
Frontiers in Endocrinology | www.frontiersi

Edited by:
Marco António Campinho,

Universidade do Algarve, Portugal

Reviewed by:
Anamaria Savu,

University of Alberta, Canada
Rana Chehab,

Kaiser Permanente, United States

*Correspondence:
Zhao-min Liu

liuzhm8@mail.sysu.edu.cn
Wenjing Pan

835871005@qq.com

†Miss Guoyi Li had equal contribution
to the manuscript and shared

the first authorship

Specialty section:
This article was submitted to

Thyroid Endocrinology,
a section of the journal

Frontiers in Endocrinology

Received: 31 October 2021
Accepted: 24 January 2022
Published: 08 March 2022

Citation:
Liu Z-m, Li G, Wu Y, Zhang D,

Zhang S, Hao Y-T, Chen W, Huang Q,
Li S, Xie Y, Ye M, He C, Chen P

and Pan W (2022) Increased Central
and Peripheral Thyroid Resistance

Indices During the First Half of
Gestation Were Associated With

Lowered Risk of Gestational
Diabetes—Analyses Based on

Huizhou Birth Cohort in South China.
Front. Endocrinol. 13:806256.

doi: 10.3389/fendo.2022.806256

ORIGINAL RESEARCH
published: 08 March 2022

doi: 10.3389/fendo.2022.806256
Increased Central and Peripheral
Thyroid Resistance Indices During
the First Half of Gestation Were
Associated With Lowered Risk of
Gestational Diabetes—Analyses
Based on Huizhou Birth Cohort in
South China
Zhao-min Liu1,2*, Guoyi Li1,2†, Yi Wu1,2, Di Zhang1,2, Sujuan Zhang1,2, Yuan-Tao Hao2,
Weiqing Chen2, Qi Huang1,2, Shuyi Li1,2, Yaojie Xie3, Mingtong Ye4, Chun He4,
Ping Chen4 and Wenjing Pan4*

1 Guangdong Provincial Key Laboratory of Food, Nutrition and Health, School of Public Health, Sun Yat-sen University,
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Objectives: The study aimed to explore the relationship of thyroid function and resistance
indices with subsequent risk of gestational diabetes (GDM).

Design: This was a longitudinal study embedded in the Huizhou Birth Cohort.

Methods: A total of 2,927 women of singleton pregnancy were recruited from January to
October of 2019. Thyroid central resistance indices were evaluated by Thyroid Feedback
Quartile-Based index (TFQI), Thyrotrophy T4 Resistance Index (TT4RI), and TSH Index
(TSHI) based on plasma-free thyroxine (FT4) and thyroid-stimulating hormone (TSH) levels
during the first half of pregnancy. Thyroid peripheral sensitivity was assessed by free
triiodothyronine (FT3) to FT4 ratio (FT3/FT4), a proxy of deiodinase activity. GDM was
diagnosed between 24 and 28 weeks of gestation by a standardized 75 g oral glucose
tolerance test. Multivariable linear and logistic regression was applied to examine the
associations of thyroid markers with GDM risk.

Results: FT3 and FT3/FT4 were positively associated with both fasting and post-load
glucose levels, while TSH, TSHI, TT4RI, and TFQI were negatively associated with 1 and 2
h post-load glucose levels. Compared with the lowest quartile, GDM risk in the highest
quartile increased by 44% [odds ratio (OR) = 1.44; 95%CI, 1.08–1.92; ptrend = 0.027] for
FT3 and 81% (OR = 1.81; 95%CI, 1.33–2.46; ptrend < 0.001) for FT3/FT4, while it lowered
by 37% (OR = 0.63; 95%CI, 0.47–0.86; ptrend = 0.002] for TSHI, 28% for TT4RI (OR =
0.72; 95%CI, 0.54–0.97; ptrend = 0.06), and 37% for TFQI (OR = 0.63; 95%CI, 0.46–0.85;
ptrend < 0.001).
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Conclusions: This longitudinal study indicated that higher FT3 and FT3/FT4 and lower
central thyroid resistance indices were associated with increased risk of GDM.
Keywords: thyroid function tests, thyroid hormone resistance index, gestational diabetes mellitus, prevention, thyroid
INTRODUCTION

Pregnancy has a considerable impact on thyroid function.
Thyroid gland enlarges nearly by 40%, and its hormone
production increases by 50% during gestation (1). In early
pregnancy, increased placental human chorionic gonadotropin
(HCG) stimulates thyroid hormones [THs, including thyroxine
(T4) and triiodothyronine (T3)] secretion and causes a reduction
in thyroid-stimulating hormone (TSH) (2, 3). Thyroid diseases
are the second most common endocrine disorders affecting
women of reproductive age (4). About 10%–15% of pregnant
women suffer from thyroid disorders during pregnancy
including overt and subclinical hyper- or hypothyroidism (2,
5). Maternal thyroid disorders have been often associated with
adverse obstetric complications and outcomes (2, 6). However,
the utility of thyroid function screening during early pregnancy
is still controversial, and its implementation varied from country
to country (2).

As the major anabolic hormones, THs are critical regulators
of energy metabolism and glucose homeostasis (7), and even
variations within normal range might result in significant
metabolic consequences (8). Gestational diabetes mellitus
(GDM) is the most prevalent disease among pregnant women,
affecting up to 15%–25% of pregnancies worldwide (9) and a
recent report of 22.9% in Guangdong, South China (10).
Subclinical thyroid disorders and GDM occur frequently
during pregnancy (2). Several meta-analyses have suggested
that women of subclinical hypothyroidism [SCH, defined as
increased TSH while normal free T4 (FT4)] had increased risk
of GDM (11, 12) with greater risk being observed in early
pregnancy than the later stages (11, 13). However, longitudinal
studies on the associations of thyroid markers with GDM risk
were limited and inconclusive. Differences in study design,
ethnics, availability of laboratory data (i.e., thyroid antibodies),
different cutoffs for TSH, and diagnosis criteria for GDM might
contribute to the discrepant findings.

Owing to an inverse feedback loop, TSH and THs are
physiologically and inversely correlated. T3 and T4 inhibit
TSH secretion and synthesis and decrease the sensitivity of the
thyrotrophs to TSH. However, recent evidence showed that the
co-existence of high T4 and high TSH in diabetic patients may
implicate impaired thyroid sensitivity, a syndrome of reduced
responsiveness of target tissues to THs (14). Thyroid sensitivity
or resistance and their relationship with metabolic disorders
received increasing attention in recent years (14–17), suggesting
an additional cardio-metabolic trait predicting metabolic
disorders (18). Resistance to thyroid hormone (RTH) can be
systematized into central resistance, which affects the feedback
set point in the pituitary, and peripheral resistance, which
decreases the metabolic effects of THs on tissues (19). RTH,
n.org 2
evaluated by circulating FT4 and TSH levels, predominantly
reflects central or pituitary resistance, the grade of pituitary gland
inhibition by FT4 levels (19). Free T3 (FT3) is converted from
FT4 by deiodinase in peripheral tissues; thus, an FT3 to FT4 ratio
(FT3/FT4) could be served as not only a proxy of deiodinase
activity but also the peripheral sensitivity to THs (20). Compared
with a single thyroid marker, the composite indices could
systematically reflect the regulation of thyroid hormone
homeostasis (21). It is uncertain whether TH insensitivity
impacts the development of GDM. Exploration of such an
association during gestation would have essential clinical
significance, as thyroid hormones change dramatically since
pregnancy. We thus based on an ongoing birth cohort to
explore the temporal associations of THs and thyroid
resistance indices with subsequent risk of GDM in an iodine-
sufficient area of South China.
MATERIALS AND METHODS

This was a longitudinal study conducted in a tertiary mother and
child hospital in Huizhou city, Guangdong province, South
China. Eligible singleton pregnant women of 18–49 years were
enrolled between 10 and 20 weeks of gestation during their first
antenatal visit in the outpatient clinic for nutrition consultation
from January to October 2019. Exclusion criteria were women of
pre-existing diabetes or thyroid disorders or undergoing
medication treatment for diabetes or thyroid dysfunction and
unavailable results of thyroid testing before 20 weeks or oral
glucose tolerance test (OGTT) before 28 weeks of gestation.
Ethical approval has been obtained from the Ethical Research
Committee of Huizhou First Mother and Child Health-Care
Hospital. All participants provided written informed consents
before enrolment.

Individual information was collected by trained research staff
via face-to-face interview using a pretested questionnaire
including socio-demographics, family and medical history,
medication usages, dietary habits, and other lifestyle factors
(i.e., physical activity, smoking, and alcohol drinking) in pre-
and early pregnancy. All the biochemical data were retrieved
from the Hospital Information Management System. Maternal
blood samples were collected after 8–12 h overnight fasting and
centrifuged for 10 min at 3,000 rpm. Thyroid markers including
plasma FT3, FT4, and TSH (Roche Diagnostics, Indianapolis, IN,
USA) were quantified by immunochemiluminometric assay
(ICMA) on the Roche Cobas Elesys 602 Analyzer in the
certified clinical laboratory of the hospital. Thyroid antibodies
(TAs) including antibodies of thyroperoxidase (TPOAb), TSH
receptor (TRAb), and anti-thyroglobulin (TGAb) were measured
only for those with abnormal levels of THs (FT3 <3.1 or >6.8
March 2022 | Volume 13 | Article 806256
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pmol/L, FT4 <12 or >22 pmol/L, TSH <0.27 or >4.2 mIU/L,
according to the reference ranges of commercial reagent kits) by
immunoassay. Antibodies were regarded as positive when >34
IU/L for TPOAb, 1.75 IU/L for TRAb, and 115 IU/L for TGAb.
All the intra- and inter-assay coefficients of variation for thyroid
biomarkers were <10%. Central thyroid resistance indices were
evaluated by Thyrotroph T4 Resistance Index [TT4RI, TT4RI =
FT4 (pmol/L) × TSH (mIU/L)], TSH index [TSHI, TSHI = ln
TSH (mIU/L) + 0.1345 × FT4 (pmol/L)], and Thyroid Feedback
Quartile-Based index [TFQI, TFQI = cdf FT4 − (1 − cdf TSH);
cdf: cumulative distribution function] based on circulating FT4
and TSH levels using established formula (18, 19). TSHI defines
the maximum possible TSH response in the FT4-uninhibited
state at a theoretical FT4 value of 0. TFQI indicated the difference
between FT4 quantile and the reversed TSH quantile based on
the empirical joint distribution of FT4 and TSH. Ranks of FT4
and TSH were converted to quantiles between 0 and 1, taking
into account the sampling weights. The positive values suggested
that the HPT axis is less sensitive to the change in FT4. The
peripheral thyroid sensitivity was assessed by FT3/FT4, a proxy
of deiodinase activity.

In order to improve the accuracy and validity of diagnosis of
thyroid disorders (2), we have established the trimester- and
assay-specific reference intervals (2.5th–97.5th percentile) for
FT4 and TSH among a subsample of women (n = 602) who
were all TPOAb negative (Supplementary Table S1). Overt and
subclinical thyroid dysfunctions were determined in accordance
with the newly established reference intervals. All pregnant
women underwent a 2-h of 75 g OGTT during 24–28
gestational weeks as part of their routine antenatal screening
for GDM. GDM was diagnosed accord ing to the
recommendation of International Association of Diabetes and
Pregnancy Study Groups (IADPSG) if either of fasting or 1 or 2 h
post-load glucose level above their respective cutoffs: 0 h ≥ 5.1
mmol/L, 1 h ≥ 10.0 mmol/L, or 2 h ≥ 8.5 mmol/L (22).
STATISTICAL ANALYSIS

Statistical analysis was conducted using SPSS 21.0 software.
Participants’ characteristics and selected risk factors were
compared by GDM and non-GDM groups using either
Student’s t-test or chi-square test. Data distribution and
variance heterogeneity were tested before comparisons.
Multivariable linear regression was conducted to examine the
associations of thyroid variables with plasma glucose levels at
fasting and 1 and 2 h post-load. Multivariable logistic regression
was applied to estimate the crude and full-adjusted odds ratios
(ORs) of GDM by quartiles of THs (FT3, FT4, and TSH) and
thyroid peripheral sensitivity (FT3/FT4) and central resistance
indices (TT4RI, TSHI, and TFQI), respectively. Tests of linear
trend were performed by using the median of each quartile as a
continuous variable in the regression models. Potential
confounders were chosen based on the literature and results of
univariate or biological potentials, which included maternal age
(years), education, body mass index (BMI) of pre-pregnancy (kg/
Frontiers in Endocrinology | www.frontiersin.org 3
m2), multi-parity (yes or no), smoking (yes or no) and alcohol
drinking during early pregnancy (yes or no), and family history
of diabetes (yes or no). Thyroid variables were further
standardized to estimate GDM risk with one standard
deviation (SD) changes. Thyroid disorders during gestation
including subclinical and clinical hyper- and hypothyroidism
and isolated hypothyroxinemia (IH) were determined according
to the newly established reference intervals. GDM risk (ORs) was
estimated by logistic regression analysis for patients of various
thyroid dysfunction with women of euthyroid as the reference
group. Sensitivity analyses were conducted among women of
euthyroid status according to the newly established reference
intervals or by exclusion of those of any positive thyroid
antibodies. The characteristics of women who were included
for analysis (n = 2,927) were compared with women who were
excluded (n = 644) due to unavailable OGTT results or thyroid
testing later than 20 gestational weeks. Subgroup analyses were
performed to testify the results’ consistency by stratification of
maternal age (≤35 vs. >35 years), body mass index (BMI, <24.0
vs. ≥24.0 kg/m2) (23), parity (null vs. ≥1), and family history of
diabetes (yes vs. no), as they were the established risk factors for
GDM. Interactions were tested before subgroup analyses, and
results were only reported for p for interaction <0.15.
RESULTS

A total of 3,729 were screened and had completed thyroid data,
among which 2,927 women were included for analyses (response
rate, 78.5%) with an average age of 28.3 ± 4.4 years, pre-
pregnancy BMI of 21.2 ± 3.5 kg/m2, and 51.0% of primi-parity.
A total 516 women (17.6%) developed GDM in the second
trimester (Figure 1, study flow chart). Compared with the
non-GDM group, GDM patients were more likely to have a
higher rate of family history of diabetes, higher pre-pregnancy
BMI, and plasma FT3 and FT3/FT4 levels (Table 1). Results of
multivariable linear regression (Table 2) indicated that FT3 and
FT3/FT4 were positively associated with both fasting and post-
load glucose levels with the standardized coefficients (b) ranging
from 0.038 to 0.107 (all p < 0.05 except a marginal significance of
0.054 between FT3/FT4 and fasting glucose level), while TSH,
TSHI, TT4RI, and TFQI were negatively associated with 1 and 2
h post-load glucose levels with b of −0.067 to −0.034 (all p < 0.05
except a marginal significance of p =0.056 between TSHI and 1 h
glucose level). The assumption of linear regression has been
tested by residual plot, which indicated that the dots of residuals
were randomly dispersed around the x-axis. Compared with the
lowest quartile of FT3 and FT3/FT4, women in the highest
quartile group had significantly increased risk of GDM by 44%
(OR, 1.44; 95% CI, 1.08–1.92; ptrend = 0.027) for FT3 and 81.0%
(OR, 1.81; 95% CI, 1.33–2.46; ptrend < 0.001) FT3/FT4 (Table 3).
FT4 was, in general, inversely associated with GDM risk but with
the lowest risk being observed in Q2 group (OR, 0.69; 95% CI,
0.53–0.92). Women with 1 SD increase in FT3 and FT3/FT4 were
significantly associated with increased risk of GDM by 12% (OR,
1.12; 95% CI, 1.01–1.24) and 31% (OR, 1.31; 95% CI, 1.18–1.46),
March 2022 | Volume 13 | Article 806256
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respectively. One SD increase in TSH was associated with
decreased GDM risk by 11% (OR, 0.89; 95% CI, 0.80–0.99).
For the associations of central thyroid resistance indices with
GDM risk (Table 3), women in the highest quartile were
significantly associated with reduced risk of GDM by 37% for
TSHI (OR, 0.63; 95%CI, 0.47–0.86, ptrend = 0.002), 28% for
TT4RI (OR, 0.72; 95%CI, 0.54–0.97, ptrend = 0.026), and 37%
for TFQI (OR, 0.63; 95%CI, 0.46–0.85, ptrend = 0.001) in
comparison with the lowest quartile. One SD increase in
Frontiers in Endocrinology | www.frontiersin.org 4
TT4RI and TFQI were associated with decreased GDM risk by
15% and 18%, respectively.

Women of IH during early pregnancy had significantly
increased risk of GDM (OR = 2.79; 95% CI, 1.57–4.96, p <
0.001) compared with women of euthyroid. No significant
associations were observed in the rest of thyroid disorders,
which might be due to a small sample size (Supplementary
Table S2). Most of the characteristics of women included for
analysis (n = 2,927) were comparable with those excluded (n =
FIGURE 1 | Based on the reference ranges of thyroid hormones established based on local population, the prevalence of thyroid disorders during the first half of
pregnancy were 3.4% (n=100) for subclinical hypothyroidism, 0.1% (n=3) for overt hypothyroidism, 0.8% (n=23) for subclinical hyperthyroidism, 2.6% (n=76) for overt
hyperthyroidism and 1.9% (n=56) for isolated hypothyroxinaemia (IH) in our participants. The diagnoses of overt and subclinical hyper- and hypo- hyperthyroidism
were determined based on the newly established reference intervals of FT4 and TSH which were population and trimester specific. GDM, gestational diabetes
mellitus; GW, gestational weeks; OGTT, oral glucose tolerance test.
March 2022 | Volume 13 | Article 806256
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644) in terms of maternal age, parity, family history of diabetes
and thyroid disorders, smoking and alcohol drinking, and
physical activity (Supplementary Table S3). The significant
interactions on GDM risk were only observed between thyroid
resistance indices with family history of diabetes, TFQI, and
maternal age. Subgroup analyses (Supplementary Table S4)
suggested the inverse association of central thyroid resistance
indices with GDM risk was more evident among women of
family history of diabetes. For TFQI, the association was more
obvious in women aged above 35 years. Sensitivity analyses (data
not shown) indicated that the associations were persistent when
women of any thyroid dysfunction (n = 338) or any positive TAs
(n = 18) were excluded.
DISCUSSION

Summary of Current Findings
and Implications
Our prospective data showed that both peripheral and central
thyroid resistance indices during the first half of pregnancy
significantly affected the subsequent risk of GDM. Higher
levels of FT3 and FT3/FT4 but lower central resistance indices
Frontiers in Endocrinology | www.frontiersin.org 5
(TFQI, TT4RI, and TSHI) were associated with increased GDM
risk or glucose intolerance, even among euthyroid women. To
the best of our knowledge, this is the first study exploring the
associations of central thyroid resistance indices with GDM risk
and glycemic control. We identified FT3/FT4 as the proxy of
peripheral thyroid sensitivity, positively associated with GDM
risk. Our findings offered a new explanation for gestational
thyroid profiles and implied a potentially therapeutic measure
by modifying thyroid sensitivity during early pregnancy for
GDM prevention.

Results Explanations on Thyroid Function
and GDM Risk
We observed that higher FT3 and FT3/FT4 were associated with
increased risk of GDM or glucose intolerance. Thyroid
hormones might affect GDM risk mainly through their
influence on glucose intolerance. The findings are in line with
prior observational studies (13, 17, 24–27) although not all (3, 16,
28, 29). Zhu and colleagues (25) reported that both first and
second trimester measures of T3 and T3/FT4 were positively
associated with the risk of GDM. A cross-sectional analysis (27)
among 600 non-Hispanic white women also reported that fasting
thyroid hormones, especially T3/fT4 ratio, were significantly
TABLE 1 | Participants’ characteristics and selected risk factors by gestational diabetes status during the first trimester (n = 2,927).

Non-GDM (N = 2,411) GDM (N = 516) p value

Maternal age (years) 28.0 ± 4.1 29.8 ± 4.3 <0.001
Pre-pregnancy BMI (kg/m2) 20.9 ± 3.2 22.6 ± 4.1 <0.001
Education, n (%) 0.242
Below high school 502 (20.8) 112 (21.7)
High school or equivalent 601 (24.9) 129 (25.0)
College/university and above 1,308 (54.2) 275 (53.3)

Multi-parity, n(%) 1,244 (51.6) 249 (48.3) 0.061
Family history of type 2 diabetes, n(%) 172 (7.1) 67 (13.0) <0.001
Smoking during early pregnancy, n(%) 25 (1.1) 8 (1.6) 0.090
Alcohol drinking during early pregnancy, n(%) 93 (3.9) 17 (3.3) 0.554
FT3 (pg/ml) 4.94 ± 1.20 5.08 ± 1.68 0.033
FT4 (pmol/L) 17.26 ± 3.66 16.74 ± 4.66 0.006
TSH (mIU/L) 1.48 ± 2.00 1.33 ± 1.06 0.104
FT3/FT4 0.29 ± 0.04 0.31 ± 0.05 <0.001
March 2022 | Volume 13 | Article
For continuous variables, data are presented as mean ± standard deviation and compared by Student’s t-test. For categorical variables, data are presented as n (%) and compared by chi-
square test. Smoking was defined as smoking at least once during the first trimester; alcohol drinking was defined as alcohol drinking at least once per week with more than 100 ml per time
during the 1st trimester. GDM, gestational diabetes mellitus; BMI, body mass index; FT4, free thyroxine; FT3, free triiodothyronine; TSH, thyroid-stimulating hormones.
TABLE 2 | Multivariable linear regression on the associations of thyroid markers with levels of fasting and post-load glucose by 75 g oral glucose tolerance test (OGTT).

Fasting glucose (mmol/L) 1 h glucose level of OGTT (mmol/L) 2 h glucose level of OGTT (mmol/L)

b (95%CI) p b (95%CI) p b (95%CI) p
FT3 (pg/ml) 0.040 (0.003, 0.078) 0.032 0.082 (0.047, 0.119) <0.001 0.075 (0.040, 0.111) <0.001
FT4 (ng/dl) 0.012 (−0.025, 0.050) 0.517 −0.001 (−0.038, 0.035) 0.937 −0.005 (−0.041, 0.031) 0.796
TSH (mIU/L) −0.010 (−0.046, 0.026) 0.589 −0.058 (−0.093, 0.023) 0.001 −0.059 (−0.093, 0.024) 0.001
FT3/FT4 0.038 (−0.001, 0.077) 0.054 0.105 (0.068, 0.143) <0.001 0.107 (0.070, 0.144) <0.001
TSHI −0.018 (−0.054, 0.018) 0.328 −0.034 (−0.070, 0.001) 0.056 −0.060 (−0.089, 0.019) 0.001
TT4RI −0.014 (−0.051, 0.022) 0.432 −0.064 (−0.099, 0.028) <0.001 −0.054 (−0.102, 0.032) 0.002
TFQI −0.015 (−0.052, 0.022) 0.435 −0.043 (−0.079, 0.007) 0.020 −0.067 (−0.091, 0.019) <0.001
Multivariable linear regression was applied with adjustment being made for maternal age (year), education, smoking (yes or no) and alcohol drinking during early pregnancy (yes or no), BMI
of pre-pregnancy (kg/m2), multi-parity (yes or no), and family history of diabetes (yes or no). b, standardized coefficients; FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid-
stimulating hormone; TSHI, TSH Index; TT4RI, Thyrotroph T4 Resistance Index. TT4RI = FT4 (pmol/L) × TSH (mIU/L); TSHI = ln TSH (mIU/L) + 0.1345 × FT4 (pmol/L); TFQI = cdf FT4 − (1 −

cdf TSH). TFQI indicated the difference between FT4 quantile and the reversed TSH quantile; Cdf denoted cumulative distribution function.
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associated with maternal glucose and C-peptide levels [z score
sums (fasting and 1 and 2 h), p < 0.001], while another study in
Hispanic women suggested that GDM risk increased with
thyrotropin levels (28). Differences in study design,
demographics of study population (i.e., race/ethnicity, iodine
adequacy), and diagnostic criteria for GDM and thyroid
dysfunction, even measuring time of THs during pregnancy as
well, may have contributed to the divergent findings. Future
studies additionally testing insulin resistance might help the
Frontiers in Endocrinology | www.frontiersin.org 6
results explanation. Thyroid hormones not only have an
overall effect on metabolism that would prevent diabetes
development by increasing glucose and fatty acid oxidation but
also play a role in glucose derangement by its sensitization to
catecholamines via increasing hepatic glycogenolysis and glucose
intestinal absorption (7). T3 is the biologically active hormone
responsible for stimulating endogenous glucose production and
insulin secretion (30), yet its longitudinal association with GDM
risk were much less studied. Our findings added new evidence to
TABLE 3 | Odds ratios (ORs) and 95% confidence intervals (CIs) of gestational diabetes by quartiles and per SD increment of thyroid function markers and peripheral
and central thyroid resistance indices during first trimester among 2,927 pregnant women.

Thyroid hormones (min–max) GDM n (%) Crude OR (95%CI) Adjusted OR (95%CI) Per SD OR (95%CI)

Thyroid function markers
FT3 (pg/ml) 1.12 (1.01, 1.24)

Q1(2.84–) 115(15.4) 1.00 1.00
Q2(4.45–) 119(16.5) 1.09(0.82, 1.44) 1.08 (0.80, 1.45)
Q3(4.85–) 121(16.5) 1.09(0.82, 1.44) 0.98 (0.73, 1.32)
Q4(5.28–10.75) 161(22.2) 1.57(1.21, 2.05) 1.44 (1.08, 1.92)
P for trend 0.001 0.027

FT4 (pmol/L) 0.90 (0.80, 1.01)
Q1(8.62–) 174(23.8) 1 1
Q2(15.29–) 119(16.2) 0.62(0.48, 0.80) 0.69(0.53, 0.92)
Q3(16.67–) 115(15.8) 0.60(0.46, 0.78) 0.76(0.57, 0.996)
Q4(18.26–48.51) 108(14.8) 0.56(0.43, 0.73) 0.78(0.59, 1.04)
p for trend <0.001 0.109

TSH (mIU/L) 0.89 (0.80, 0.99)
Q1(0.0025–) 131(17.9) 1 1
Q2(0.61–) 140(19.1) 1.08(0.83, 1.41) 1.04(0.79, 1.37)
Q3(1.21–) 135(18.4) 1.04(0.80, 1.35) 0.99(0.75, 1.31)
Q4(1.98–7.93) 110(15.1) 0.81(0.62, 1.07) 0.78(0.58, 1.04)
p for trend 0.148 0.087

Peripheral thyroid resistance index
FT3/FT4 1.31 (1.18, 1.46)

Q1(0.10–) 86(11.7) 1 1
Q2(0.26–) 114(15.6) 1.39(1.03, 1.87) 1.28(0.94, 1.76)
Q3(0.29–) 133(18.2) 1.67(1.25, 2.24) 1.39(1.02, 1.90)
Q4(0.32–0.64) 183(25.0) 2.50(1.89, 3.31) 1.81(1.33, 2.46)
p for trend <0.001 <0.001

Central thyroid resistance indices
TSHI 0.91 (0.83, 1.01)

Q1(−4.04–) 141(19.3) 1 1
Q2(1.74–) 155(21.1) 1.12(0.87, 1.45) 1.11(0.85, 1.46)
Q3(2.39–) 127(17.3) 0.88(0.67, 1.15) 0.90(0.68, 1.19)
Q4(2.87–7.42) 93(12.7) 0.61(0.46, 0.81) 0.63(0.47, 0.86)
p for trend 0.000 0.002

TT4RI 0.85 (0.76, 0.95)
Q1(0.04–) 136(18.6) 1 1
Q2(10.39–) 147(20.1) 1.10(0.85, 1.43) 1.05(.079, 1.38)
Q3(19.71–) 131(17.9) 0.96(0.73, 1.25) 0.93(0.70, 1.23)
Q4(31.81–122.36) 102(14.0) 0.71(0.54, 0.94) 0.72(0.54, 0.97)
p for trend 0.011 0.026

TFQI 0.82 (0.74, 0.91)
Q1(−0.86–) 161(23.1) 1 1
Q2(−0.21–) 153(19.8) 0.83 (0.64, 1.06) 0.94(0.72, 1.23)
Q3(0.003–) 116(14.9) 0.58 (0.45, 0.76) 0.72(0.54, 0.96)
Q4(0.21–0.93) 86(12.7) 0.49 (0.36, 0.65) 0.63(0.46, 0.85)
p for trend <0.001 0.001
March 2022 | Volum
Univariate and multivariable logistic regressions were used for statistical analyses with the adjusted variables including maternal age (year), education, BMI of pre-pregnancy (kg/m2), multi-
parity (yes or no), smoking (yes or no) and alcohol drinking during early pregnancy (yes or no), family history of diabetes (yes or no). Abbreviations: GDM, gestational diabetes mellitus; FT3,
free triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hormone; TSHI, TSH Index; TT4RI, Thyrotroph T4 Resistance Index; TFQI, Thyroid Feedback Quartile-Based index.
TT4RI = FT4 (pmol/L) × TSH (mIU/L); TSHI = ln TSH (mIU/L) + 0.1345 × FT4(pmol/L); TFQI = cdf FT4 − (1 − cdf TSH). TFQI indicated the difference between FT4 quantile and the reversed
TSH quantile; Cdf denoted cumulative distribution function.
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the literature that higher FT3 in the first half of pregnancy would
increase GDM risk. Consistent with previous reports (3, 31, 32),
our results suggested that women of higher FT4 might have
lowered GDM risk. In addition, women of IH (low FT4 but
normal TSH) increased almost twofold of GDM risk. An early
review (33) suggested that low T4 observed in GDM mothers
may be compensated by increased placental availability of T3 or
T4 via activating TH transporters or reduced deiodinases in the
feto-placental circulation. This may partly explain our findings
that low FT4 or IH but high FT3/FT4 were linked with increased
GDM risk. Inconsistency in previous studies implicated that TSH
or THs alone may be insufficient to explain the relationship
between thyroid system and glucose homeostasis.

Results Explanation and Potential
Mechanisms of Thyroid Resistance
Indices on GDM Risk
Our study observed a reduced GDM risk in women of higher
levels of thyroid resistance indices (both central and peripheral).
The relationship remained consistent in women with euthyroid.
Elevated indices of thyroid resistance has been observed to be
associated with multiple unfavorable metabolic factors or
disorders in general population including adipocyte fatty-acid-
binding protein (34), obesity (15), type 2 diabetes, metabolic
syndromes, or even diabetes-related mortality (14). However,
contradictory findings were reported in others (17, 35, 36).
Similar to our findings in pregnant women, several cross-
sectional studies among Chinese population reported that a
decreased sensitivity/increased resistance to thyroid hormones
were associated with reduced risk of pre-diabetes (17), lowered
levels of HbA1c (35), or body mass index (BMI) (36). A cross-
sectional study (17) among Chinese adults reported that per SD
increase in TSHI, TT4RI, and parametric TFQI and decrease in
FT3/FT4 were associated with decreased risk of prediabetes by
9%–11%. Another community-based cross-sectional analysis
(36) among 193 patients of SCH also indicated that the
secretory capacity of the thyroid gland (SPINA-GT) and
Jostel’s TSHI were significantly and negatively correlated with
indices of obesity, suggesting low levels of thyroid homeostasis
indices increased the risk of overall obesity in RTH. The
discrepant findings might be related with different
physiological status or severity of metabolic disorders of the
studied populations. Compared with patients with diabetes (18)
or morbid obesity (15), women with GDM or prediabetes had a
relatively less impaired glycemic control and energy imbalance,
which may present different physiological regulation on the
profiles of thyroid hormones.

Several mechanisms have been proposed including the
adaptive process to increase energy expenditure, the influence
of leptin, changes in the activity of deiodinases, the chronic low-
grade inflammation, and the presence of insulin resistance (37,
38).Gestation implies an increased burden on thyroid gland,
which not only stimulates a higher production of THs but also
might promote a compensation mechanism by slightly
increasing TSH and THs production (within normal range) for
maintenance of glucose homeostasis (39). Patients with
Frontiers in Endocrinology | www.frontiersin.org 7
metabolic disorders have been reported to have significantly
reduced expressions of iodothyronine deiodinase (DIO) and
thyroid hormone receptor (THR) in peripheral target organs
(21). Several studies have shown in participants that increased
circulation levels of TSH or FT4 (resistance indices to TH) were
associated with improved insulin sensitivity or glucose utilization
(40–42). Central thyroid sensitivity could also modify the
secretion of leptin, which might affect feeding behavior or
upregulate the expression of DIO1, leading to the modification
of adiposity and glucose metabolism (37). The biological
explanation for the possibly “protective” effect of lowered
thyroid sensitivity against GDM is awaiting confirmation.
Future studies further testing insulin resistance and certain
cytokines and the dynamic changes in THs during gestation in
the context of different severity of metabolic disorders may help
explain current findings.

Strengths and Limitations
There are several strengths in our study. First, the study had a
population-based prospective design. Thyroid resistance indices
offer a more systemic view and deliver important supplementary
insights into the integrity of the FT4–TSH feedback relationship
at pituitary level (19). Our findings extended the classical concept
of separate measurements of thyroid markers and added new
quantitative dimensions to evaluate thyroid homeostasis in
pregnant women. Second, we have established a trimester- and
assay-specific reference intervals for thyroid hormones, which
allow for accurate classification of thyroid dysfunction. Third,
the study was conducted in a coastal city in South China, which
might reduce the potential impact of iodine deficiency for
thyroid function. Moreover, we have excluded the most
common factors that may influence the valid estimation of
thyroid biomarkers such as assay interference from
medications treatment (i.e., metformin) and application of
standard assay of intracellular adhesion molecule (ICAM) for
THs testing in a nationally certified laboratory (43).

Several limitations in this study should be acknowledged.
First, in accordance with the clinical routines of the hospital, only
pregnant women of abnormal THs were required for TAs testing.
The presence of potentially unidentified thyroid autoimmunity
may influence the association of thyroid markers with GDM.
Second, thyroid markers were only measured during the first half
of gestation. Future prospective studies assessing the dynamic
changes in thyroid biomarkers cross the span of pregnancy even
postpartum, and their associations with insulin sensitivity are
warranted. Third, current data were from only one hospital. The
findings should be confirmed in other ethnics or populations.
Finally, as with other observational designs, the causal
relationship might not be inferred, and potential residual
confounding was unavoidable, although we have adjusted for
the major confounders. The low prevalence of clinical thyroid
disorders in our participants may limit the statistical power
needed to find subtle associations or perform subgroup
analyses. Notwithstanding, the associations were strong enough
to bear statistical testing when thyroid variables were treated as
continuous data.
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CONCLUSIONS

Ourprospective studysuggested that increasedcentral andperipheral
thyroid resistance indices during the first half of pregnancy were
associated with reduced risk of GDM and glucose intolerance. Our
findings added new dimensions to the evaluation of thyroid
homeostasis in pregnant women. Future studies exploring the
interactive impacts of thyroid variables and glucose homeostasis on
obstetric outcomes may offer new insight into the linkage.
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BM, Garcıá-Brao MJ, et al. Central Resistance to Thyroid Hormones in
March 2022 | Volume 13 | Article 806256

mailto:liuzhm8@mail.sysu.edu.cn
https://www.frontiersin.org/articles/10.3389/fendo.2022.806256/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.806256/full#supplementary-material
https://doi.org/10.1089/thy.2016.0457
https://doi.org/10.1080/10408363.2016.1269309
https://doi.org/10.1089/thy.2020.0920
https://doi.org/10.1007/bf03401381
https://doi.org/10.3892/etm.2019.7739
https://doi.org/10.3892/etm.2019.7739
https://doi.org/10.1089/thy.2005.15.899
https://doi.org/10.1210/jc.2013-1315
https://doi.org/10.1210/jc.2013-1315
https://doi.org/10.1016/j.biopha.2021.112183
https://doi.org/10.1111/jdi.13008
https://doi.org/10.1111/jdi.13008
https://doi.org/10.1002/ijgo.12751
https://doi.org/10.4158/ep13440.ra
https://doi.org/10.1210/jc.2017-02442
https://doi.org/10.2337/dc18-1410
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Liu et al. Thyroid Resistance Indices With GDM
Morbidly Obese Subjects Is Reversed After Bariatric Surgery-Induced Weight
Loss. J Clin Med (2020) 9:1–14. doi: 10.3390/jcm9020359

16. Giannakou K, Evangelou E, Yiallouros P, Christophi CA, Middleton N,
Papatheodorou E, et al. Risk Factors for Gestational Diabetes: An Umbrella
Review of Meta-Analyses of Observational Studies. PloS One (2019) 14:
e0215372. doi: 10.1371/journal.pone.0215372

17. Liu B, Wang Z, Fu J, Guan H, Lyu Z, Wang W. Sensitivity to Thyroid
Hormones and Risk of Prediabetes: A Cross-Sectional Study. Front Endocrinol
(Lausanne) (2021) 12:657114. doi: 10.3389/fendo.2021.657114

18. Hassan-Smith Z, Hewison M, Gittoes N. Vitamin D Supplementation and
Prevention of Type 2 Diabetes. N Engl J Med (2019) 381:1784–5. doi: 10.1056/
NEJMc1912185

19. Jostel A, Ryder WD, Shalet SM. The Use of Thyroid Function Tests in the
Diagnosis of Hypopituitarism: Definition and Evaluation of the TSH Index.
Clin Endocrinol (2009) 71:529–34. doi: 10.1111/j.1365-2265.2009.03534.x

20. Stagnaro-Green A, Abalovich M, Alexander E, Azizi F, Mestman J, Negro R,
et al. Guidelines of the American Thyroid Association for the Diagnosis and
Management of Thyroid Disease During Pregnancy and Postpartum. Thyroid
(2011) 21:1081–125. doi: 10.1089/thy.2011.0087

21. Biondi B, Kahaly GJ, Robertson RP. Thyroid Dysfunction and Diabetes
Mellitus: Two Closely Associated Disorders. Endocrine Rev (2019) 40:789–
824. doi: 10.1210/er.2018-00163

22. Biondi. Thyroid B. And Obesity: An Intriguing Relationship. J Clin Endocrinol
Metab (2010) 95:3614–7. doi: 10.1210/jc.2010-1245

23. Zeng Q, He Y, Dong S, Zhao X, Chen Z, Song Z, et al. Optimal Cut-Off Values
of BMI, Waist Circumference and Waist:Height Ratio for Defining Obesity in
Chinese Adults. Br J Nutr (2014) 112:1735–44. doi: 10.1017/
s0007114514002657

24. Haddow JE, Craig WY, Neveux LM, Palomaki GE, Lambert-Messerlian G,
Malone FD, et al. First and C. Second Trimester Risk of Aneuploidy Research.
Free Thyroxine During Early Pregnancy and Risk for Gestational Diabetes.
PloS One (2016) 11:e0149065. doi: 10.1371/journal.pone.0149065

25. Zhu B, Han Y, Deng F, Huang K, Yan S, Hao J, et al. The Role of
Triiodothyronine (T3) and T3/free Thyroxine (Ft4) in Glucose Metabolism
During Pregnancy: The Ma’anshan Birth Cohort Study. Endocrine Connect
(2021) 10:685–93. doi: 10.1530/ec-21-0088

26. Knight BA, Shields BM, Hattersley AT, Vaidya B. Maternal
Hypothyroxinaemia in Pregnancy is Associated With Obesity and Adverse
Maternal Metabolic Parameters. Eur J Endocrinol (2016) 174:51–7.
doi: 10.1530/eje-15-0866

27. Haddow JE, Metzger BE, Lambert-Messerlian G, Eklund E, Coustan D,
Catalano P, et al. Maternal BMI, Peripheral Deiodinase Activity, and
Plasma Glucose: Relationships Between White Women in the HAPO Study.
J Clin Endocrinol Metab (2019) 104:2593–600. doi: 10.1210/jc.2018-02328

28. Tudela CM, Casey BM, McIntire DD, Cunningham FG. Relationship of
Subclinical Thyroid Disease to the Incidence of Gestational Diabetes. Obstet
Gynecol (2012) 119:983–8. doi: 10.1097/AOG.0b013e318250aeeb

29. Karakosta P, Alegakis D, Georgiou V, Roumeliotaki T, Fthenou E, Vassilaki M,
et al. Thyroid Dysfunction and Autoantibodies in Early Pregnancy Are Associated
With Increased Risk of Gestational Diabetes and Adverse Birth Outcomes. J Clin
Endocrinol Metab (2012) 97:4464–72. doi: 10.1210/jc.2012-2540

30. Ortega E, Koska J, Pannacciulli N, Bunt JC, Krakoff J. Free Triiodothyronine
Plasma Concentrations Are Positively Associated With Insulin Secretion in
Euthyroid Individuals. Eur J Endocrinol (2008) 158:217–21. doi: 10.1530/eje-
07-0592

31. Rawal S, Tsai MY, Hinkle SN, Zhu Y, Bao W, Lin Y, et al. A Longitudinal
Study of Thyroid Markers Across Pregnancy and the Risk of Gestational
Diabetes. J Clin Endocrinol Metab (2018) 103:2447–56. doi: 10.1210/jc.2017-
02442

32. Yang S, Shi FT, Leung PC, Huang HF, Fan J. Low Thyroid Hormone in
Early Pregnancy Is Associated With an Increased Risk of Gestational
Diabetes Mellitus. J Clin Endocrinol Metab (2016) 101:4237–43.
doi: 10.1210/jc.2016-1506
Frontiers in Endocrinology | www.frontiersin.org 9
33. Guzmán-Gutiérrez E, Veas C, Leiva A, Escudero C, Sobrevia L. Is a Low Level
of Free Thyroxine in the Maternal Circulation Associated With Altered
Endothelial Function in Gestational Diabetes? Front Pharmacol (2014)
5:136. doi: 10.3389/fphar.2014.00136

34. Nie X, Ma X, Xu Y, Shen Y, Wang Y, Bao Y. Increased Serum Adipocyte Fatty
Acid-Binding Protein Levels Are Associated With Decreased Sensitivity to
Thyroid Hormones in the Euthyroid Population. Thyroid: Off J Am Thyroid
Assoc (2020) 30:1718–23. doi: 10.1089/thy.2020.0011

35. Nie X, Shen Y, Ma X, Xu Y, Wang Y, Zhou J, et al. Associations Between
Thyroid Hormones and Glycated Albumin in Euthyroid and Subclinical
Hypothyroid Individuals: Results of an Observational Study. Diabetes
Metab Syndrome Obes: Targets Ther (2020) 13:915–23. doi: 10.2147/
dmso.S236698

36. Zhou Y, Ke S, Wu K, Huang J, Gao X, Li B, et al. Correlation Between Thyroid
Homeostasis and Obesity in Subclinical Hypothyroidism: Community-Based
Cross-Sectional Research. Int J Endocrinol (2021) 2021:6663553. doi: 10.1155/
2021/6663553
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