown TR, Doan LL, et al. Endocrine-disrupting chemicals and public health protection: a statement

of principles from The Endocrine Society. Endocrinology. 2012;153(9):4097-4110. doi:10.1210/en.2012-1422

16. Janssen BG, Saenen ND, Roels HA, et al. Fetal thyroid function, birth weight, and in utero exposure to fine

particle air pollution: a birth cohort study. Environ Health Perspect. 2017;125(4):699-705. doi:10.1289/EHP508

17. Zhao Y, Cao Z, Li H, et al. Air pollution exposure in association with maternal thyroid function during early

pregnancy. J Hazard Mater. 2019;367:188-193. doi:10.1016/j.jhazmat.2018.12.078

18. Howe CG, Eckel SP, Habre R, et al. 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. 2018;1(5):e182172.

doi:10.1001/jamanetworkopen.2018.2172

19. Ghassabian A, Bongers-Schokking JJ, Henrichs J, et al. Maternal thyroid function during pregnancy and

behavioral problems in the offspring: the Generation R Study. Pediatr Res. 2011;69(5, pt 1):454-459. doi:10.1203/

PDR.0b013e3182125b0c

20. Gawda A, Majka G, Nowak B, Marcinkiewicz J. Air pollution, oxidative stress, and exacerbation of autoimmune

diseases. Cent Eur J Immunol. 2017;42(3):305-312. doi:10.5114/ceji.2017.70975

21. Derakhshan A, Korevaar TIM, Taylor PN, et al. The association of maternal thyroid autoimmunity during

pregnancy with child IQ. J Clin Endocrinol Metab. 2018;103(10):3729-3736. doi:10.1210/jc.2018-00743

JAMANetworkOpen | Environmental Health Exposure to Ambient Air Pollution and Thyroid Function During Pregnancy

JAMA Network Open. 2019;2(10):e1912902. doi:10.1001/jamanetworkopen.2019.12902 (Reprinted) October 16, 2019 13/15

Downloaded From: https://jamanetwork.com/ on 08/27/2022

https://dx.doi.org/10.1097/EDE.0000000000000133
https://dx.doi.org/10.1097/EDE.0000000000000133
https://dx.doi.org/10.1210/en.2015-1403
https://dx.doi.org/10.1371/journal.pmed.1001792
https://dx.doi.org/10.1016/j.biopsych.2018.01.016
https://dx.doi.org/10.1016/j.biopsych.2018.01.016
https://dx.doi.org/10.1016/j.tins.2009.05.009
https://dx.doi.org/10.4161/endo.27489
https://dx.doi.org/10.1289/ehp.8496
https://dx.doi.org/10.1021/es971124n
https://dx.doi.org/10.1007/s11356-017-0577-y
https://dx.doi.org/10.1016/j.toxrep.2018.02.018
https://dx.doi.org/10.1056/NEJM199908193410801
https://dx.doi.org/10.1056/NEJM199908193410801
https://dx.doi.org/10.1210/jc.2018-00224
https://dx.doi.org/10.1210/jc.2018-00224
https://dx.doi.org/10.1210/jc.2013-4281
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamapediatrics.2015.0498&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.12902
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamapediatrics.2015.0498&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.12902
https://dx.doi.org/10.1210/en.2012-1422
https://dx.doi.org/10.1289/EHP508
https://dx.doi.org/10.1016/j.jhazmat.2018.12.078
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2018.2172&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.12902
https://dx.doi.org/10.1203/PDR.0b013e3182125b0c
https://dx.doi.org/10.1203/PDR.0b013e3182125b0c
https://dx.doi.org/10.5114/ceji.2017.70975
https://dx.doi.org/10.1210/jc.2018-00743


22. Ghassabian A, Bongers-Schokking JJ, de Rijke YB, et al. Maternal thyroid autoimmunity during pregnancy and

the risk of attention deficit/hyperactivity problems in children: the Generation R Study. Thyroid. 2012;22(2):

178-186.

23. Korevaar TI, Schalekamp-Timmermans S, de Rijke YB, et al. Hypothyroxinemia and TPO-antibody positivity are

risk factors for premature delivery: the Generation R Study. J Clin Endocrinol Metab. 2013;98(11):4382-4390. doi:

10.1210/jc.2013-2855

24. van EijsdenM, Vrijkotte TG, Gemke RJ, van derWalMF. Cohort profile: the AmsterdamBorn Children and Their

Development (ABCD) Study. Int J Epidemiol. 2011;40(5):1176-1186. doi:10.1093/ije/dyq128

25. KooijmanMN, Kruithof CJ, van Duijn CM, et al. The Generation R Study: design and cohort update, 2017. Eur J

Epidemiol. 2016;31(12):1243-1264. doi:10.1007/s10654-016-0224-9

26. Guxens M, Ballester F, EspadaM, et al; INMA Project. Cohort profile: the INMA—Infancia y Medio Ambiente—

(Environment and Childhood) Project. Int J Epidemiol. 2012;41(4):930-940. doi:10.1093/ije/dyr054

27. Chatzi L, Leventakou V, Vafeiadi M, et al. Cohort profile: the Mother-Child Cohort in Crete, Greece (Rhea

Study). Int J Epidemiol. 2017;46(5):1392-1393k. doi:10.1093/ije/dyx084

28. Oken E, Baccarelli AA, Gold DR, et al. Cohort profile: Project Viva. Int J Epidemiol. 2015;44(1):37-48. doi:10.

1093/ije/dyu008

29. Kippler M, Bottai M, Georgiou V, et al. Impact of prenatal exposure to cadmium on cognitive development at

preschool age and the importance of selenium and iodine. Eur J Epidemiol. 2016;31(11):1123-1134. doi:10.1007/

s10654-016-0151-9

30. Ghassabian A, Steenweg-de Graaff J, Peeters RP, et al. Maternal urinary iodine concentration in pregnancy and

children’s cognition: results from a population-based birth cohort in an iodine-sufficient area. BMJ Open. 2014;4

(6):e005520. doi:10.1136/bmjopen-2014-005520

31. Murcia M, Rebagliato M, EspadaM, et al; INMA Study Group. Iodine intake in a population of pregnant women:

INMAmother and child cohort study, Spain. J Epidemiol Community Health. 2010;64(12):1094-1099. doi:10.1136/

jech.2009.092593

32. Pearce EN, Bazrafshan HR, He X, Pino S, Braverman LE. Dietary iodine in pregnant women from the Boston,

Massachusetts area. Thyroid. 2004;14(4):327-328. doi:10.1089/105072504323031013

33. Eeftens M, Beelen R, de Hoogh K, et al. Development of land use regressionmodels for PM(2.5), PM(2.5)

absorbance, PM(10) and PM(coarse) in 20 European study areas: results of the ESCAPE project. Environ Sci

Technol. 2012;46(20):11195-11205. doi:10.1021/es301948k

34. Beelen R, Hoek G, Vienneau D, et al. Development of NO2 and NOx land use regressionmodels for estimating

air pollution exposure in 36 study areas in Europe: the ESCAPE project. Atmos Environ. 2013;72:10-23. doi:10.1016/

j.atmosenv.2013.02.037

35. Kloog I, Coull BA, Zanobetti A, Koutrakis P, Schwartz JD. Acute and chronic effects of particles on hospital

admissions in New-England. PLoS One. 2012;7(4):e34664. doi:10.1371/journal.pone.0034664

36. Eeftens M, Beelen R, Fischer P, Brunekreef B, Meliefste K, Hoek G. Stability of measured andmodelled spatial

contrasts in NO(2) over time.Occup Environ Med. 2011;68(10):765-770. doi:10.1136/oem.2010.061135

37. Department of Environmental Protection. MassAir Online. http://eeaonline.eea.state.ma.us/dep/massair/web/

#/pollution/map/max. Accessed August 27, 2019.

38. Alexander EK, Pearce EN, Brent GA, et al. 2017 guidelines of the American Thyroid Association for the

diagnosis andmanagement of thyroid disease during pregnancy and the postpartum. Thyroid. 2017;27(3):

315-389. doi:10.1089/thy.2016.0457

39. Chi GC, Hajat A, Bird CE, et al. Individual and neighborhood socioeconomic status and the association between

air pollution and cardiovascular disease. Environ Health Perspect. 2016;124(12):1840-1847. doi:10.1289/EHP199

40. Alderete TL, Chen Z, Toledo-Corral CM, et al. Ambient and traffic-related air pollution exposures as novel risk

factors for metabolic dysfunction and type 2 diabetes. Curr Epidemiol Rep. 2018;5(2):79-91. doi:10.1007/s40471-

018-0140-5

41. Männistö T, Hartikainen A-L, Vääräsmäki M, et al. Smoking and early pregnancy thyroid hormone and anti-

thyroid antibody levels in euthyroid mothers of the Northern Finland Birth Cohort 1986. Thyroid. 2012;22(9):

944-950. doi:10.1089/thy.2011.0377

42. Mahwi TO, Abdulateef DS. Relation of different components of climate with human pituitary-thyroid axis and

FT3/FT4 ratio: a study on euthyroid and SCH subjects in two different seasons. Int J Endocrinol. 2019;2019:

2762978. doi:10.1155/2019/2762978

JAMANetworkOpen | Environmental Health Exposure to Ambient Air Pollution and Thyroid Function During Pregnancy

JAMA Network Open. 2019;2(10):e1912902. doi:10.1001/jamanetworkopen.2019.12902 (Reprinted) October 16, 2019 14/15

Downloaded From: https://jamanetwork.com/ on 08/27/2022

https://www.ncbi.nlm.nih.gov/pubmed/22175242
https://www.ncbi.nlm.nih.gov/pubmed/22175242
https://dx.doi.org/10.1210/jc.2013-2855
https://dx.doi.org/10.1093/ije/dyq128
https://dx.doi.org/10.1007/s10654-016-0224-9
https://dx.doi.org/10.1093/ije/dyr054
https://dx.doi.org/10.1093/ije/dyx084
https://dx.doi.org/10.1093/ije/dyu008
https://dx.doi.org/10.1093/ije/dyu008
https://dx.doi.org/10.1007/s10654-016-0151-9
https://dx.doi.org/10.1007/s10654-016-0151-9
https://dx.doi.org/10.1136/bmjopen-2014-005520
https://dx.doi.org/10.1136/jech.2009.092593
https://dx.doi.org/10.1136/jech.2009.092593
https://dx.doi.org/10.1089/105072504323031013
https://dx.doi.org/10.1021/es301948k
https://dx.doi.org/10.1016/j.atmosenv.2013.02.037
https://dx.doi.org/10.1016/j.atmosenv.2013.02.037
https://dx.doi.org/10.1371/journal.pone.0034664
https://dx.doi.org/10.1136/oem.2010.061135
http://eeaonline.eea.state.ma.us/dep/massair/web/#/pollution/map/max
http://eeaonline.eea.state.ma.us/dep/massair/web/#/pollution/map/max
https://dx.doi.org/10.1089/thy.2016.0457
https://dx.doi.org/10.1289/EHP199
https://dx.doi.org/10.1007/s40471-018-0140-5
https://dx.doi.org/10.1007/s40471-018-0140-5
https://dx.doi.org/10.1089/thy.2011.0377
https://dx.doi.org/10.1155/2019/2762978


43. Ren C, Tong S. Temperature modifies the health effects of particulate matter in Brisbane, Australia. Int J

Biometeorol. 2006;51(2):87-96. doi:10.1007/s00484-006-0054-7

44. Jain RB. Association between polycyclic aromatic hydrocarbons and thyroid function amongmales and

females: data fromNHANES 2007-2008. Int J Environ Health Res. 2016;26(4):405-419. doi:10.1080/09603123.

2015.1135311

45. Mancini A, Di Segni C, Raimondo S, et al. Thyroid hormones, oxidative stress, and inflammation.Mediators

Inflamm. 2016;2016:6757154. doi:10.1155/2016/6757154

46. Kahn LG, Liu X, Rajovic B, et al. Blood lead concentration and thyroid function during pregnancy: results from

the Yugoslavia Prospective Study of Environmental Lead Exposure. Environ Health Perspect. 2014;122(10):

1134-1140. doi:10.1289/ehp.1307669

47. Sun H, Shen OX, Xu XL, Song L, Wang XR. Carbaryl, 1-naphthol and 2-naphthol inhibit the beta-1 thyroid

hormone receptor-mediated transcription in vitro. Toxicology. 2008;249(2-3):238-242. doi:10.1016/j.tox.2008.

05.008

SUPPLEMENT.

eMethods.Measurements of Covariates

eTable 1. Immunoassays Used for Measurement of Thyroid Parameters in 5 Participating Cohorts

eTable 2. Cohort-Specific Cutoffs for Free Thyroxine (T4) and Thyrotropin (TSH) in 5 Cohorts

eTable 3. Participants’ Characteristics in Pregnant Women Included in the Analysis and Those Women Excluded

Because of Missing Data in Exposure and/or Outcome

eTable 4. Variables Used in Forward Selection Logistic RegressionModel to Calculate Inverse Probability of

AttritionWeights

eTable 5. ImputationModelling

eTable 6. Concentrations of Air Pollutants Averaged Over the First Trimester of Pregnancy Based on Residential

Addresses in 5 Cohorts

eTable 7. Spearman Correlations Between Concentrations of Traffic-Related Air Pollutants in 5 Cohorts

eTable 8. Associations Between Exposure to Ambient Air Pollutants in the First Trimester and Thyroid Function

During Pregnancy: Unadjusted Analysis

eTable 9. Associations Between Exposure to Ambient Air Pollutants in the First Trimester and Thyroid Function

During Pregnancy: Complete Case Analysis

eFigure 1.Distribution of PM2.5-10 and PM2.5 Absorbance Averaged Across the First Trimester of Pregnancy in 5

Birth Cohorts

eFigure 2. Exposure to PM2.5-10 and PM2.5 Absorbance in the First Trimester and Thyroid Function During

Pregnancy

JAMANetworkOpen | Environmental Health Exposure to Ambient Air Pollution and Thyroid Function During Pregnancy

JAMA Network Open. 2019;2(10):e1912902. doi:10.1001/jamanetworkopen.2019.12902 (Reprinted) October 16, 2019 15/15

Downloaded From: https://jamanetwork.com/ on 08/27/2022

https://dx.doi.org/10.1007/s00484-006-0054-7
https://dx.doi.org/10.1080/09603123.2015.1135311
https://dx.doi.org/10.1080/09603123.2015.1135311
https://dx.doi.org/10.1155/2016/6757154
https://dx.doi.org/10.1289/ehp.1307669
https://dx.doi.org/10.1016/j.tox.2008.05.008
https://dx.doi.org/10.1016/j.tox.2008.05.008

