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ABSTRACT: This prospective birth cohort study evaluated the association
of exposure to PM2.5 (diameter ≤2.5 μm), PM1−2.5 (1−2.5 μm), and PM1 (≤1
μm) with maternal thyroid autoimmunity and function during early
pregnancy. A total of 15,664 pregnant women were included at 6 to 13+6

gestation weeks in China from 2018 to 2020. Single-pollutant models using
generalized linear models (GLMs) showed that each 10 μg/m3 increase in
PM2.5 and PM1−2.5 was related with 6% (odds ratio [OR] = 1.06, 95%
confidence interval [CI]: 1.01, 1.12) and 15% (OR = 1.15, 95% CI: 1.08,
1.22) increases in the risk of thyroid autoimmunity, respectively. The odds of
thyroid autoimmunity significantly increased with each interquartile range
increase in PM2.5 and PM1−2.5 exposure (P for trend <0.001). PM1 exposure
was not significantly associated with thyroid autoimmunity. GLM with natural
cubic splines demonstrated that increases in PM2.5 and PM1−2.5 exposure were
associated with lower maternal FT4 levels, while a negative association between PM1 and FT4 levels was found when exposure
exceeded 32.13 μg/m3. Only PM2.5 exposure was positively associated with thyrotropin (TSH) levels. Our findings suggest that high
PM exposure is associated with maternal thyroid disruption during the early pregnancy.
KEYWORDS: PM1, PM2.5, thyroid autoimmunity, TPOAb, FT4, TSH

1. INTRODUCTION
Thyroid autoimmunity refers to the presence of the thyroid
peroxidase antibody (TPOAb), thyroglobulin antibody
(TgAb), or thyroid-stimulating hormone receptor antibody
(TRAb) alone or a combination of these three antibodies.
Thyroid autoimmunity affects approximately 18% of pregnant
women.1 During pregnancy, women suffering from thyroid
autoimmunity are at an increased risk of adverse pregnancy
outcomes, such as miscarriage and preterm birth.2−4 Pregnant
women who have thyroid antibodies are more likely to
experience postpartum thyroiditis.5,6 Thyroid autoimmunity in
mothers is also associated with impaired neurological develop-
ment and intrauterine growth retardation in the fetus.7,8

Moreover, the fetus relies completely on thyroid hormones
from the mother via placental transfer, particularly during the
first half of pregnancy.9 Common biomarkers for maternal
thyroid homeostasis, including free thyroxine (FT4), free
triiodothyronine (FT3), and thyrotropin (TSH), are essential
for fetal growth and development. Therefore, risk factors that
cause maternal thyroid disruption must be identified to avoid
adverse outcomes during pregnancy and birth. Studies have
indicated that both genetic and environmental factors play
important roles in maternal thyroid disruption. There is a

growing concern about the adverse impact of environmental
exposure during pregnancy on maternal and fetal health.10

Nine epidemiological studies have investigated the associa-
tions between maternal thyroid function and ambient
particulate matter (PM), including PM with a diameter of
≤10 μm (PM10) and a diameter of ≤2.5 μm (PM2.5) and PM2.5
constituents during pregnancy (Table S1). Pooled meta-
analysis showed that exposure to PM2.5 during pregnancy
disrupts maternal thyroid homeostasis.11 PM with a diameter
of ≤1 μm (PM1) was deemed more harmful to health than
PM2.5 and PM1−2.5 (with a diameter ranging between 1 and 2.5
μm).12 There have been no reports of maternal thyroid
function concerning exposure to PM1 and PM1−2.5 during
pregnancy. Moreover, PM2.5 exposure has been linked with an
elevated susceptibility to autoimmune diseases such as
rheumatoid arthritis, connective tissue diseases, systemic

Received: December 4, 2023
Revised: May 2, 2024
Accepted: May 2, 2024
Published: May 14, 2024

Articlepubs.acs.org/est

© 2024 The Authors. Published by
American Chemical Society

9082
https://doi.org/10.1021/acs.est.3c10191

Environ. Sci. Technol. 2024, 58, 9082−9090

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enjie+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheng+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gongbo+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yun-Ting+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaofei+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shen+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuanghua+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuanghua+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianhui+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wentao+Yue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingqing+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo-Yi+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuming+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruixia+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruixia+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guang-Hui+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenghong+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.3c10191&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10191?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10191?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10191?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10191?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10191/suppl_file/es3c10191_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10191?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/esthag/58/21?ref=pdf
https://pubs.acs.org/toc/esthag/58/21?ref=pdf
https://pubs.acs.org/toc/esthag/58/21?ref=pdf
https://pubs.acs.org/toc/esthag/58/21?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.3c10191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


lupus erythematosus, multiple sclerosis, type 1 diabetes
mellitus, and inflammatory bowel disease.13,14 Only two cohort
studies have described the correlation between prenatal
exposure to PM2.5 and maternal thyroid autoimmunity.15,16

Another two studies used TPOAb as a potential modifier to
explore the associations between PM2.5 exposure and indicators
of thyroid function.17,18 The results of these studies, however,
were not consistent. Thus, it is necessary to conduct more
investigations to verify the association of PM with maternal
thyroid autoimmunity.

The aim of this study was to evaluate the association of PM1,
PM1−2.5, and PM2.5 exposure with the development of maternal
thyroid autoimmunity during the early pregnancy, based on the
China Birth Cohort Study (CBCS).19 In addition, we assessed
the impact of PM exposure on the maternal thyroid function.

2. MATERIALS AND METHODS
2.1. Study Population. This prospective cohort study was

based on the CBCS, which has been described elsewhere.19

Participants were recruited from the Beijing Obstetrics and
Gynecology Hospital, Capital Medical University, between
February 2018 and February 2020. The exclusion criteria
included: (1) missing information on thyroid function in the
first trimester or request to withdraw; (2) missing the accurate
home address; (3) undergoing assisted reproductive technol-
ogy; (4) multiple births; and (5) a history of thyroid disease
(e.g., hypothyroidism, hyperthyroidism, and thyromegaly) or
taking medicines that may affect thyroid function before
pregnancy (e.g., levothyroxine sodium or propylthiouracil).
Participants can withdraw from the study at any stage. This
study included 15,664 pregnant women. The Ethics
Committee of Beijing Obstetrics and Gynecology Hospital
and Capital Medical University approved the protocol. All
participants signed an informed consent.

2.2. Assessment of Air Pollution. Ground-monitored
data of PM1 and PM2.5 were collected from the China
Atmosphere Watch Network (CAWNET) of the China
Meteorological Administration. The CAWNET network
included 96 stations situated in 73 cities throughout 29
provinces or municipalities within mainland China, with the
exception of the Qinghai province and Tianjin. Specifically, the
four stations in Beijing were located in Changping, Miyun,
Shunyi, and Haidian districts.20 Concentrations of PM at each
station were measured by using a GRIMM aerosol
spectrometer (Model 1.108, Grimm Aerosol Technik GmbH,
Ainring, Germany). The CAWNET provided gravimetric
equivalent values of PM1 and PM2.5. Quality controls for PM
measurements were performed by two procedures: a “limit
check” and a “climatological check”. In the process of the limit
check, each valid PM measurement was examined to ensure
that it fell within its bounds and remove any outlines. During
the climatological check, hourly PM measurements were
assessed as the median and the standard deviation (SD) at
each site. Any PM values exceeding three SDs from the median
PM have been eliminated.

A generalized additive model and random forest model were
developed to estimate the daily PM1 and PM2.5 concentrations
at a special resolution of 0.1° × 0.1° from 2018 to 2020.21,22

Results from a 10-fold cross-validation showed R2 values of 57
and 77% for daily and annual predictions for PM1 and 86 and
88% for PM2.5, respectively. The values of root mean squared
error were 20.1 and 8.6 μg/m3 for daily and annual predictions
for PM1, respectively, and 18.3 and 7.1 μg/m3 for PM2.5,

respectively. In this study, the PM1 and PM2.5 average
concentration during 0−13+6 gestational weeks for each
participant was calculated as the exposure level. The location
and relative PM exposure concentration for each participant
are shown in Figures S2 and S3. PM1−2.5 was determined by
deducting the PM1 concentration from PM2.5.

2.3. Outcome Measurement and Diagnosis.
2.3.1. TPOAb, FT4, and TSH. Venous blood samples were
collected in the first trimester (6−13+6 gestational weeks) upon
enrollment. An automatic chemiluminescence immunoanalyzer
(CENTAUR XP, Siemens) was used to determine the levels of
TPOAb, FT4, and TSH. If the participants had multiple
thyroid function test results, then, only the first determination
was used in this study.
2.3.2. Diagnosis of Thyroid Autoimmunity. TPOAb

positivity is the most frequently used biomarker of thyroid
autoimmunity.23 The diagnostic criterion for TPOAb positivity
was ≥60 U/mL.17 Diagnosis was made by certified
obstetricians or gynecologists and recorded in the participant’s
medical records.

2.4. Covariates and Modifiers. Potential confounding
variables for the association between PM and thyroid
autoimmunity were identified using a directed acyclic graph
(Figure S4) as described elsewhere.17,24,25 The maternal age,
prepregnancy body mass index (BMI), annual household
income (<200,000 CNY vs ≥200,000 CNY), educational level
(<16 years vs ≥16 years), ethnicity (Han vs minority), alcohol
consumption (yes vs no), smoking status (yes vs no), gravidity
(1 vs ≥2), season of enrollment (spring, summer, autumn, or
winter), and gestational week were included in estimates of the
effect of PM exposure on thyroid autoimmunity.

2.5. Statistical Analysis. Normality and homogeneity
were assessed by Shapiro−Wilk and Bartlett’s test for
continuous variables. FT4 and TSH values were ln-trans-
formed for statistical analysis. Mean ± SD or median ±
interquartile range (IQR) is used to present continuous
variables, while frequency with percentage is used to describe
categorical data. To reduce potential bias, baseline character-
istics of pregnant women who were included in the study were
compared with those who were excluded (Table S2).

A generalized linear regression model with natural cubic
splines in single-pollutant models was utilized to assess the
associations of PM exposure with TPOAb positivity and
biomarkers of thyroid function. Five different knots (2, 3, 4, 5,
and 6) were used to calculate the Akaike information criteria
(AIC). To keep the results comparable, models with minimal
AIC were selected, and the mean of the knots (4, located at the
0th, 33.3th, 66.7th, and 100th) was used in a natural cubic
spline model.26 Next, a likelihood ratio test was conducted to
compare linear and nonlinear models and evaluate the
potential for nonlinearity. The results suggested that linear
models could be utilized to estimate the relationship between
PM exposure and thyroid autoimmunity with TPOAb
positivity; however, nonlinear models were suitable for
investigating the associations between PM exposure and
biomarkers of thyroid function (FT4 and TSH) (Table S3).

The odds ratio (OR) and 95% confidence interval (CI) were
estimated to determine the effect per 10 μg/m3 increase in PM
on thyroid autoimmunity with TPOAb positivity. The
participants were divided into quartiles by PM exposure and
effect estimates were scaled using the IQR. The calculation of
P-values for trends was executed. The estimated changes with
95% CI of FT4 and TSH values at the 50th, 75th, and 95th
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percentiles of PM versus minimum exposure were assessed by
using natural cubic splines.

The associations of PM exposure with maternal thyroid
autoimmunity (TPOAb positivity) and biomarkers (FT4 and
TSH) of thyroid function may differ among subgroups. To
investigate these varying associations, stratified analyses were
conducted by prepregnancy BMI (<25 kg/m2 vs ≥25 kg/m2),
maternal age (<35 years vs ≥35 years), education level (<16
years vs ≥16 years), maternal ethnicity (Han vs minority),
annual household income (<200,000 CNY vs ≥200,000 CNY),
and gravidity (1 vs ≥2). The interaction between PM1 and
PM1−2.5 was also examined by stratified analyses in which low-
and high-PM groups were defined according to the median PM
levels. Two-sample t-tests were used to calculate the P-values
for differences in associations among subgroups of potential
modifiers.27

Statistical significance was tested through the use of a two-
tailed test, with a significance level set at a P value of <0.05. All
analyses were carried out using R software, specifically version
4.2.2 provided by the R Foundation for Statistical Computing.

3. RESULTS
3.1. Participant Characteristics. This study included

15,664 pregnant women who met the inclusion and exclusion
criteria (Figure S5). The mean age was 31.78 years. The mean
prepregnancy BMI was 21.72 kg/m2. The median concen-
trations of maternal FT4 and TSH for all participants during
the first trimester were 16.03 (IQR 2.53) and 1.36 (IQR 1.31)
mIU/L, respectively. TPOAb positivity was identified in 1759
(11.2%) individuals, with a higher likelihood of being older (P
= 0.035) and experiencing multigravida (P = 0.038).
Significantly lower FT4 and higher TSH levels were found in
the TPOAb-positive group (both P < 0.001, Table 1). During
the first trimester, the median concentration of PM1, PM1−2.5,
and PM2.5 exposure was 33.83 (IQR 11.41) μg/m3, 13.26
(IQR 12.06) μg/m3, and 45.04 (IQR 16.63) μg/m3,
respectively (Table 2).

3.2. Association between Exposure to PM and TPOAb
Positivity. The associations between PM exposure and
maternal thyroid autoimmunity with TPOAb positivity were
assessed by using a generalized linear regression model (Table
3). Unadjusted analysis with a single-pollutant model showed a
positive correlation between PM2.5 and PM1−2.5 exposure and
TPOAb positivity during the first trimester. After adjustment
for the maternal age, prepregnancy BMI, annual household
income, ethnicity, educational level, smoking status, alcohol
consumption, gravidity, season of enrollment, and gestational
week, a 10 μg/m3 increase in PM2.5 and PM1−2.5 exposure was
associated with a higher risk of thyroid autoimmunity with
TPOAb positivity in the first trimester (OR for PM2.5: 1.06,
95% CI: 1.01, 1.12; and OR for PM1−2.5: 1.15, 95% CI: 1.08,
1.22). There were no significant associations found between
PM1 exposure during the first trimester and maternal thyroid
autoimmunity with TPOAb positivity. As expected, the odds of
thyroid autoimmunity with TPOAb positivity significantly
increased with every IQR escalation in PM2.5 and PM1−2.5
exposure (both P for trend <0.001) (Figure 1).

The further estimates were stratified based on the maternal
age, prepregnancy BMI, education level, annual household
income, and gravidity (Table S4). The associations between
PM2.5 and PM1−2.5 exposure and thyroid autoimmunity with
TPOAb positivity were significantly stronger in pregnant
women with an annual household income of <200,000 CNY

Table 1. Characteristics of the Study Population (n =
15,664)a

variables
total

(n = 15,664)

TPOAb
negativea

(n = 13,905)

TPOAb
positive

(n = 1759) P value

maternal age, mean
(SD), years

31.78 (3.82) 31.76 (3.81) 31.96 (3.90) 0.035

prepregnancy BMI,
mean (SD),
kg/m2

21.72 (3.17) 21.71 (3.16) 21.85 (3.28) 0.072

annual household
income, n (%)

0.739

<200,000
CNY

5683 (36.3) 5038 (36.2) 645 (36.7)

≥200,000
CNY

9981 (63.7) 8867 (63.8) 1114 (63.3)

ethnicity, n (%) 0.854
Han 14,449

(92.2)
12,824 (92.2) 1625 (92.4)

minority 1215 (7.8) 1081 (7.8) 134 (7.6)
educational levels,
years, n (%)

0.138

<16 years 3448 (22.0) 3036 (21.8) 412 (23.4)
≥16 years 12,216

(78.0)
10,869 (78.2) 1347 (76.6)

smoking status, n
(%)

0.055

yes 492 (3.1) 423 (3.0) 69 (3.9)
no 15,172

(96.9)
13,482 (97.0) 1690 (96.1)

alcohol
consumption, n
(%)

0.599

yes 720 (4.6) 644 (4.6) 76 (4.3)
no 14,944

(95.4)
13,261 (95.4) 1683 (95.7)

gravidity, n (%) 0.038
1 8375 (53.5) 7476 (53.8) 899 (51.1)
≥2 7289 (46.5) 6429 (46.2) 860 (48.9)

season of
enrollment, n (%)

0.069

spring 4024 (25.7) 3529 (25.4) 495 (28.1)
summer 3582 (22.8) 3177 (22.8) 405 (23.1)
autumn 3883 (24.8) 3453 (24.9) 430 (24.4)
winter 4175 (26.7) 3746 (26.9) 429 (24.4)

gestational weeks,
mean (SD), week

8.94 (1.62) 8.95 (1.61) 8.72 (1.82) 0.103

FT4, median
(IQR), pmol/L

16.03 (2.35) 16.06 (2.52) 15.74 (2.61) <0.001

TSH, median
(IQR), mIU/L

1.36 (1.31) 1.32 (1.25) 1.76 (1.71) <0.001

aTPOAb, thyroid peroxidase antibodies; SD, standard deviation;
BMI, body mass index; CNY, Chinese Yuan; FT4, free thyroxine;
TSH, thyroid-stimulating hormone; and IQR, interquartile range.

Table 2. Maternal Exposure Levels of PM1, PM2.5, and
PM1‑2.5 during the First Trimestera

variables (μg/m3) mean SD median Q1 Q3 IQR

PM1 33.14 8.46 33.83 27.14 38.55 11.41
PM1−2.5 12.91 7.03 13.26 7.17 19.23 12.06
PM2.5 44.62 12.33 45.04 36.12 52.75 16.63

aPM1, particulate matter with an aerodynamic diameter less than or
equal to 1 μm; PM1−2.5, particulate matter with an aerodynamic
diameter between 1 and 2.5 μm; PM2.5, particulate matter with an
aerodynamic diameter less than or equal to 2.5 μm; SD, standard
deviation; Q, quartile; and IQR, interquartile range.
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(OR for PM2.5: 1.09, 95% CI: 1.03, 1.17, P = 0.008; and OR
for PM1−2.5: 1.12, 95% CI: 1.01, 1.23, P < 0.001). These factors
did not affect the association between PM1 exposure and
thyroid autoimmunity with TPOAb positivity (all P > 0.05).

3.3. Association between Exposure to PM and
Maternal Thyroid Function. The natural cubic spline
analyses of the exposure−response association between PM
concentration and thyroid function biomarkers are shown in
Figure 2. The increases in PM2.5 and PM1−2.5 exposure were
associated with lower maternal FT4 levels. The estimated
changes in FT4 at the 50th, 75th, and 95th percentile of PM2.5
against the minimum exposure were −0.77 (95% CI: −1.05,
−0.49), −0.76 (95% CI: −1.05, −0.48), and −0.86 (95% CI:
−1.15, −0.57) pmol/L, respectively. A similar result was
obtained for PM1−2.5, and the estimated changes of FT4 at the
50th, 75th, and 95th percentile of PM1−2.5 against the
minimum exposure were −1.31 (95% CI: −1.69, −0.98),
−0.95 (95% CI: −1.29, −0.61), and −0.73 (95% CI: −1.09,
−0.37) pmol/L, respectively. The spline analyses showed a
nonlinear association of PM1 exposure with the maternal FT4
level, and additional analyses suggested a significant negative
association at a PM1 exposure of >32.13 μg/m3 (Figure 2 and
Table S5).

An increase in PM2.5 exposure was correlated with elevated
TSH levels, and the estimated changes of TSH at the 50th,
75th, and 95th percentiles for PM2.5 compared to the
minimum exposure were 0.26 (95% CI: 0.09, 0.43), 0.30
(95% CI: 0.13, 0.48), and 0.30 (95% CI: 0.12, 0.48) mIU/L,
respectively. The results demonstrated that there was no link
between PM1 and PM1−2.5 exposure and maternal TSH levels
(Figure 2 and Table S5).

The stratified analyses showed that the annual household
income significantly modified the association between PM
exposure and the FT4 concentration. Generally, stronger
associations were observed between PM exposure (PM1,
PM1−2.5, and PM2.5) and FT4 levels among individuals with
low household income than those with high household income
(all P < 0.05 except 95th of PM2.5 with P = 0.052). No other
factors cause significant modification of the associations
between exposure to PM and maternal FT4 levels (all P >
0.05; Tables S6, S7, and S8). Moreover, these potential
modifiers did not affect the relationships between PM exposure
and maternal TSH levels (Tables S9, S10, and S11).

3.4. Interaction between PM Exposure and Maternal
Thyroid Disruption. The interactions between PM1 and
PM1−2.5 exposure with thyroid autoimmunity and maternal
FT4 and TSH levels were explored by stratified analyses and
classified PM levels (Tables S12, S13 and S14). No interaction
was found between PM1 and PM1−2.5 in association with
positive TPOAb and maternal levels of FT4 and TSH (all P >
0.05).

4. DISCUSSION
This prospective birth cohort study found that PM2.5 and
PM1−2.5 exposure was associated with an elevated risk of
maternal thyroid autoimmunity with TPOAb positivity during
the first trimester. Increases in exposure to PM2.5 and PM1−2.5
were correlated with lower maternal FT4 levels, and a negative
association was found between PM1 and FT4 levels when the
exposure exceeded 32.13 ug/m3. Only PM2.5 exposure was
positively associated with the levels of maternal TSH. These
findings provide epidemiological evidence that PM exposure
may have adverse effects on maternal thyroid function.

Indicators affecting thyroid homeostasis can be significantly
disrupted by environmental pollutants. Pregnant women with

Table 3. Adjusted Association between PM1, PM2.5, PM1−2.5,
and Maternal Thyroid Autoimmunity with TPOAb
Positivity in the First Trimester

crude model adjusted modela

OR (95% CI) P value OR (95% CI) P value

PM1 1.06 (0.98, 1.14) 0.151 1.05 (0.97, 1.13) 0.198
PM1−2.5 1.14 (1.08, 1.21) <0.001 1.15 (1.08, 1.22) <0.001
PM2.5 1.06 (1.01, 1.12) 0.017 1.06 (1.01, 1.12) 0.024
aAdjusted for the maternal age, prepregnancy BMI, annual household
income, ethnicity, educational levels, smoking status, drinking status,
gravidity, seasons of enrollment, and gestational weeks. PM1,
particulate matter with an aerodynamic diameter less than or equal
to 1 μm; PM1−2.5, particulate matter with an aerodynamic diameter
between 1 and 2.5 μm; PM2.5, particulate matter with an aerodynamic
diameter less than or equal to 2.5 μm; TPOAb, thyroid peroxidase
antibodies; OR, odds ratio; and 95% CIs, confidence intervals.

Figure 1. Adjusted odds ratio (95% CI) for positive TPOAb in relation to PM1, PM1−2.5, and PM2.5 quartiles (Q1 = reference) in the first trimester.
PM1, particulate matter with an aerodynamic diameter less than or equal to 1 μm; PM1−2.5, particulate matter with an aerodynamic diameter
between 1 and 2.5 μm; PM2.5, particulate matter with an aerodynamic diameter less than or equal to 2.5 μm; Q: quartile; OR, odds ratio; and 95%
CIs, confidence intervals.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c10191
Environ. Sci. Technol. 2024, 58, 9082−9090

9085

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10191/suppl_file/es3c10191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10191/suppl_file/es3c10191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10191/suppl_file/es3c10191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10191/suppl_file/es3c10191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10191/suppl_file/es3c10191_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10191?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10191?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10191?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10191?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c10191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


TPOAb positivity are at an increased risk of experiencing
subclinical and overt hypothyroidism, which may lead to
adverse outcomes for the mother and fetus.1 In this study,
11.2% of the pregnant women were diagnosed as TPOAb-
positive, consistent with previous studies of pregnant Chinese
women.18,28 We observed a positive association during the first
trimester of pregnancy between exposure to PM2.5 and PM1−2.5
and thyroid autoimmunity with TPOAb positivity, while the
association of PM1 exposure with maternal thyroid auto-
immunity showed a trend similar to that of PM2.5 exposure,
although without statistical significance. This finding aligns
with a prior study of five combined cohorts that showed that
PM exposure during early pregnancy increased the risk of
thyroid autoimmunity in one of the five cohorts.15 Wang et al.
found positive associations of PM2.5 exposure and its

components (organic matter, black carbon, sulfate, and nitrate)
with maternal TPOAb levels during pregnancy.16 Zhao et al.
observed that the influence of PM2.5 exposure on levels of
maternal FT4 was more pronounced in pregnant women who
were TPOAb-positive, compared to those who were negative
for TPOAb.17 These findings imply that pregnant women with
TPOAb-positive TPOAb cells are more susceptible to
environmentally driven disruptions in thyroid function. In
contrast, limited evidence of effect modification by the TPOAb
status was observed in a study examining the associations of
PM2.5 and PM2.5-bound metals with indicators of thyroid
function.18 Previous studies showed that endocrine disruptors
and iodine levels also altered the TPOAb status.29,30 Therefore,
future studies should consider environmental endocrine

Figure 2. Association between PM exposure and maternal thyroid function biomarkers during the first trimester. (a) PM1 exposure and the FT4
level; (b) PM1−2.5 exposure and the FT4 level; (c) PM2.5 exposure and the FT4 level; (d) PM1 exposure and the TSH level; (e) PM1−2.5 exposure
and the TSH level; and (f) PM2.5 exposure and the TSH level. PM1, particulate matter with an aerodynamic diameter less than or equal to 1 μm;
PM1−2.5, particulate matter with an aerodynamic diameter between 1 and 2.5 μm; PM2.5, particulate matter with an aerodynamic diameter less than
or equal to 2.5 μm; FT4, free thyroxine; and TSH, thyroid-stimulating hormone.
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disruptors and the iodine status when exploring the impact of
environmental pollutants on thyroid function.

The results from our study of PM2.5−FT4 associations are
consistent with a recent meta-analysis of 24,235 pregnant
women that demonstrated that during the first trimester,
maternal FT4 levels were significantly lower with exposure to
PM2.5.

11 Previous studies also demonstrated that the significant
associations of PM2.5−FT4 were also relevant in the
preconception period and the second trimester of preg-
nancy.17,31 Higher concentrations of PM2.5 components
(black carbon and ammonium) and most of the PM2.5-
bound metals including beryllium, lead, manganese, nickel, and
barium were significantly associated with maternal FT4 levels
during pregnancy.16,18 More importantly, this study is the first
to show a significant inverse correlation between PM1 exposure
and maternal FT4 at exposures of >32.13 μg/m3. These
findings must be validated in a replicate cohort.

Our study showed a significant dose−response relationship
between PM2.5 exposure during the first trimester and maternal
TSH levels. This association was also observed in a prospective
cohort study involving 1060 Chinese pregnant women during
early pregnancy.32 Ilias et al. showed a positive correlation
between log TSH and PM2.5 with 293 Greek women in the
second or third trimester.33 Furthermore, Zeng et al. showed
that maternal exposure to PM2.5 during pregnancy was
positively correlated with abnormal fetal TSH levels.34 A
recent meta-analysis revealed that with each 10 μg/m3 rise in
the PM2.5 level, the risk of elevated TSH levels (defined as
exceeding the 95th percentile) increased 1.452-fold in 357,226
participants, including adults, pregnant women, and newborns.
However, no significant association was found in the subgroup
analyses involving pregnant women.11

PM of different sizes may have different deleterious effects
on health. Some studies have suggested that smaller particles
have higher reactivity and a more toxic chemical composi-
tion.35 However, our findings suggest that PM1−2.5 may have a
greater impact on thyroid disruption than PM1 during the first
trimester of pregnancy. A recent study also indicated that
PM1−2.5 has a greater impact on lipids compared to other types
of PMs (PM1, PM2.5, PM2.5−10, and PM10).

36 This might be
caused by differences in the composition and deposition
fraction of size-fractionated PM.37,38 The total deposition
fraction of PM1 in the tracheobronchial and pulmonary airways
is significantly lower than PM1−2.5,

39 and various PM
components might influence diverse health outcomes.40

Meng et al. found that speciated PM2.5 composition is strongly
correlated with different adverse birth outcomes.41

The molecular mechanisms by which PM exposure impacts
maternal thyroid function remain unclear. Previous population-
based studies reported that high levels of PM exposure are
linked to a rise in the count of CD4+, CD8+, CD14+, CD16+,
immunoglobulin G, and natural killer lymphocytes42,43 and a
decreased number of granulocyte−macrophage colony-stim-
ulating factors and interferon-γ.44 White blood cell counts,
ferritin levels, and C-reactive protein were also affected by PM
exposure.45 These cytokine changes may reflect the role of PM
in systemic inflammation and immune dysregulation. Addi-
tionally, an animal experimental model confirmed that
exposure to PM during pregnancy could activate inflammatory
reactions, influence the distribution of T-lymphocyte subsets,
and increase oxidative stress levels, leading to dysregulation of
maternal immunity.46 Furthermore, Dong et al. suggested that
the hypothalamic−pituitary−thyroid (HPT) axis could be

activated by increased oxidative stress and inflammation
following PM exposure. The HPT axis negatively regulates
the biosynthesis and biotransformation of thyroid hormones,
causing thyroid dysfunction.47

The study has several strengths. First, maternal exposure to
PM1, PM2.5, and PM1−2.5 during the first trimester were
analyzed, and to our current understanding, this is the
pioneering research to examine the effect of exposure to
PM1 and PM1−2.5 on maternal thyroid function during
pregnancy. Second, this cohort study included the largest
samples used to date to investigate the association of ambient
PM exposure with thyroid function during pregnancy,
providing adequate statistical power to detect an effect.
Third, this is one of the first studies to assess the associations
between exposure to PM and maternal thyroid autoimmunity
and TPOAb positivity.

This study also has some limitations. First, a previous meta-
analysis suggested the intensity of the correlation of PM2.5 and
FT4/FT3 varied by the region and pollutant concentration.11

The participants in the current study were mainly from Beijing,
which might limit the applicability of our results to regions
with varying levels of ambient PM exposure. Second, ambient
PM concentration was measured based on the residential
address. There was no information available about indoor
levels of ambient PM exposure, and the workplace exposure
was not calculated. Third, gaseous environmental pollutants,
including nitrogen dioxide, ozone, sulfur dioxide, and
endocrine organic pollutants, were not considered, although
these have been reported to be associated with maternal
thyroid function. Finally, maternal blood iodine was not
measured, although iodine levels can alter thyroid function
during pregnancy.
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