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OPEN a ACCESS Objective: Thyroid dysfunction is a common endocrine problem during pregnancy; correct

diagnosis and appropriate treatments are essential to avoid adverse pregnancy outcomes.
Besides, it is vital to identify and quantify the major risk factors for gestational thyroid dys-
function, including thyroid autoimmunity, human chorionic gonadotropin (HCG) concentra-
tion, body mass index (BMI) and parity. The study objective was to establish reference
ranges during early pregnancy and to explore the relationship between risk factors and thy-
roid stimulating hormone (TSH), free thyroxine (FT4) and free triiodothyroxine (FT3).
Design, patients and measurements: To establish the reference ranges of thyroid hor-
mone during early pregnancy in China and to identify the risk factors for thyroid dysfunc-
tion, woman in the first trimester of pregnancy (4-12 weeks gestation) were recruited. Af-
ter excluding thyroid peroxidase antibody (TPO-Ab) positive and/or thyroglobulin antibody
(TG-Ab) positive women, previous thyroid disease, a lack of iodine intake, reference values
were calculated by 2.5th to 97.5th percentiles.
Results: After exclusion of TPO-Ab and/or TG-Ab positive women, reference values were as
follows: TSH, 0.11-3.67 mlU/I; FT3, 3.19-5.91 pmol/l; FT4 10.95-16.79 pmol/l. Higher BMI
was associated with lower FT4 concentrations (P=0.005). In multiple regression analysis,
TSH was significantly and positively associated with TG (P=0.03). Maternal parity and ma-
ternal age may be risk factors for the abnormal thyroidal response to hCG concentrations.
Conclusions: Our study defined first trimester-specific reference ranges for serum TSH, FT4,
FT3 in a Chinese population, and demonstrated that BMI >23kg/m?, maternal parity >3 and
maternal age >30 years may increase the risk of thyroid dysfunction.

Introduction

Thyroid dysfunction is a common endocrine disease during pregnancy, approximately 0.2-0.6% of
*“These authors contributed pregnant women suffer from hypothyroidism, and subclinical hypothyroidism occurs in an additional
equally to this work. 3.5-18.0% of pregnant women [1]. The prevalence of hyperthyroidism during pregnancy is approximately
Received: 10 July 2020 1%, of which clinical hyperthyroidism accounts for 0.4% and subclinical hyperthyroidism accounts for
Revised: 20 November 2020 0.6%, the major contributing factors are Graves disease (85%) and transient thyrotoxicosis (10%) [2,3].
Accepted: 09 December 2020 For women during pregnancy, thyroid hormone deficiency can lead to adverse pregnancy outcomes, in-
Accepted Manuscript onling: cluding premature delivery, placental abruption, miscarriage and gestational hypertension [4,5]. At the
11 December 2020 same time, thyroid hormone deficiency during pregnancy, especially in the first trimester, may cause ad-
Version of Record published: verse fetal outcomes, including low birth weight, low fetal intelligence, dysplasia of the nervous system
06 January 2021 and even stillbirth [6-10].
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The release of thyroid hormone during pregnancy is affected by many factors, such as race, iodine status, urinary
iodine status, obesity, age, HCG concentrations, parity and fetal sex. Due to the adverse relationship between thy-
roid dysfunction and adverse offspring outcomes, treatment with levothyroxine sodium (LT-4) and antithyroid drugs
is essential. However, overtreatment of thyroid dysfunction, including subclinical hypothyroidism and subclinical
hyperthyroidism, may also increase the risk of adverse outcomes in offspring. Therefore, the definition of hypothy-
roidism (OH) and hyperthyroidism is crucial. Indeed, in 2017 ATA revised the guidelines to suggest ‘Population-based
trimester-specific reference ranges for serum TSH should be defined through assessment of local population data rep-
resentative of a health care provider’s practice. Reference range determinations should only include pregnant women
with no known thyroid disease, optimal iodine intake, and negative TPO-Ab status. [11]. For pregnant women in
the United States and parts of Europe, the upper limit of TSH reference for the first trimester of pregnancy is recom-
mended to be 2.5 mU/l, and the upper limit of TSH reference for the second trimester and third trimester of pregnancy
is 3.0 mU/l, while recent evidence suggests that in Asia, India and the Netherlands the upper reference limit should
be lowered [12-18]. According to the 2017 guidelines, overt maternal hypothyroidism is defined as the presence of
elevated TSH and decreased serum FT4 concentrations during gestation, or a TSH concentration exceeding 10 mIU/I
regardless of FT4 concentration, and subclinical hypothyroidism is defined as the presence of elevated TSH with a
normal serum FT4 concentration. At the same time, the guidelines published by ATA in 2017 do not recommend
universal thyroid function screening, except for the following patients: thyroid antibody positive, >30 years of age,
with a history of adverse pregnancy outcomes, multiple prior pregnancies (>2), or morbidly obese (BMI >40 kg/m?)
were recommended to be tested for serum TSH levels. The purpose of the present study was to establish the specific
reference value of thyroid hormone in the first trimester of pregnancy in Chinese women, and to explore the effects
of HCG, blood lipid status, BMI, age and parity on thyroid hormone status.

Materials and methods

Participant characteristics

About 232 women during the first trimester of pregnancy (4-12 weeks gestational age) were recruited at the
Guangzhou Women and Childrens Medical Center, Guangzhou Medical University. Women were excluded if they
had pre-existing thyroid disease, a history of thyroid surgery or radioactive iodine treatment, family history of thyroid
dysfunction, recently taken thyroid drugs or medication which affected thyroid function such as estrogen, antidepres-
sants and anticonvulsants, multiple gestation or assisted reproductive technology. In total 167 pregnant woman were
involved in the study, all participants were invited to answer a questionnaire that included personal or family history of
thyroid disease, diet, previous pregnancies (spontaneous miscarriage history, history of fetal growth restriction, pre-
vious gestational diabetes or a history of gestational hypertension, growth and development of offspring). The study
was approved by the ethics committee of Guangzhou Women and Children’s Medical Center. All pregnant women
signed informed consent forms.

Sample analysis

Venous blood samples (3 ml volume) were collected into inert separating gelatinizing tubes, serum collected and
stored at —20°C until required for analysis. TSH, FT4, FT3, TPO-Ab, TG-Ab, triglyceride (TG), total cholesterol
(TC), low density lipoprotein (LDL), high density lipoprotein (HDL) and HCG levels were measured in the blood
serum of all subjects. TSH, FT4, FT3, TPO-Ab, TG-Ab and HCG levels were measured in all subjects using electro-
chemiluminescence immunoassay in an Abbott 12000 analyzer. The functional sensitivity of TSH is <0.002 pIU/ml,
the laboratory reference range of TSH is 0.35-4.94 mIU/l, and the laboratory reference range of FT4 and FT3 is
9.01-19.05 pmol/l and 2.63-5.70 pmol/l, respectively. The laboratory reference range of TG-Ab positive is >4.11
IU/ml, and the laboratory reference range of TPO-Ab positive is >5.61 IU/ml. The level of HCG varies dependent
on gestational age, and the laboratory reference range of 1-10 weeks is 202-231000 mIU/ml. TG, TC, LDL and HDL
in all subjects were measured using a HITACHI 7600-200 analyzer. The laboratory reference range for TG, TC and
HDL were 0.23-1.70 mmol/l, 3.4-5.2 mmol/l and 0.88-1.80 mmol/l, respectively, and the laboratory reference range
for LDL is <3.37 mmol/l. Parity was assessed as the number of pregnancies, not including losses. All participants
were not wearing shoes or heavy clothing for weight and height measurements, and BMI (kg/m?) was calculated-a
measure of body fat based on height and weight. According to the World Health Organization (WHO) appropriate
body-mass index for Asian populations, the maternal BMI was divided into three categories: underweight (<18.5
kg/m?), normal weight (18.5-22.9 kg/m?), overweight (>23 kg/m?) [19].
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Figure 1. Study flow diagram
Selection process of study.

Statistical analyses

For TSH, FT4 and FT3 analyses, the 2.5th and 97.5th percentiles were defined for all reference women excluding
TPO-Ab and/or TG-Ab positive women. The association between HCG and thyroid hormone concentrations was
studied using linear regression models, and the risk factors, including maternal age, BMI and parity were studied
using multivariable logistic regression models. P<0.05 was considered significant in all statistical tests. All statistical
analyses were stored in a Microsoft Excel database and performed with SPSS version 17.0 software.

Results

From September 2019 to December 2019, 232 women in the first trimester of pregnancy were enrolled in the study.
We excluded 9 women who had a history of thyroid dysfunction, 1 woman who had a miscarriage, and 55 women who
did not have complete information. To establish the first trimester reference range in a Chinese cohort and compared
with the 2017 ATA recommended reference range we excluded samples with positive TPO-Ab and TG-Ab status. On
this basis 130 samples were included in the final analysis (Figure 1) and the basic characteristics of the 130 participants
are shown in Table 1. We calculated the multiple of lower (2.5th percentile) and upper (97.5th percentile) limits for
thyroid hormones. The reference range values are described in Table 2 along the 95% CI. The reference range of TSH
in the first trimester was 0.11-4.06 mIU/l, lower than the upper limit of the laboratory, and a significant decrease in
TSH was observed after 7 weeks of gestation. In addition, the FT4 and FT3 reference ranges during early pregnancy
were 10.95-16.79 pmol/l and 3.19-5.91 pmol/L, respectively.

In general, higher BMI was associated with lower FT4 concentrations (Figure 2, P=0.005) and there was no as-
sociation with TSH and FT3 concentrations. In addition, BMI <18.5 kg/m?* may decrease the response of FT4 to
HCG. However, we did not find any difference in TSH and FT'3 response to HCG based on BMI. Higher parity was
associated with higher FT4 levels (Figure 3, P=0.02), which indicates that higher parity is associated with a higher
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Table 1 Clinical characteristics of the study population (n=130)

Subject Value

Age (years) 30.10 (22.30-40.00)

Weight (kg) 54.36 (41.00-80.00)

Height (m) 1.61 (1.50-1.71)

BMI (kg/m?) 21.03 (16.41-29.38)

<18.5 kg/m? (number (%)) 24 (18.46%)

18.5-23 kg/m? (number (%)) 78 (60.00%)

>23 kg/m? (number (%)) 28 (21.54%)

Gestational age (weeks) 6.89 (4.37-11.2)

HCG levels (mIU/ml) 52702.71 (754.24-216576.39)

Diet preference

Spicy (number (%)) 30(23.08%)
Light (number (%)) 78(60.00%)
No preference (number (%)) 22(16.92%)

Parity (number of pregnancies, not including losses)

1 (number (%))
2 (number (%))
>3 (number (%))
Lipid

47 (36.15%)
70 (53.85%)
13 (10.00%)

Triglyceride (TG: mmol/l) 1.07 (0.52-2.46)
Total cholesterol (TC: mmol/l) 4.28 (3.03-6.00)
high-density lipoprotein (HDL-C: mmol/l) 1.40 (0.96-2.10)
Low-density lipoprotein (LDL-C: mmol/l) 2.34(1.45-38.70)

Table 2 First trimester-specific reference ranges of thyroid function in pregnant Chinese women without TPO-Ab and/or

TG-ab positive

(n=130)

Group

No. TSH (mlIU/1) FT3 (pmol/l) FT4 (pmol/l)

Laboratory
Total

0.35-4.94 2.63-56.70 9.01-19.05
130 0.11-3.67 3.19-5.91 10.95-16.79

Gestation 4-6 weeks 62 0.12-4.66 3.70-7.62 10.98-17.04
Gestation 7-12 weeks 68 0.06-3.74 3.79-56.33 10.66-17.39

thyroidal response to HCG stimulation. Furthermore, we observed that age >30 years may be a risk factor for a lower
thyroidal response to HCG concentrations (Figure 4, P=0.04).

In multiple regression analysis, TSH was significantly and positively associated with TG (Figure 5, P=0.03). How-
ever, there was no association between FT4 or FT3 and any of the lipid profiles. After adjustment for age, BMI and
diet, there were still no significant associations between FT4, FT3 and dyslipidemia.

Discussion

The cumulative scientific evidence suggests that gestational thyroid dysfunction can cause adverse pregnancy out-
comes, including subclinical hypothyroidism, isolated hypothyroxinemia and TPO-Ab positive [9]. And thyroid hor-
mone replacement therapy can effectively reduce the risk of pregnancy loss among women with subclinical hypothy-
roidism [20]. Besides, Jansen et al. reported that both high or low maternal free thyroxine concentrations may have
adverse effects on infant IQ, grey matter and cortex volume, and overtreatment with LT4 may lead to the potential
risk of adverse child neurodevelopment outcomes [10,21]. Therefore, it is important to correctly identify thyroid
dysfunction and avoid overtreatment during pregnancy.

Due to the higher affinity of HCG and TSH receptors, the rapid increase in HCG during early pregnancy stimulates
the release of serum free thyroxine and a subsequent decrease in TSH concentrations by negative feedback control
as compared with the non-pregnant state [21,22]. As gestation increases, HCG levels continue to rise and peak at 10
weeks of gestation, declining slowly thereafter to moderate levels that are maintained until the end of pregnancy. Pre-
vious research has shown that median TSH levels at 4-6 weeks of gestation were similar to that of nonpregnant women,
but the median concentration of serum TSH decreased significantly after 7 weeks of gestation [23,24]. Similarly, in
this Chinese population TSH reference ranges were lower at 7-12 weeks gestation than at 4-6 weeks gestation, and
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Figure 2. Association between thyroid hormone and BMI
Data are shown as the 95% confidence intervals for TSH, FT4, FT3 according to BMI category (A) and HCG mediated thyroid
stimulation during early pregnancy according to BMI levels (B-D), including the estimated mean value (lines) and 95% confidence
interval (colored regions), descriptive analysis was performed after excluding TPO- Ab positive women.

different from reference value recommended by ATA. In addition, thyroid-binding globulin in the blood increases
with the change of estrogen levels during pregnancy, which leads to the increase of total TT4 and TT3, but the main
risk of adverse pregnancy outcomes and fetal outcomes were caused by free T4, so our study established the reference
values of TSH, FT4 and FT3.

Previous studies have observed that with the increase in HCG levels, FT4 showed a positive correlation and TSH
showed a negative correlation in a cohort of TPO-Ab negative women, while HCG had no association with FT4 or
TSH in a cohort of TPO-Ab positive women [22]. In the current study, we noted some differences in TSH, FT4 and
FT3 between the TPO-AD positive and TPO-Ab negative groups, but they did not achieve statistical significance,
potentially due to the small number of women included in the TPO-Ab positive group, differences in ethnicity or
iodine status (data not shown). It has been reported that Asian women have higher HCG levels than white or His-
panic women [25], and that thyroid hormone reference ranges vary greatly by ethnicity [26]. One previous study has
reported that among Chinese women during the first-trimester of pregnancy the 95% CI for TSH is 0.10 to 4.34 mU/I,
and the upper reference limit was only slightly reduced compared with the range reported in the Netherlands [27].
Sample processing and variations in assay methodology may also be important variables in establishing reference
ranges. We were not able to measure the isomeride of HCG and therefore 3-HCG levels were measured, which may
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Figure 3. Association between thyroid hormone and parity
HCG mediated thyroid stimulation during early pregnancy according to parity (A-C), including the estimated mean value (lines) and
95% confidence interval (colored regions), descriptive analysis was performed after excluding TPO- Ab positive women.

have a different affinity for the TSH receptor and affect the accuracy of the results. In addition, we did not measure
the iodine status and urinary iodine concentration, which might also impact thyroid hormone levels.

The 2017 ATA guidelines recommend screening of thyroid function in pregnant women with high-risk factors,
which may lead to missed diagnosis if only high risk cases are screened. A multicenter cohort study in China found
that screening for thyroid function only in pregnant individuals with associated high-risk factors was likely to lead to
missed diagnosis in approximately 81.6% of women with hypothyroidism and 80.4% of women with hyperthyroidism
[28]. Nowadays, environmental factors and lifestyle changes have contributed to the increasing incidence of obesity
and higher BMI [29], and our study aimed to explore the relationship between BMI and thyroid hormone levels. We
observed that higher BMI during early pregnancy was associated with a lower level of FT4, but there was no associa-
tion with between BMI and TSH or FT3 levels. Besides, BMI <18.5 kg/m? may decrease the response of FT4 to HCG.
However, we did not find an association between TSH and FT3 response to HCG based on different BMI categories.
Irrespective of ethnicity there appears to be a consistent relationship between lower FT4 concentrations and higher
BMI during early pregnancy. However, the association between TSH concentration and BMI is less clear [30-32].
Previous studies have observed the interconnection between obesity, thyroid hormone and autoimmunity [33,34].
Higher BMI is associated with higher TSH in non-pregnant women, but the mechanism underlying this association
is unclear. Leptin, a hormone-like protein predominantly secreted by adipocytes, is required for the maintenance
of TRH expression [35]. Leptin stimulates the expression of the TRH gene through the arcuate neurons projected
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Figure 4. Association between thyroid hormone and maternal age
HCG mediated thyroid stimulation during early pregnancy according to maternal age (A-C), including the estimated mean value
(lines) and 95% confidence interval (colored regions), descriptive analysis was performed after excluding TPO- Ab positive women.

onto TRH neurons and directly through leptin receptors on TRH neurons [34]. It has been suggested that if leptin
secretion is insufficient, the feedback loop between T4 or T3 and the hypothalamus-pituitary-thyroid system will be
suppressed. Postmenopausal women with subclinical or overt hypothyroidism (OH) have been demonstrated to have
higher levels of leptin [36]. In addition, after adjustment for BMI, supplemental treatment with LT4 can reduce the
levels of leptin in OH women, further confirming an association between leptin and thyroid hormone [36]. However,
the exact mechanism by which serum leptin affects thyroid hormone remains unclear. Leptin was not measured in
the present study, further research is required to determine the relationship between BMI, thyroid function and leptin
in early pregnancy.

It has been reported that thyroid hormone have direct effect on hepatic lipid metabolism [37]. Compared with
euthyroid, over hypothyroidism has been positively associated with higher TC, LDL and TG, and recovered to base-
line values with levothyroxine replacement. Elevated levels of TG have also been shown in clinical hypothyroid and
subclinical hypothyroid [38]. In addition, the prevalence of thyroid dysfunction was significantly different in young
women with different lipid profiles [39]. The present study focused on the impact of thyroid hormones on lipid
profiles in euthyroid adults. It has previously been reported that higher TSH was always accompanied by high lev-
els of TC and TG, even though TSH (5.1-10 mU/l) was only mildly elevated, the levels of TC and LDL were also
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Figure 5. Association between thyroid hormone and serum lipid levels
Correlation between different serum lipid levels and TSH, FT3 or FT4 (A-D).
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significantly higher than those with normal thyroid function [40-43]. However, there are few studies about the rela-
tionship between thyroid function and lipid disorders in pregnant women. It has been proposed that maternal FT4
was negatively associated with BMI and TG and in patients with TSH >2.5 mIU/] an abnormal HDLC/cholesterol
ratio was more commonly found [44,45]. In the present study, we found that TSH was positively associated with TG.
Thyroid hormone can actively mediate the expression of LDL receptors on the hepatocyte membrane, resulting in in-
creased circulating LDL uptake and reduced circulating cholesterol [37,46]. Hypercholesterolemia in hypothyroidism
is mainly due to a reduction in LDL receptor activity, accompanied by the weakened control effect of T3 on sterol regu-
latory element binding protein 2 (SREBP-2), which modulates cholesterol biosynthesis by regulating the rate-limiting
degrading enzyme 3-hydroxy-3-methylglutarylcoenzyme and reductase (HMG-CoA) activity. It was previously pro-
posed that the relationship between TSH and TG was regulated through its regulatory effects on thyroid hormones.
In addition, thyroid hormones also increase the activity of lipoprotein lipase, which hydrolyzes TG-rich lipoproteins
and accelerates the transfer of cholesterol esters from these lipoproteins to HDL and reduces circulating TG levels.
So in hypothyroidism, the increase of TSH may result in the weakening of the above effects, which elevated serum
TG. Besides, there are few studies on the effect of thyroid on fetal lipid metabolism. Animal experiments showed that
hypothyroidism during pregnancy had no significant effect on insulin resistance and lipid accumulation in the fetus
[47]. Further study should focus on the relationship between thyroid dysfunction and maternal lipid metabolism and
fetal lipid accumulation.

A major limitation of the study is that the sample size is small and the sample collection was mainly conducted in
autumn, which may introduce a selection bias and affect the accuracy of the results. In addition, thyroid hormone and
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HCG levels were only measured at one time point in early pregnancy, and therefore these reference values can only be
used for women <12 weeks of gestation, further study is required to establish the reference ranges for the second and
third trimesters. Iodine nutritional status and urinary iodine status of participants was not determined, although it
may influence thyroid hormone status, but a recent study from China measured serum thyroid function and urinary
iodine in an iodine-rich population during early pregnancy and observed that low urinary iodine had no significant
effect on mean TSH and FT4 concentrations [48]. A patient conducted questionnaire survey was used to investigate
the base information of the participants, such as family history of thyroid disease, history of thyroid disease, drug
use, past pregnancy, and as such there may be some information bias. Gestation age was calculated using the last
menstrual period, instead of an ultrasound estimate, introducing potential error into the dating.

In conclusion, our study has defined the first trimester-specific reference ranges for serum TSH, FT4, FT3 in a
Chinese population, and demonstrated that higher BMI (BMI >23 kg/m?), high maternal parity (parity >3) and
increased maternal age (>30 years) may be risk factors for thyroid dysfunction. Further study should focus on the
second and third trimester-specific reference ranges for serum TSH, FT4, FT3 in Chinese pregnant women.

Data Availability
The datasets generated during and analyzed during the current study are not publicly available but are available from the corre-
sponding author on reasonable request.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This work was supported by Guangzhou Science and Technology Bureau [grant number 201707010192] and Guangzhou Institute
of Pediatrics, Guangzhou Women and Children’s Medical Center [grant number GCP-2016-004].

Author Contribution

G.Z. and L.L. conceived and designed the study. H.L. and M.Y. collected the data. H.L., M.Y., Z.Z. and L.Y. analyzed the data.
H.L. and M.Y. wrote the first draft of the manuscript. H.L., M.Y., Z.Z., L.Y. and G.E.L. wrote sections of the manuscript. All authors
contributed to manuscript revision, read and approved the submitted version.

Acknowledgements
We are indebted to the excellent professional work of the research staff at Guangzhou Women and Children’s Medical Center.

Abbreviations

BMI, body mass index; FT3, free triiodothyroxine; FT4, free thyroxine; HCG, human chorionic gonadotropin; HDL , high density
lipoprotein; HMG-CoA, 3-hydroxy-3-methylglutarylcoenzyme and reductase; LDL , low density lipoprotein; SREBP-2, sterol
regulatory element binding protein 2; TC , total cholesterol; TG, triglyceride; TG-Ab, thyroglobulin antibody; TPO-Ab, thyroid
peroxidase antibody; TSH, thyroid stimulating hormone.

References

1 Korevaar, T., Medici, M., Visser, T.J. and Peeters, R.P. (2017) Thyroid disease in pregnancy: new insights in diagnosis and clinical management. Nat.
Rev. Endocrinol. 13, 610622, https://doi.org/10.1038/nrendo.2017.93

2 Krassas, G.E., Poppe, K. and Glinoer, D. (2010) Thyroid function and human reproductive health. Endocr. Rev. 31, 702-755,
https://doi.org/10.1210/er.2009-0041

3 Cooper, D.S. and Laurberg, P. (2013) Hyperthyroidism in pregnancy. Lancet Diabetes Endocrinol. 1, 238—249,
https://doi.org/10.1016/52213-8587(13)70086-X

4 Velasco, |. and Taylor, P. (2018) Identifying and treating subclinical thyroid dysfunction in pregnancy: emerging controversies. Eur. J. Endocrinol. 178,
D1-D12, https://doi.org/10.1530/EJE-17-0598

5 Wu, M., Liu, J., Wang, Y., Yang, Y., Yan, C. and Hua, J. (2019) The Impact of Subclinical Hypothyroidism on Adverse Perinatal Outcomes and the Role of
Thyroid Screening in Pregnancy. Front. Endocrinol. 10, 522, https://doi.org/10.3389/fendo.2019.00522

6 Negro, R. and Stagnaro-Green, A. (2014) Diagnosis and management of subclinical hypothyroidism in pregnancy. BMJ 349, 94929,
https://doi.org/10.1136/bmj.g4929

7 Fetene, D.M., Betts, K.S. and Alati, R. (2017) Mechanisms in Endocrinology: Maternal thyroid dysfunction during pregnancy and behavioural and
psychiatric disorders of children: a systematic review. Eur. J. Endocrinol. 177, R261-R273, https://doi.org/10.1530/EJE-16-0860

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons 9
Attribution License 4.0 (CC BY).


https://doi.org/10.1038/nrendo.2017.93
https://doi.org/10.1210/er.2009-0041
https://doi.org/10.1016/S2213-8587(13)70086-X
https://doi.org/10.1530/EJE-17-0598
https://doi.org/10.3389/fendo.2019.00522
https://doi.org/10.1136/bmj.g4929
https://doi.org/10.1530/EJE-16-0860

Bioscience Reports (2021) 41 BSR20202296

[ ]
’... FF:F? E%ELAND https:/doi.org/10.1042/BSR20202296

8 de Moura, E.G. and Passos, M.C.F. (2005) Neonatal Programming of Body Weight Regulation and Energetic Metabolism. Biosci. Rep. 25, 251-269,
https://doi.org/10.1007/s10540-005-2888-3

9 Korevaar, T., Derakhshan, A., Taylor, PN., Meima, M., Chen, L., Bliddal, S. et al. (2019) Association of Thyroid Function Test Abnormalities and Thyroid
Autoimmunity With Preterm Birth: A Systematic Review and Meta-analysis. JAMA 322, 632-641

10 Jansen, T.A., Korevaar, T..M., Mulder, T.A., White, T., Muetzel, R.L., Peeters, R.P. et al. (2019) Maternal thyroid function during pregnancy and child
brain morphology: a time window-specific analysis of a prospective cohort. Lancet Diab. Endocrinol. 7, 629-637,
https://doi.org/10.1016/S2213-8587(19)30153-6

11 Alexander, E.K., Pearce, E.N., Brent, G.A., Brown, R.S., Chen, H., Dosiou, C. et al. (2017) 2017 Guidelines of the American Thyroid Association for the
Diagnosis and Management of Thyroid Disease During Pregnancy and the Postpartum. Thyroid 27, 315-389, https://doi.org/10.1089/thy.2016.0457

12 Stagnaro-Green, A., Abalovich, M., Alexander, E., Azizi, F., Mestman, J., Negro, R. et al. (2011) Guidelines of the American Thyroid Association for the
diagnosis and management of thyroid disease during pregnancy and postpartum. Thyroid 21, 1081-1125, https://doi.org/10.1089/thy.2011.0087

13 De Groot, L., Abalovich, M., Alexander, E.K., Amino, N., Barbour, L., Cobin, R.H. et al. (2012) Management of thyroid dysfunction during pregnancy and
postpartum: an Endocrine Society clinical practice guideline. J. Clin. Endocrinol. Metab. 97, 2543-2565, https://doi.org/10.1210/jc.2011-2803

14 Yan, Y.Q., Dong, Z.L., Dong, L., Wang, F.R., Yang, X.M., Jin, X.Y. et al. (2011) Trimester- and method-specific reference intervals for thyroid tests in
pregnant Chinese women: methodology, euthyroid definition and iodine status can influence the setting of reference intervals. Clin. Endocrinol. (Oxf)
74, 262-269, https://doi.org/10.1111/j.1365-2265.2010.03910.x

15 Li, C., Shan, Z., Mao, J., Wang, W., Xie, X., Zhou, W. et al. (2014) Assessment of thyroid function during first-trimester pregnancy: what is the rational
upper limit of serum TSH during the first trimester in Chinese pregnant women? J. Clin. Endocrinol. Metab. 99, 73-79,
https://doi.org/10.1210/jc.2013-1674

16 Marwaha, R.K., Chopra, S., Gopalakrishnan, S., Sharma, B., Kanwar, R.S., Sastry, A. et al. (2008) Establishment of reference range for thyroid hormones
in normal pregnant Indian women. BJOG 115, 602-606, https://doi.org/10.1111/j.1471-0528.2008.01673.x

17 Korevaar, T.I., Schalekamp-Timmermans, S., de Rijke, Y.B., Visser, W.E., Visser, W., de Muinck, K.S. et al. (2013) Hypothyroxinemia and TPO-antibody
positivity are risk factors for premature delivery: the generation R study. J. Clin. Endocrinol. Metab. 98, 4382-4390,
https://doi.org/10.1210/jc.2013-2855

18 Moon, H.W., Chung, H.J., Park, C.M., Hur, M. and Yun, Y.M. (2015) Establishment of trimester-specific reference intervals for thyroid hormones in
Korean pregnant women. Ann. Lab. Med. 35, 198-204, https://doi.org/10.3343/alm.2015.35.2.198

19 Consultation., W.E. (2004) Appropriate body-mass index for Asian populations and its implications for policy and intervention strategies. Lancet 363,
157-163

20 Maraka, S., Mwangi, R., Mccoy, R.G., Yao, X., Sangaralingham, L.R., Singh, 0.N. et al. (2017) Thyroid hormone treatment among pregnant women with
subclinical hypothyroidism: US national assessment. BMJ 356, i6865, https://doi.org/10.1136/bm;.i6865

21 Korevaar, T.I., Muetzel, R., Medici, M., Chaker, L., Jaddoe, V.W., de Rijke, Y.B. et al. (2016) Association of maternal thyroid function during early
pregnancy with offspring 1Q and brain morphology in childhood: a population-based prospective cohort study. Lancet Diab. Endocrinol 4, 35-43,
https://doi.org/10.1016/S2213-8587(15)00327-7

22 Korevaar, T.I., Steegers, E.A., Pop, V.J., Broeren, M.A., Chaker, L., de Rijke, Y.B. et al. (2017) Thyroid Autoimmunity Impairs the Thyroidal Response to
Human Chorionic Gonadotropin: Two Population-Based Prospective Cohort Studies. J. Clin. Endocrinol. Metab. 102, 69-77

23 Andersen, S.L., Andersen, S., Carlé, A., Christensen, PA., Handberg, A., Karmisholt, J. et al. (2019) Pregnancy Week-Specific Reference Ranges for
Thyrotropin and Free Thyroxine in the North Denmark Region Pregnancy Cohort. Thyroid 29, 430-438, https://doi.org/10.1089/thy.2018.0628

24 Laurberg, P, Andersen, S.L., Hindersson, P., Nohr, E.A. and Olsen, J. (2016) Dynamics and Predictors of Serum TSH and fT4 Reference Limits in Early
Pregnancy: A Study Within the Danish National Birth Cohort. J. Clin. Endocrinol. Metab. 101, 2484—2492, https://doi.org/10.1210/jc.2016-1387

25 0’Brien, J.E., Dvorin, E., Drugan, A., Johnson, M.P,, Yaron, Y. and Evans, M.I. (1997) Race-ethnicity-specific variation in multiple-marker biochemical
screening: alpha-fetoprotein, hCG, and estriol. Obstet. Gynecol. 89, 355-358, https://doi.org/10.1016/S0029-7844(96)00524-8

26 Korevaar, T.l., Medici, M., de Rijke, Y.B., Visser, W., de Muinck, K.S., Jaddoe, V.W. et al. (2013) Ethnic differences in maternal thyroid parameters during
pregnancy: the Generation R study. J. Clin. Endocrinol. Metab. 98, 3678-3686, https://doi.org/10.1210/jc.2013-2005

27 Li, C., Shan, Z., Mao, J., Wang, W., Xie, X., Zhou, W. et al. (2014) Assessment of thyroid function during first-trimester pregnancy: what is the rational
upper limit of serum TSH during the first trimester in Chinese pregnant women? J. Clin. Endocrinol. Metab. 99, 73-79,
https://doi.org/10.1210/jc.2013-1674

28 Wang, W., Teng, W., Shan, Z., Wang, S., Li, J., Zhu, L. et al. (2011) The prevalence of thyroid disorders during early pregnancy in China: the benefits of
universal screening in the first trimester of pregnancy. Eur. J. Endocrinol. 164, 263—-268, https://doi.org/10.1530/EJE-10-0660

29 Wang, T., Xu, M., Bi, Y. and Ning, G. (2018) Interplay between diet and genetic susceptibility in obesity and related traits. Front. Med. 12, 601-607,
https://doi.org/10.1007/s11684-018-0648-6

30 Pop, V.J., Biondi, B., Wijnen, H.A., Kuppens, S.M. and Lvader, H. (2013) Maternal thyroid parameters, body mass index and subsequent weight gain
during pregnancy in healthy euthyroid women. Clin. Endocrinol. (Oxf.) 79, 577-583, https://doi.org/10.1111/cen.12177

31 Gowachirapant, S., Melse-Boonstra, A., Winichagoon, P. and Zimmermann, M.B. (2014) Overweight increases risk of first trimester hypothyroxinaemia
in iodine-deficient pregnant women. Maternal Child Nutr. 10, 61-71, https://doi.org/10.1111/mcn.12040

32 Mosso, L., Martinez, A., Rojas, M.P., Latorre, G., Margozzini, P, Lyng, T. et al. (2016) Early pregnancy thyroid hormone reference ranges in Chilean
women: the influence of body mass index. Clin. Endocrinol. (Oxf.) 85, 942-948, https://doi.org/10.1111/cen.13127

33 Maciver, N.J., Thomas, S.M., Green, C.L. and Worley, G. (2016) Increased leptin levels correlate with thyroid autoantibodies in nonobese males. Clin.
Endocrinol. (Oxf.) 85, 116—121, https://doi.org/10.1111/cen.12963

34 Duntas, L.H. and Biondi, B. (2013) The Interconnections Between Obesity, Thyroid Function, and Autoimmunity: The Multifold Role of Leptin. Thyroid
23, 646653, https://doi.org/10.1089/thy.2011.0499

10 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).


https://doi.org/10.1007/s10540-005-2888-3
https://doi.org/10.1016/S2213-8587(19)30153-6
https://doi.org/10.1089/thy.2016.0457
https://doi.org/10.1089/thy.2011.0087
https://doi.org/10.1210/jc.2011-2803
https://doi.org/10.1111/j.1365-2265.2010.03910.x
https://doi.org/10.1210/jc.2013-1674
https://doi.org/10.1111/j.1471-0528.2008.01673.x
https://doi.org/10.1210/jc.2013-2855
https://doi.org/10.3343/alm.2015.35.2.198
https://doi.org/10.1136/bmj.i6865
https://doi.org/10.1016/S2213-8587(15)00327-7
https://doi.org/10.1089/thy.2018.0628
https://doi.org/10.1210/jc.2016-1387
https://doi.org/10.1016/S0029-7844(96)00524-8
https://doi.org/10.1210/jc.2013-2005
https://doi.org/10.1210/jc.2013-1674
https://doi.org/10.1530/EJE-10-0660
https://doi.org/10.1007/s11684-018-0648-6
https://doi.org/10.1111/cen.12177
https://doi.org/10.1111/mcn.12040
https://doi.org/10.1111/cen.13127
https://doi.org/10.1111/cen.12963
https://doi.org/10.1089/thy.2011.0499

Bioscience Reports (2021) 41 BSR20202296 °
https://doi.org/10.1042/BSR20202296 '. (] EROE%ELAND
°

35 Krause, A.J., Cines, B., Pogrebniak, E., Sherafat-Kazemzadeh, R., Demidowich, A.P., Galescu, 0.A. et al. (2016) Associations between adiposity and
indicators of thyroid status in children and adolescents. Pediatr. Obes. 11, 551-558, https://doi.org/10.1111/ijpo.12112

36 Teixeira, PF, Cabral, M.D., Silva, N.A., Soares, D.V., Braulio, V.B., Couto, A.P. et al. (2009) Serum leptin in overt and subclinical hypothyroidism: effect of
levothyroxine treatment and relationship to menopausal status and body composition. Thyroid 19, 443-450, https://doi.org/10.1089/thy.2007.0393

37 Sinha, R.A., Singh, B.K. and Yen, P.M. (2018) Direct effects of thyroid hormones on hepatic lipid metabolism. Nat. Rev. Endocrinol. 14, 259-269,
https://doi.org/10.1038/nrendo.2018.10

38 Jain, R.B. (2017) Associations between the levels of thyroid hormones and lipid/lipoprotein levels: Data from National Health and Nutrition Examination
Survey 2007-2012. Environ. Toxicol. Phar. 53, 133-144, https://doi.org/10.1016/j.etap.2017.05.002

39 0h, H.S., Kwon, H., Ahn, J., Song, E., Park, S., Kim, M. et al. (2018) Association Between Thyroid Dysfunction and Lipid Profiles Differs According to
Age and Sex: Results from the Korean National Health and Nutrition Examination Survey. Thyroid 28, 849-856, https://doi.org/10.1089/thy.2017.0656

40 Chin, K.Y., Ima-Nirwana, S., Mohamed, I.N., Aminuddin, A., Johari, M.H. and Ngah, W.Z. (2014) The relationships between thyroid hormones and
thyroid-stimulating hormone with lipid profile in euthyroid men. Int. J. Med. Sci. 11, 349-355, https://doi.org/10.7150/ijms.7104

41 Wang, Y., Yin, Q., Xu, M., Ni, Q., Wang, W. and Wang, Q. (2017) BMI Modulates the Effect of Thyroid Hormone on Lipid Profile in Euthyroid Adults. /nt. J.
Endocrinol. 2017, 8591986, https://doi.org/10.1155/2017/8591986

42 Garduno-Garcia, J.J., Alvirde-Garcia, U., Lopez-Carrasco, G., Padilla, M.M., Mehta, R., Arellano-Campos, 0. et al. (2010) TSH and free thyroxine
concentrations are associated with differing metabolic markers in euthyroid subjects. Eur. J. Endocrinol. 163, 273-278,
https://doi.org/10.1530/EJE-10-0312

43 Canaris, G.J., Manowitz, N.R., Mayor, G. and Ridgway, E.C. (2000) The Colorado thyroid disease prevalence study. Arch. Intern. Med. 160, 526-534,
https://doi.org/10.1001/archinte.160.4.526

44 Karbownik-Lewinska, M., Marcinkowska, M., Stepniak, J. and Lewinski, A. (2017) TSH > 2.5 mlU/I is Associated with the Increased Oxidative Damage
to Membrane Lipids in Women of Childbearing Age with Normal Thyroid Tests. Horm. Metab. Res. 5, 321-326

45 Knight, B.A., Shields, B.M., Hattersley, A.T. and Vaidya, B. (2016) Maternal hypothyroxinaemia in pregnancy is associated with obesity and adverse
maternal metabolic parameters. Eur. J. Endocrinol. 174, 51-57, https://doi.org/10.1530/EJE-15-0866

46 Duntas, L.H. and Brenta, G. (2018) A Renewed Focus on the Association Between Thyroid Hormones and Lipid Metabolism. Front. Endocrinol. 9, 511,
https://doi.org/10.3389/fendo.2018.00511

47 Xia, T., Zhang, X., Wang, Y. and Deng, D. (2018) Effect of maternal hypothyroidism during pregnancy on insulin resistance, lipid accumulation, and
mitochondrial dysfunction in skeletal muscle of fetal rats. Biosci. Rep. 38, https://doi.org/10.1042/BSR20171731

48 Shi, X., Han, C., Li, C., Mao, J., Wang, W., Xie, X. et al. (2015) Optimal and safe upper limits of iodine intake for early pregnancy in iodine-sufficient
regions: a cross-sectional study of 7190 pregnant women in China. J. Clin. Endocrinol. Metab. 100, 1630-1638,
https://doi.org/10.1210/jc.2014-3704

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 1 1
License 4.0 (CC BY).


https://doi.org/10.1111/ijpo.12112
https://doi.org/10.1089/thy.2007.0393
https://doi.org/10.1038/nrendo.2018.10
https://doi.org/10.1016/j.etap.2017.05.002
https://doi.org/10.1089/thy.2017.0656
https://doi.org/10.7150/ijms.7104
https://doi.org/10.1155/2017/8591986
https://doi.org/10.1530/EJE-10-0312
https://doi.org/10.1001/archinte.160.4.526
https://doi.org/10.1530/EJE-15-0866
https://doi.org/10.3389/fendo.2018.00511
https://doi.org/10.1042/BSR20171731
https://doi.org/10.1210/jc.2014-3704

