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Abstract

Background Exposure to ambient air pollution is a top risk factor contributing to the global burden of disease.
Pregnant persons and their developing fetuses are particularly susceptible to adverse health outcomes associated
with air pollution exposures. During pregnancy, the thyroid plays a critical role in fetal development, producing
thyroid hormones that are associated with brain development. Our objective is to systematically review recent
literature that investigates how prenatal exposure to air pollution affects maternal and fetal thyroid function.

Methods Following the Navigation Guide Framework, we systematically reviewed peer-reviewed journal articles that
examined prenatal exposures to air pollution and outcomes related to maternal and fetal thyroid function, evaluated
the risk of bias for individual studies, and synthesized the overall quality and strength of the evidence.

Results We found 19 studies that collected data on pregnancy exposure windows spanning preconception to full
term from 1999 to 2020 across nine countries. Exposure to fine particulate matter (PM, 5) was most frequently and
significantly positively associated with fetal/neonatal thyroid hormone concentrations, and inversely associated with
maternal thyroid hormone concentrations. To a lesser extent, traffic-related air pollutants, such as nitrogen dioxide
(NO,) had significant effects on fetal/neonatal thyroid function but no significant effects on maternal thyroid function.
However, the body of literature is challenged by risk of bias in exposure assessment methods and in the evaluation of
confounding variables, and there is an inconsistency amongst effect estimates. Thus, using the definitions provided
by the objective Navigation Guide Framework, we have concluded that there is limited, low quality evidence
pertaining to the effects of prenatal air pollution exposure on maternal and fetal thyroid function.

Conclusion To improve the quality of the body of evidence, future research should seek to enhance exposure
assessment methods by integrating personal monitoring and high-quality exposure data (e.g., using spatiotemporally
resolved satellite observations and statistical modeling) and outcome assessment methods by measuring a range of
thyroid hormones throughout the course of pregnancy.
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Introduction

Exposure to ambient air pollution is one of the top risk
factors contributing to the global burden of disease and
accounts for millions of deaths worldwide each year [1].
Long-term exposure to pollutants, such as particulate
matter (PM), nitrogen dioxide (NO,), and ground-level
ozone (O;), have an increasing impact on the public
health burden associated with chronic disease outcomes,
including ischemic heart disease, type 2 diabetes mel-
litus, chronic obstructive pulmonary disease (COPD),
lung cancer, and others. While air pollution affects peo-
ple of all ages and socioeconomic statuses, some vulner-
able groups including pregnant persons, children, older
adults, and those with preexisting health conditions expe-
rience an elevated risk of exposure to air pollution and
thus, shoulder a greater burden of air pollution-related
health consequences [2]. With an estimated 213 million
pregnancies occurring annually and 99% of the world’s
population breathing air that exceeds the World Health
Organization’s (WHO) air quality limits [3], continuous
exposure to air pollutants poses a serious health risk to
pregnant persons and their children [4, 5].

The complex, multifaceted interactions through which
air pollution affects human health, influences not only
maternal health, but fetal, perinatal, and postnatal health
of the parent/child pair. Maternal exposure to air pollu-
tion has been associated with complications during preg-
nancy including gestational hypertension, gestational
diabetes mellitus, and preeclampsia [6]. Gestational
exposures to air pollution have been linked with adverse
birth outcomes such as preterm birth, low birth weight,
and stillbirth [7, 8]; and are further connected to neuro-
developmental effects, effects on childhood respiratory
function and lung development, and congenital heart
defects [9-12]. In recent years, a growing body of litera-
ture has examined ways that air pollution affects thyroid
function, which plays a critical role in fetal development.

During pregnancy, the thyroid produces a set of hor-
mones that are associated with fetal brain development
[13]. The thyroid is responsible for secreting two major
hormones: thyroxine (T4) and triiodothyronine (T3),
the release of which is controlled by thyroid- stimulat-
ing hormone (TSH) [14]. During the first trimester, the
fetal thyroid gland is developing, causing the fetus to be
dependent upon the maternal transfer of T4 [13, 15].
Fetal T4 production begins at the end of the first trimes-
ter and steadily increases until the end of the third tri-
mester, therefore, thyroid hormone-dependent functions
are driven by maternal thyroid hormones during the first
two trimesters of gestation [13, 16]. Alterations in thyroid
function and thyroid hormone ratios in pregnant persons
can negatively impact a developing fetus, even contrib-
uting to cognitive deficits and reductions in the growth
of the child [17, 18]. As such, it is important to consider
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the impacts of air pollution on thyroid function in both
the pregnant person and their offspring, including dur-
ing gestation and the early postnatal period, to identify
underlying mechanisms contributing to endocrine dis-
ruption and provide an evidence base for protective
guidance.

The mechanisms by which air pollutants disrupt the
endocrine system have not been sufficiently character-
ized [19, 20]. However, environmental pollutants more
broadly disrupt thyroid gland function through thyroid
hormone synthesis, metabolism, secretion, and action;
primarily by reducing circulating thyroid hormone levels
or by disrupting hormone action. Furthermore, environ-
mental pollutants affect the pituitary gland, TSH levels,
and iodine absorption (important in thyroid hormone
biosynthesis), and act as thyroid hormone receptor ago-
nists [21-23]. Aside from fetal developmental defects
that can arise from hormone fluctuations during preg-
nancy, disruptions to thyroid function have implications
for thyroid-related autoimmune disorders and the devel-
opment of conditions such as hyper- or hypothyroid-
ism [24]. Altered thyroid function usually results from
genetic predisposition coupled with environmental trig-
gers, namely synthetic chemicals, organic water pollut-
ants, and air pollutants [25, 26].

We conducted a systematic literature review to identify
effects of prenatal air pollutants exposure on maternal
and fetal thyroid function. Several reviews have inves-
tigated the association between air pollution exposure
and a range of adverse birth outcomes [7, 9-12, 27].
One review examines air pollution effects on childhood
endocrinologic disorders [28], and two examine air pol-
lution effects on thyroid function generally [29, 30]; both
of which have broad inclusive criteria for population and
thyroid abnormalities yet conduct a very limited assess-
ment of the effects of air pollutants on associated thyroid
outcomes. Here, we advance upon these previous reviews
by applying the rigorous Navigation Guide Framework
[31] and focusing on prenatal exposure, resulting in a
narrowed topical focus that includes more articles and a
wider range of pollutants and thyroid outcomes.

Key reports that evaluate policy-relevant science to
protect public health presently lack epidemiologic litera-
ture on prenatal air pollutant exposure and its impacts
on maternal and fetal thyroid function. For example,
the Environmental Protection Agency’s 2019 Integrated
Science Assessment (ISA) for PM [32] mentions the
potential impact of PM,; on biological pathways for
pregnancy and birth outcomes, including effects on fetal
thyroid function, in only one sentence citing two studies
[33, 34], neither of which considers effects on maternal
thyroid function. Results of our review may be useful to
characterize important air pollution exposure windows
during pregnancy and identify concentration-response
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relationships between prenatal air pollution exposure
and adverse thyroid outcomes.

Methods

We conducted a systematic literature review using
steps adapted from the Navigation Guide Framework
described by Johnson et al. [31]: (1) specify the study
question; (2) select the evidence; and (3) rate the quality
and strength of evidence.

Development of study question
The objective of this systematic review is to answer the
question: How does prenatal exposure to air pollution
affect maternal and fetal thyroid function? A PECO (pop-
ulation, exposure, comparator, outcome) statement was
developed containing the following components:

P [population]: pregnant women and fetuses
exposed to higher levels of air pollution.

E [exposure]: ambient air pollution.

C [comparator]: pregnant women and fetuses
exposed to lower levels of air pollution.

O [outcome]: maternal and fetal thyroid outcomes.

For the purposes of this systematic review, we addition-
ally considered studies that collected outcome assess-
ment measures of neonates when the measurements of
thyroid function were recorded shortly after delivery and
air pollution exposure was still assigned during the pre-
natal period; these studies were considered for inclusion
as the exposure assessment is focused on the gestational
experience and the measurement of thyroid function in
the near-immediacy after birth provides some insight
into fetal thyroid functioning [35].

Evidence selection

Search terms and methods

We used the following search terms to identify admis-
sible literature: prenatal (OR before birth OR pregnant
OR pre-birth OR in utero OR gestational OR trimester)
AND air pollution (OR nitrogen oxide OR nitrogen diox-
ide OR particulate matter OR fine particulate matter OR
ozone OR traffic-related) AND thyroid (OR endocrine
OR thyroid function OR hypothyroidism OR hyperthy-
roidism OR congenital hypothyroidism OR thyroxine OR
triiodothyronine OR thyroid stimulating hormone OR
thyrotropin). We conducted a first search on February 22
and 26, 2022 and an updated search on January 25, 2024
using four databases: PubMed [36], Scopus [37], Pro-
Quest Environmental [38], and Cochrane Reviews [39].
We hand-vetted all reference lists for included studies
to incorporate studies that may have been missed in the
initial search. Complete lists of search terms and records
retrieved for each database during the two search periods
are included in Tables S1 and S2.
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Study selection
Included papers must have been peer-reviewed, pub-
lished in English, and published from 2017 to the date
the search was carried out to be considered in the final
analysis. All search results were exported to Covidence
[40]. We first screened titles and abstracts for inclusion
criteria, and then reviewed the non-excluded articles in
full text. Following full-text review, we excluded stud-
ies if they examined animal and not human populations;
did not include the outcome, exposure, or population of
interest; or did not present novel data. Additionally, we
excluded Review, Narrative, or Perspective papers. Two
authors (C.O. and E.J.C.) independently screened and
reviewed articles for inclusion or exclusion and met to
decide on final selection. A third author (S.C.A.) adjudi-
cated if the two authors could not come to a consensus.
When referencing specific results of manuscripts
included in this review, we adopt the language used by
those manuscripts (e.g., women, females, mothers). In
our broader discussions on the implications of such
work, we have chosen to use gender-inclusive terms (e.g.,
pregnant persons, parent, etc.).

Rate the quality and strength of evidence

We evaluated the quality and strength of the evidence by:
(1) assessing the “risk of bias” of individual studies, fol-
lowing Johnson et al. [31]; (2) evaluating the quality of
evidence across the selected studies; and (3) rating the
strength of the evidence across the breadth of studies.

Risk of bias assessment

We used the Risk of Bias instrument described by John-
son et al. [31]. Two authors (C.O. and E.J.C.) indepen-
dently analyzed the risk of bias for each included study
and met to decide on final bias designations. A third
author (S.C.A.) adjudicated if the two authors could
not come to a consensus. Each risk of bias domain was
assigned as “low risk,” “probably low risk,” “probably high
risk,” “high risk;” or “unclear risk” (not enough informa-
tion given to provide a clear designation of risk). We
applied a protocol which outlined specific instructions
and designations for each bias classification to ensure
consistency in interpretation (Table S3).

Quality of evidence

We used three ratings to synthesize the overall qual-
ity of evidence: (1) “high;” (2) “moderate;” and (3) “low”
We first assigned an initial “moderate” quality rating to
the encompassing body of evidence. We then consid-
ered evaluation factors via “downgrades” and “upgrades”
(Table S4). Possible ratings ranged from 0 (no change
from “moderate” quality); -1 (one-level downgrade); -2
(two-level downgrade); +1 (one-level upgrade); or +2
(two-level upgrade).
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Strength of evidence

We rated the overall strength of the body of evidence
based on a combination of four considerations: (1) qual-
ity of evidence (described in previous section); (2) direc-
tion of the effect estimate; (3) confidence in the effect
estimate; and (4) other compelling data attributes that
may affect the conclusion. We compared the results of
the strength of evidence rating to definitions specified
in the Johnson et al. [31] Navigation Guide for “sufficient
evidence of toxicity, “limited evidence of toxicity, “inad-
equate evidence of toxicity,” or “evidence of lack of toxic-
ity” (Table S5).

Results

Included studies

Our search recovered 2,057 unique records, and we
added one paper identified through hand-vetting the
reference lists of each article (Fig. 1). After removing
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duplicates, we screened 1,961 papers and assessed 41
full-text articles for eligibility. Of these 41 articles, 22
were excluded for the following reasons: did not include
outcome of interest (11 excluded); did not include expo-
sure of interest (3); Review, Narrative, or Perspective arti-
cle (5); did not examine the study population of interest
(1); was an evaluation of a cohort design (1); and did not
present novel data (1).

The included studies encompassed nine countries (Bel-
gium, China, France, Greece, Iran, Israel, Netherlands,
Spain, United States) and 736,808 individuals, plus two
studies that analyzed 367 cities for which a total sample
size was not provided (Table 1). The studies ranged in
air pollutants measured (e.g., PM, 5, NO,, bound metals,
etc.) and thyroid outcomes measured (e.g., fluctuations
in hormones [TSH, T3, T4], congenital hypothyroidism,
hypothyroxinemia). Data collection ranged from 1999 to

[ Identification of studies via databases ]

Studies included in
systematic review:
(n=19)

Fig. 1 PRISMA Diagram of the literature search and screening process
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(n=97)

Records excluded:
(n=1,920)

Records identified through
= database searching:
.E (n: 2,057) _»
s
3}
b=l
N
E Records identified through
= hand-sorting of reference
lists:
(n=1)
o
é" Records screened:
= (n=1,961) —>
>
=
(3}
wn
l
)
2 Full-text articles assessed
= for eligibility:
=) (n=41) —
=
=
—

Records identified through database searching:
* Does not include outcome of interest (n=11)
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« Evaluation of a cohort design (n=1)
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Table 1 Descriptive information for all 19 included studies
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Study Study design  Location Sample  Air pollutants measured  Study Thyroid outcome Exposure
size duration  measured window
Chamotetal.  Regional Regis- Picardy Region, 6,249 PM, 5, PM,, 2021 TSH (neonatal) Third trimester
[41 try Analysis France
Ghassabian et Multi-Cohort Amsterdam, 9931 total PM, 5, PM;o, NO,, NO,, 2003-2004 TSH, hypothyroxin- First trimester
al. [42] Analysis Netherlands PM; 5 10, PM; sabsorbance emia (maternal)
(ABCD)
Rotterdam, PM, 5, PM,,, NO,, NO,, 2002-2006
Netherlands PMZ.S—WO' PMZ.Sabsorbance
(Generation R)
Spain (INMA) PM, s, PM;,, NO,, NO,, 2003-2008
PMZ‘S—WO' PMZ.Sabsorbance
Crete, Greece PM, 5, PM; o, PM;5_10, 2007-2008
(Rhea) PMZ.Sabsorbance
Massachusetts, PM, 5, NO, 1999-2002
United States
(Project Viva)
Gong et al. [43] Prospective Henan Province, 1,049 PM, 5, PMy, 2017-2019 FT4,TSH (maternal) First trimester
Cohort China
Harari-Kremer  Historical Israel 696,461 PM, s, 2009-2015 CHT (neonatal) Full pregnancy
et al. [44] Cohort Study PM;y_55 NO,, NO,
Howe et al. Retrospective  California, United 2,050 PM, 5, PM,, NO,, O3, NO, 1994-1997 TT4 (neonatal) Full pregnancy
[45] Cohort States
lliasetal. [46]  Retrospective  Athens, Greece 293 PM, 5, PM;,, NO, 2012-2018 TSH (maternal) Nine months
Cohort preceding sec-
ond and third
trimesters
Irizaretal. [47]  Prospective Gipuzkoa, Spain 463 pairs ~ PM, 5, NO, 2006-2008 TT4 (neonatal) Full pregnancy
Cohort
Janssen et al. Birth Cohort Limburg, Belgium 499 pairs ~ PM, 5 2010-2014 FT3,FT4, FT4/FT3 Third trimester
[33] ratio, TSH (maternal
and fetal)
Lietal. [48] Birth Cohort Wuhan, China 551 PM, 5 2013-2015 FT3,FT4, FT4/FT3 Preconception;
ratio, TSH (maternal)  First Trimester
Nourouzi & Birth Cohort Isfahan City, Iran 200 PM,, CO 2019-2020 TSH (fetal) Full pregnancy
Chamani [49]
Qietal. [50] National Data- ~ China 367 cit- SO,, CO, NO,, O 2014-2015 CHT (neonatal) Full pregnancy
base Analysis ies (30
provinces)
Qiuetal. [51]  Retrospective  Jinhua, China 2,528 PM, s, PM;,, SO,, CO,NO,, 2018 FT3, FT4, FT4/FT3 First trimester
Cohort PM, s-bound metals [Al, As, ratio, TSH (maternal)
Be, Cr, Pb, Mn, Ni, Se, Tl, Ba]
Shang et al. National Data-  China 30 PM, 5, PM; 2014-2015 CHT (neonatal) Full pregnancy
[52] base Analysis provinces
Sunetal.[53]  Retrospective  Beijing, China 3,180 (795 PM,s, PM;q 2012-2020 Hypothyroidism Preconcep-
Case-Control cases, (maternal) tion and early
2,385 pregnancy
controls)
Wang et al. Prospective Nanjing, China 433 pairs  PM,5, OM, BC, 5042’, NO;~,  2014-2015 FT4 (maternal), First trimester
[54] Birth Cohort NH,", soil dust TSH (maternal and
neonatal)
Zeng etal.[55] Birth Cohort Guiyu and Haoji- 204 pairs ~ PM, 5 2011-2012 FT4, FT3,TSH (fetal) Full pregnancy
ang, China
Zhang et al. Prospective Wuhan, China 921 PM, 5, PMy, 2013-2014 FT4,FT3, FT4/FT3 First trimester
[56] Birth Cohort ratio, TSH (maternal)
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Table 1 (continued)
Study Study design  Location Sample  Air pollutants measured  Study Thyroid outcome Exposure
size duration  measured window
Zhaoetal.[57] Cohort Study Shanghai, China 8,077 PM, 5 NO, 2014-2015 FT4,TSH, hypothyrox-  First and sec-
inemia (maternal) ond trimester

Zhou et al. [58]  Prospective Shanghai, China 1,060 pairs  PM,, 17 inorganic constitu- 2016-2018 FT4, FT3, FT4/FT3 Early

Birth Cohort ents above 50% detection ratio, TSH (maternal)  pregnancy

rate (Na, Al, Si, P S, CL, K,
Ca, Ti,V, Cr, Mn, Fe, Ni, Cu,

Zn, Pb)

Abbreviations: TSH, thyroid stimulating hormone; FT3, triiodothyronine; FT4, thyroxine; CHT, congenital hypothyroidism; TT4, total thyroxine; PM, s, particulate
matter of 2.5 microns; PM,, particulate matter of 10 microns; PM, 5_,,, particulate matter of 2.5-10 microns; NO,, nitrogen dioxide; O;, ozone; NO,, nitrogen oxides;
CO, carbon monoxide; SO,, sulfur dioxide; As, arsenic; Be, beryllium; Cr, chromium; Mn, manganese; Se, selenium; Tl, thallium; Ba, barium; Na, sodium; Al, aluminum;
Si, silicon; P, phosphorous; S, sulfur; Cl, chlorine; K, potassium; Ca, calcium; Ti, titanium; V, vanadium; Fe, iron; Ni, nickel; Cu, copper; Zn, zinc; Pb, lead; OM, organic

matter; BC, black carbon; SO,°7, sulfate; NO, ™, nitrate; NH,*, ammonium

2020, and exposure windows ranged from preconception
to full pregnancy term.

Measuring exposure

The studies used a diverse range of methods to measure
exposure (Table S6). Of the 19 studies, 12 used residen-
tial geocoding to improve spatial accuracy of exposure
estimates (all except 37—43). Four studies utilized fixed-
monitoring networks within their locality [46, 50-52],
12 studies used modeling (e.g., land-use regression, dis-
persion) or machine learning methods [33, 41, 43, 44, 44,
48, 49, 53-58], and three studies used a combination of
fixed-monitoring network data and pollutant modeling
[42, 45, 47]. Two studies used particle sampling, includ-
ing high volume aerosol and radial passive sampling [47]
and filter capture of particulates [51]; and one study con-
ducted personal monitoring on a sub cohort group of
their study population [58].

PM,; was the pollutant measured most frequently,
incorporated in 18 of the 19 included studies (all except
40). Nine studies incorporated exposure estimates for
PM,, [41-43, 45, 46, 51-53, 56] and eight studies used
exposure estimates for NO, [42, 44—47, 50, 51, 57]. Addi-
tionally, two studies included measurements of PM, -
bound metals and inorganic constituents [51, 58] and
one study assessed six constituents of PM,; (i.e., OM,
BC, SO,%7, NO,~, NH,*, soil dust) [54]. Other pollutants
measured in the studies included coarse particulate mat-
ter (PM,s_;0), ozone (O3), nitrogen oxides (NO,), sulfur
dioxide (SO,), and carbon monoxide (CO).

Exposure windows

Studies varied with respect to exposure windows. Five
studies assessed exposure during the first trimester only
[42, 43, 51, 54, 56], no studies assessed exposure during
second trimester only, two studies assessed exposure
during third trimester only [33, 41], and seven studies
assessed exposure during the full gestation period [44,
45, 47, 49, 50, 52, 55]. Three studies looked at exposure

during the period prior to gestation, known as precon-
ception [46, 48, 53].

Measuring outcome

Included studies measured TSH, FT4, FT3, FT4/FT3
ratio, TT4, hypothyroxinemia, hypothyroidism, and con-
genital hypothyroidism (CHT) in either pregnant women
[42, 43, 46, 48, 51, 53, 56—-58], their fetuses [49, 55], their
neonates [41, 44, 45, 47, 50, 52], or as a paired analysis
of both maternal and fetal/neonatal outcomes [33, 54].
Studies defined hypothyroxinemia as FT4 concentra-
tions in the lower 2.5th to 5th percentile (or <12.25 pg/L)
of the population despite a normal TSH level [42, 57],
hypothyroidism as TSH concentrations>4 mU/L and
FT4 concentrations below the lower limit of the refer-
ence range (0.93-1.70 ng/dL) [53], and congenital hypo-
thyroidism as a concentration of TSH higher than 10-20
pIU/ml in double testing and confirmed diagnosis by a
pediatric endocrinologist based on serum thyroid func-
tion tests [44, 50, 52].

For studies solely measuring thyroid outcomes in fetal/
neonatal populations (Table S6), newborn heel-prick was
the method used most frequently, employed in four stud-
ies [41, 44, 45, 47], followed by cord blood collection in
two studies [49, 55], and whole-blood collection in two
studies [50, 52]. Sample collection time frames ranged
from immediately after delivery [49] to within seven days
after birth [50, 52]. Most studies collected samples within
72 h after birth [41, 44, 45, 47].

For studies solely measuring thyroid outcomes in
maternal populations (Table S6), blood samples were col-
lected in six of the studies [43, 48, 51, 56—58] and mater-
nal serum was sampled in one study [42]. Ilias et al. [46]
identified women who were diagnosed with hypothyroid-
ism during pregnancy and retrospectively analyzed air
quality data during their gestation period. Sample collec-
tion time frames ranged from within the first 14 weeks
of pregnancy [42, 51, 53, 58] to second trimester [43, 46,
571].
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Janssen et al. [33] and Wang et al. [54] assessed out-
comes in mother-child pairs (Table S6). Janssen et al. [33]
used umbilical cord blood samples for the fetal popula-
tion, collected immediately after delivery, and blood sam-
ples for the maternal population, collected one day after
delivery. Wang et al. [54] utilized newborn heel-prick
samples to assess neonatal thyroid function, collected
within 72 h after birth, and maternal serum samples col-
lected during the second trimester.

Maternal and fetal/neonatal thyroid function

TSH

Main study findings for each study including whether
there was evidence of altered maternal or fetal/neo-
natal thyroid function, the outcome assessed, and the
directionality of the association can be found in Table 2.
Of the outcomes examined, TSH levels were evalu-
ated most frequently, in 13 of the 19 studies (all except
39,40,42,45,48,54). Of the studies that assessed prena-
tal air pollution exposure and maternal TSH levels, two
studies found a positive association with PM, ¢ [46, 58]
and seven studies found no association with PM, 5 [33,
42, 43, 48, 51, 56, 57]. Five studies found no association
with PM,, [42, 43, 46, 51, 56] and four studies found no
statistically significant association with NO, exposure
[42, 46, 51, 57]. Of the studies that assessed prenatal air
pollution exposure to PM, ; and fetal/neonatal TSH lev-
els, results were mixed: three studies found a positive
association [41, 49, 55], one study found an inverse asso-
ciation [33], and one study found no association [54].

T4

Two studies evaluated prenatal exposure to air pollution
and neonatal total thyroxine (TT4) measure, and both
observed a positive association between increases in
PM, ; exposure and higher TT4 levels [45, 47]. The same
studies also observed no significant association with
NO,.

FT3

Results were not congruent amongst studies that
assessed PM, ; exposure and maternal FT3 levels. Three
studies found no association [33, 56, 58], one study
found a positive association [48], and one study found an
inverse association [50]. Results were similarly inconsis-
tent amongst studies that assessed PM,; and fetal FT3
concentrations: one study found positive association [33],
and one study found no association [55].

FT4

Free thyroxine (FT4) levels were examined in nine stud-
ies [33, 43, 48, 51, 54—58]. Similar to the results of FT3,
there was inconsistency amongst findings. In studies that
evaluated PM, ; exposure and changes to maternal FT4
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concentrations, one study found a positive association
[43], five studies found an inverse association [48, 54, 56—
58], and one study found no association [33]. In studies
that evaluated PM, ; exposure and changes to fetal FT4
concentrations, one study found an inverse association
[33], and one study found no association [55].

CHT and hypothyroxinemia

Additionally, CHT was investigated in three studies [44,
50, 52] and maternal hypothyroxinemia was evaluated
in two studies [42, 57]. For studies that evaluated CHT:
two studies found a positive association between NO,
exposure and odds of developing CHT [44, 50], one study
observed a positive association between PM, 5 exposure
and risk of CHT, as well as no statistically significant
association between PM,, and CHT [52], and one study
found no association between PM,;_;, exposure and
odds of developing CHT [44]. For studies that evalu-
ated maternal hypothyroxinemia: both found a positive
association between increased exposure to PM,; and
increased odds of hypothyroxinemia as well as no asso-
ciation between exposure to NO, and odds of hypothy-
roxinemia [42, 57].

FT4/FT3 ratio

Air pollution exposure and its effect on the FT4/FT3
ratio was explored in five studies [33, 48, 51, 56, 58].
Of the studies that looked at the association between
PM, ; exposure and the FT4/FT3 ratio concentrations in
maternal samples, results differed. Two studies found no
association [33, 51], and three studies found an inverse
association [48, 56, 58]. Only one study assessed the FT4/
FT3 ratio in fetal samples [33]; authors found a signifi-
cant inverse association between increased PM, 5 expo-

sure and decreased FT4/FT3 ratio concentration in cord
blood.

Critical windows of exposure

Of the seven studies that assessed exposure during the
full gestation period, three identified critical windows
of exposure based on evidence of a significant associa-
tion [44, 45, 47]. Harari-Kremer et al. [44] identified the
third trimester as a sensitive window for exposure to NO,
and NO, and associated odds of CHT. Howe et al. [45]
identified gestation months 3-7 (strongest association
observed at month five) as critical for exposure to PM, ¢
and effects on TT4 concentration, and gestation months
1-8 (strongest effect observed at month one) as critical
for exposure to PM;, and effects on TT4 concentration.
Irizar et al. [47] identified three windows of sensitivity
for PM, 5 exposure and effects on TT4 concentration:
the preconception period, gestation weeks 12-17, and
gestation weeks 31-37. The remaining four studies that
assessed the full gestation period focused their analysis
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Table 2 Main findings for each study including whether there was evidence of altered maternal or fetal/neonatal thyroid function, the
outcome assessed, and the directionality of associations with air pollution exposure

Study Evidence of Evidence of Outcome assessed/directionality of association

altered ma- altered fetal/

ternal thyroid  neonatal thy-

function roid function
Chamotet - Yes 1 Increased exposure to PM, s and PM,, was associated with an increase in TSH concentration
al. [41]
Ghassa- Yes - 1 Increased exposure to PM, s was associated with increased odds of hypothyroxinemia
bian et al. ® No statistically significant association between exposure to PM; g, PM, 510, PM; s.060mancer NO2
[42] and NO, and odds of hypothyroxinemia or high TSH concentration. No statistically significant as-

sociation between exposure to PM, s and odds of high TSH concentration
Gongetal. Yes - 1 Increased exposure to PM, ;s and PM, , was associated with an increase in FT4 concentration
[43] O No statistically significant association between exposure to PM, s and PM;, and TSH
concentration

Harari- - Yes 1 Increased exposure to NO, and NO, was associated with increased odds of developing CHT
Kremer et O No statistically significant association between exposure to PM, s and PM;, s and odds of
al. [44] developing CHT
Howeet - Yes 1 Increased exposure to PM, 5 and PM, 4 was associated with increased TT4 concentration
al. [45] O No statistically significant association between NO,, O;, or NOx and TT4 concentration
lliasetal.  Yes - 1 Increased exposure to PM, s was associated with increased logTSH concentration
[46] ® No statistically significant association between exposure to PM,, and NO, and TSH concentration
Irizaretal. - Yes 1 Increased exposure to PM, s was associated with increased TT4 concentration
[47] ® No statistically significant association between exposure to NO, and TT4 concentration
Janssenet No Yes | Increased exposure to PM, s was associated with decreased fetal TSH, FT4, and FT4/FT3 ratio
al. [33] concentrations

1 Increased exposure to PM, s was associated with increased fetal FT3 concentration
® No statistically significant associations between exposure to PM, ; and maternal FT4, FT3, FT4/
FT3 ratio, or TSH concentrations

Lietal Yes - 1 Increased exposure to PM, s was associated with increased FT3 concentration

[48] 1 Increased exposure to PM, s was associated with decreased FT4 and FT4/FT3 ratio concentration
O No statistically significant associations between exposure to PM, s and TSH concentration

Nourouzi - Yes 1 Increased exposure to PM, ;s and CO was associated with increased TSH concentration

& Chamani

[49]

Qietal - Yes 1 Increased exposure to O; and NO, was associated with an increased risk of CHT

[50] O No statistically significant association between exposure to SO, and CO and risk of CHT

Qiuetal.  Yes - 1 Increased exposure to PM, ;-bound Ba was associated with increased FT4 concentration.

[51] Increased exposure to PM, ;-bound Be and Mn were associated with increased FT3 concentration.

Increased exposure to PM, s-bound As, Cr, Se, Tl, and Ba were associated with increased FT4/FT3
ratio concentration

1 Increased exposure to CO, NO,, and PM, s-bound Be, Pb, Mn, and Ni were associated with de-
creased FT4 concentration. Increased exposure to PM, 5, PM,,, CO, SO,, and PM, s-bound As, Cr, Se,
and Tl were associated with decreased FT3 concentration. Increased exposure to PM, s-bound Al
Be, Pb, Mn, and Ni were associated with decreased FT4/FT3 ratio concentration

®© No statistically significant associations were observed between exposure to any of the pollutants
and TSH concentration

Shanget - Yes 1 Increased exposure to PM, 5 was associated with an increased risk of CHT

al. [52] O No statistically significant association between exposure to PM,, and risk of CHT

Sunetal. Yes - 1 Increased exposure to PM, s and PM,, (particularly 60 days preconception — month of concep-
[53] tion) was associated with increased risk of hypothyroidism

Wanget  Yes No | Increased exposure to PM, s was associated with decreased maternal FT4 concentration. In-

al. [54] creased exposure to PM, s components (BC and NH,*) was associated with decreased maternal FT4

concentration
O No statistically significant association between exposure to PM, s and its components and neo-
natal TSH concentration
Zengetal. -- Yes 1 Increased exposure to PM, s was associated with higher odds of abnormal fetal TSH concentration
[55] O No statistically significant association between exposure to PM, s and odds of abnormal fetal FT3
or FT4 concentration
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Study Evidence of Evidence of Outcome assessed/directionality of association
altered ma- altered fetal/
ternal thyroid  neonatal thy-
function roid function
Zhanget Yes - 1 Increased exposure to PM, s was associated with decreased FT4 and FT4/FT3 ratio concentration
al. [56] O No statistically significant association was found between exposure to PM, s and FT3 and TSH
concentration. No statistically significant association was found between PM,, and any of the
thyroid hormones measured
Zhaoetal. Yes - 1 Increased exposure to PM, s was associated with an increased risk in hypothyroxinemia
[57] 1 Increased exposure to PM, s (particularly in the second trimester) and NO, (particularly in the first
trimester) was associated with decreased FT4 concentration
© No statistically significant association was found between PM, s and NO, and TSH concentration.
There was no statistically significant association found between NO, and risk of hypothyroxinemia
Zhouetal. Yes - 1 Increased exposure to PM, s was associated with increased TSH concentration. Increased expo-
[58] sure to constituent Al and Si was associated with increased FT4 concentration

1 Increased exposure to PM, s was associated with decreased FT4 and FT4/FT3 ratio concentration.
Increased exposure to Zn was associated with decreased FT4 concentration. Increased exposure to
K, Mn, and Zn weas associated with decreased FT4/FT3 ratio concentration

® No statistically significant association was found between PM, s and inorganic constituents and
FT3 concentration

Symbols: -, not evaluated; 1, positive association; |, inverse association; ©, no statistically significant association

Chamot et al 2023

Ghassabian et al 2019

Gong et al 2023

Harari-Kremer et al 2021

Howe et al 2018

Ilias et al 2020

Irizar et al 2021

Janssen et al 2017

Lietal 2021

Nourouzi & Chamani 2021

Qi etal 2021

Qiu et al 2022

Shang et al 2019

Sun et al 2023

Wang et al 2019

Zeng et al 2022

Zhang et al 2022

Zhao et al 2019

Zhou et al 2022
Recruitment

Strategy

Conflict of  Other Bias
Interest

Selective
Outcome
Reporting

Blinding

Confounding Incomplete
Outcome

Data

Exposure
Assessment

Unclear Risk

Low Risk

Probably Low Risk
Probably High Risk
High Risk

—

Fig. 2 Risk of bias designations for each included study. Table S7 includes the rationale for the designations for each study

on the spatial aspects of exposure [49] or on the level of
exposure [50, 52, 55], and therefore did not assess critical
windows of exposure.

Risk of bias assessment

The included studies had a moderate risk of bias. All
studies were rated as ‘low risk’ or ‘probably low risk’ for
selective outcome reporting, conflict of interest, recruit-
ment strategy, and other biases (Fig. 2). Almost all of

the studies were determined to have an ‘unclear’ level
of risk for blinding due to the insufficiency of evidence
provided to make a clear designation of risk. Risk of bias
for exposure assessment was determined as ‘high risk’ for
almost all studies (63%), as the methods were deemed not
robust (e.g., did not geocode to participant residence, did
not address participant mobility, or only used fixed-site
monitoring). All studies were rated as ‘probably high risk’
of bias for exposure assessment at the start due to the
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inability of studies to account for the full exposure pro-
file, including exposures at work, during travel, etc. All
studies were rated as ‘high risk’ or ‘probably high risk’ for
confounding as it is anticipated that the lack of account-
ing for important potential confounders is expected to
introduce some bias. All studies were rated ‘probably
high risk’ of bias for confounding at the start due to the

Table 3 Ratings and rationale for downgrading and upgrading
factors applied to studies that evaluated PM, s, and overall quality
of the body of evidence. Table S8 presents effect estimates and
confidence intervals for the group of studies that evaluated PM, 5
Factor Rating Rationale

Downgrading factors

Risk of bias -1

The reviewers conclude that
there is a moderate, but

not substantial, risk of bias
across the included studies
The included studies direct-
ly assessed the population,
exposure, and outcome of
interest

Indirectness 0

Inconsistency -2 There was inconsistency in
results within similar popu-
lations in more than three
pollutant/outcome pairs

Included studies had
adequate sample sizes and
confidence intervals were
not considered wide (all
reported 95% confidence
intervals)

The reviewers found no in-
dication of publication bias.
The search was extensive
and comprehensive and
there is no reason to believe
that studies were missing
from the body of evidence

Imprecision 0

Publication bias 0

Upgrading factors

Large magnitude of effect 0 The estimated effects across
studies were not considered
to be large

Relationships between
concentration and response
were identified in ten or
more studies

Concentration-response +2

The reviewers did not find
evidence to suggest that
residual confounding or
additional biases would
reduce effect estimates

Confounding minimizes 0
effect

Overall rating of quality
of evidence:

Low Quality Low =-1:-1 downgrade

Evidence for risk of bias; -2 down-
grade for inconsistency
amongst pollutant effects
on thyroid outcomes;
and + 2 upgrade for
concentration-response
relationship.
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inability to adjust for pollutants not included in the stud-
ies’ analysis, including PM, ;-bound endocrine disrup-
tors, polychlorinated biphenyls, heavy metals, and others,
that could be associated with air pollution and thyroid
function. Additionally, if a study did not account for two
or more of the important potential confounders listed in
Table S3, a ‘high risk’ designation was assigned.

Quality of the body of evidence

We assessed the quality of the body of evidence using
the upgrading and downgrading factors described in
Table S4. This approach was only applied to studies that
evaluated exposure to PM, ; because this was the pollut-
ant addressed in nearly all studies (95%). Other pollutants
were not included as evaluative factors in enough stud-
ies to be able to assess the quality of evidence across the
body of literature. Generally, the studies were individually
assigned a moderate risk of bias, as ‘low risk’ or ‘probably
low risk’ was assigned for most bias categories, and ‘high
risk’ or ‘probably high risk’ was similarly assigned for
exposure assessment and confounding biases.

The findings across studies were inconsistent, resulting
in a -2 downgrading of the evidence. For example, there
were incongruent relationships in three or more pollut-
ant and outcome pairs in similar populations (e.g., three
studies found no association between PM,: exposure
and FT3 concentration, one study found a positive asso-
ciation between increased PM, ; exposure and increased
FT3 concentration, and one study found an inverse asso-
ciation between increased PM, ; exposure and decreased
FT3 concentration). There was a consistent positive con-
centration-response in ten or more of the studies which
resulted in a+2 upgrading of the quality of evidence.
Notably, Howe et al. [45] and Irizar et al. 47] identified
a positive association between increases in exposure to
PM, ; and increases in neonatal TT4 levels, and Ghas-
sabian et al. [42] and Zhao et al. [57] observed a posi-
tive relationship between increased exposure to PM, s
and odds of developing hypothyroxinemia. Because we
upgraded the body of literature based on concentra-
tion-response relationships and downgraded based on
inconsistency of the data across studies and risk of bias,
we deemed the overall quality of evidence to be “Low”
(Table 3).

Strength of the body of evidence

Our strength of the body of evidence considerations
included the quality of the body of evidence, direction of
the effect estimate, confidence in the effect estimate, and
other compelling attributes of the data. The overall qual-
ity of the body of evidence was rated as low based on the
upgrading factor of concentration-response relationships
and the downgrading factors of inconsistency in results
and risk of bias. Based on our analysis and interpretation
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of the evidence, we conclude that there is limited evi-
dence of an association between prenatal air pollu-
tion exposure and maternal and fetal thyroid function.
Chance, bias, and confounding cannot be ruled out with
reasonable confidence as the relationship is constrained
by inconsistency of findings across individual studies. As
more research is made available, it is possible that the
observed effect could change.

Discussion

We conducted a systematic review of human popula-
tion health studies to examine evidence for associations
between prenatal air pollution exposure and maternal
and fetal thyroid outcomes. We found limited evidence
for associations based on 19 studies examining a range of
air pollutants (PM, 5, PM,,, PM, ;_;o, NO,, O,, NO,, CO,
SO, PM,:-bound metals and inorganic constituents,
OM, BC, SO,*7, NO,~, NH,*, soil dust) and maternal
and fetal/neonatal thyroid outcomes (congenital hypo-
thyroidism, hypothyroxinemia, hypothyroidism, FT3,
FT4, TT4, TSH, and FT4/FT3 ratios). The overall risk
of bias across the studies was rated as moderate and the
quality of the body of evidence was rated as low.

Among the pollutants, PM, ; was most consistently and
significantly associated with differences in fetal/neona-
tal and maternal thyroid hormone concentrations, with
17 (89%) of the included studies finding an association.
To a lesser extent, traffic-related air pollutants, such as
NO, had significant effects on thyroid outcomes. There
was less evidence to support that exposure to other air
pollutants, such as PM,,, NO, CO, SO,, O, and oth-
ers, contributed to alterations in thyroid hormone levels
in both pregnant persons and their children. In terms of
health outcomes, we found positive associations between
increased exposure to PM,; and higher odds of hypo-
thyroxinemia and increased neonatal TT4 concentra-
tion [42, 45, 47, 57]. Additional studies found a positive
association between increased exposure to NO, and
odds of congenital hypothyroidism [44, 50]. Associations
between air pollution and TSH, FT4, FT3, and the FT3/
FT4 ratio levels were inconsistent.

Directional effect differences associated with PM, ;-
bound metals may be in part due to the underlying bio-
logical mechanisms in exposure-response pathways
[59-61]. Prior research has shown that exposure to air
pollution contributes to alterations in maternal thyroid
function through mechanisms such as hormone syn-
thesis, transport, metabolism, and gene regulation [62].
And, some research, including from some studies incor-
porated in this review, has suggested that air pollut-
ants disrupt fetal or neonatal hormone concentrations
through changes in enzymes associated with hormone
synthesis, the obstruction of hormone metabolism, or
by impeding the placental transfer of thyroid hormones
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from mother to fetus [33, 44, 45]. Aside from the effect
that different pollutants and pollutant-bound metals may
have on hormones, differences in the directional associa-
tions of thyroid hormone concentrations may at least be
in part explained by the point of gestation at which the
serum or blood sample was taken. For example, the FT4/
FT3 ratio is a metabolic indicator of how well the body is
able to convert the T4 hormone to the T3 hormone [63].
As mentioned previously, depending on the gestational
time frame, the fetus is either more or less dependent on
the maternal production of T4 [13, 15, 16]. Thus, differ-
ences in gestational sampling windows across the studies,
coupled with biological process differences in exposure-
response pathways, may explain some of the variation in
thyroid hormone concentration findings.

At the time of this review, a critical window of exposure
for air pollution and effects on maternal and fetal thyroid
function has not been established. Critical windows, also
referred to as sensitive periods, are representative of
developmental periods when an organism is susceptible
to changes in response to environmental stimuli, and
thus are important to characterize to better understand
the underlying biological mechanisms that contribute to
adverse outcomes [64]. Results from this review support
the need for further research that aims to identify critical
windows of exposure to better understand how air pol-
lution affects the biological processes that contribute to
altered thyroid functioning.

The findings of this review support findings from other
reviews not included in this analysis, suggesting that pre-
natal exposure to air pollution may be associated with
altered thyroid functioning in pregnant persons and
their fetuses/neonates. Liu et al. [29] conducted a pooled
analysis of a subgroup of included studies that assessed
pregnancy exposure windows (primarily in the first tri-
mester), finding that PM, ; was associated with an inverse
relationship with FT4 concentration; in our review, one
study found a positive association, six studies found an
inverse association, and two studies found no statistically
significant association. Rohani et al. [30], a preprint, non-
peer reviewed article, conducted a pooled assessment for
maternal hypothyroxinemia and found that exposure to
PM, ; was associated with increased odds of maternal
hypothyroxinemia but exposure to NO, was not; this is
consistent with findings of our review.

Location was the primary driver of exposure and was
indicative of types of pollutants analyzed (PM,, PM,,
NO,, NO,, O;, and others), exposure assessment meth-
ods used, and level of exposure. For example, Harari-
Kremer et al. [44] was only able to capture NO, and NO,
exposure data for a subset of 54% of their study popula-
tion due to data availability. Spatial variability in level of
exposure may be attributed to residential proximity to
high emitting sources of air pollutants, such as highways.
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While exposure profiles were characterized by geocod-
ing to residential address in twelve (63%) studies, geoc-
oding to residential zip code in one study, and assigned
based on proximity to fixed-site monitoring data in the
remaining six studies, this does not capture the full expo-
sure profile and does not characterize internal dose. The
large portion of included studies that were conducted in
China (11 of 19; or 58%), where pollutant concentrations
were higher than in studies conducted in other parts of
the world, could have affected study results (e.g. if the
exposure-response relationship is non-linear).

The outcomes related to thyroid function evaluated in
these studies are known to be multifactorial and com-
plex. Alterations to maternal thyroid function can be
associated with factors such as autoimmunity, iodine
deficiency, and physical characteristics such as high body
mass index (BMI) [65]. Assessing thyroid hormone func-
tion during pregnancy can be further complicated due
to the natural hormonal and physiological changes that
pregnant persons undergo, as well as stress put on the
maternal thyroid during this time [66]. The compilation
of the results from studies included in this review pres-
ent some evidence that in addition to the aforementioned
associations, prenatal exposures to air pollution may
contribute to adverse outcomes related to maternal and
fetal thyroid function. Though there was heterogeneity in
findings amongst several pollutant and outcome pairs in
similar populations, we consider any alterations in thy-
roid hormone levels (both increases and decreases) as
adversely impactful due to established implications such
as fetal neurodevelopmental defects, and the develop-
ment of thyroid-related autoimmune disorders and con-
ditions (e.g., hyperthyroidism).

This review had several strengths. Including studies
from multiple countries, some of which have very large
sample sizes (e.g., hundreds of thousands of people) pro-
vides a global perspective to both exposure and outcome;
establishing that adverse maternal and fetal/neonatal
thyroid outcomes are not isolated to air pollution expo-
sures in a particular region but occur globally. Further-
more, studies included in this analysis measured health
outcomes objectively (either pulled from medical records
or registries, or collected and analyzed during the study
period), which limited outcome related self-report bias in
the analyses. However, there are several important limi-
tations of this review. Including articles only written in
English may have omitted important results from addi-
tional studies, though multiple studies from non-English
speaking countries were included. The primary limita-
tion of this review stems from the breadth of pollutants,
outcomes, and populations in included studies, which
prohibited us from being able to draw comparative con-
clusions across the body of literature. For example, we
were only able to consider upgrading and downgrading
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factors for PM, ; due to the limited number of studies
that addressed other pollutants, and were unable to look
at the quality of evidence for fetal, neonatal, and mater-
nal thyroid function separately; it would be reasonable
expect that additional literature could increase compa-
rability and elucidate differences in direction and mag-
nitude of effect estimates for individual air pollutant and
thyroid outcome combinations in distinct populations.
Additionally, a limiting factor in the body of literature
is that few studies address important confounding fac-
tors that are associated with air pollution and/or thyroid
hormone outcomes; some studies collected covariate
information through self-reported questionnaires, which
could introduce bias.

Because there is some possibility that differences in
study outcomes are driven by the diverse approaches
used to measure exposures and outcomes across the
body of literature, future research should seek to enhance
both exposure and outcome assessment to reduce poten-
tial sources of study heterogeneity and obtain more
robust conclusions. Exposure assessment methods could
be improved by conducting personal monitoring, which
is considered the gold standard of exposure assessment,
though this could pose cost and logistical constraints
that lead to reduced sample size or study periods. While
ground monitoring stations offer an accurate picture of
exposure at the earth’s surface, they only do so for the
area in the immediate vicinity. Because these stations
are oftentimes spatially distant, and in some regions of
the world nonexistent, satellite remote sensing data and
modeling tools offer an opportunity to fill in gaps in
exposure estimates. Therefore, we strongly recommend
that future work integrate satellite, model, and monitor
pollutant datasets to establish exposure profiles. Out-
come assessment methods can be improved by measur-
ing multiple thyroid hormones (TT4, FT4, FT3, TSH)
and measuring outcomes in both the pregnant person
and their offspring. The thyroid system is extremely com-
plex, and even more challenging to study during preg-
nancy due to the changes that it undergoes during this
time, therefore, the thorough collection of measurements
would be helpful to understand the intricacies of expo-
sure and outcome during this critical period. Addition-
ally, this research could be enhanced by evaluating both
exposure and outcome throughout term pregnancy, as
opposed to only evaluating at points in time or during
specific trimesters to provide a more complete picture of
how the thyroid is affected during gestation and explore
whether critical exposure windows exist for exposure to
air pollution and altered thyroid function. Thus, we rec-
ommend future studies leverage longitudinal designs as
opposed to cross-sectional evaluations; thyroid disorders
tend to develop over longer periods of prolonged stress
and therefore a cross-sectional approach may miss the
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full spectrum of, and the individual variability of, air pol-
lution exposures and associated thyroid outcomes.

Conclusion

While a significant portion of included studies in this
review present findings that suggest prenatal exposure to
air pollutants may affect maternal and fetal/neonatal thy-
roid function, using the objective framework of the Navi-
gation Guide we found the body of evidence to be both
limited and low quality. The findings from this review,
specifically prenatal exposure to PM,; and its asso-
ciation with altered maternal and fetal/neonatal thyroid
function, add to the growing body of literature on how
air pollution affects pregnant persons and their devel-
oping fetuses. Future research should seek to enhance
exposure and outcome assessment methods to reduce
study heterogeneity and gain a better understanding of
the nuanced complexities between prenatal exposure to
air pollution and thyroid function. Furthermore, future
research should focus on establishing critical windows of
exposure to air pollution and associated impacts on thy-
roid function.

Abbreviations

PM Particulate matter

NO, Nitrogen dioxide

O Ozone

COPD Chronic obstructive pulmonary disease
WHO World Health Organization

T4 Thyroxine

T3 Triiodothyronine

TSH Thyroid-stimulating hormone
PM, 5 Particulate matter of 2.5 microns
ISA Integrated Science Assessment
PECO Population, Exposure, Control, Outcome
NO, Nitrogen oxides

FT3 Free triiodothyronine

FT4 Free thyroxine

T4 Total thyroxine

CHT Congenital hypothyroidism
PM;o Particulate matter of 10 microns
PM,s_,,  Particulate matter of 2.5-10 microns
Cco Carbon monoxide
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Be Beryllium
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Se Selenium
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Si Silicon
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S Sulfur
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Ti Titanium
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Zn Zinc

Pb Lead

oM Organic matter

BC Black carbon
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NO;~ Nitrate
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LUR Land-use regression
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