Journal of
Personalized
Medicine

Article

Predictability of HOMA-IR for Gestational Diabetes Mellitus in
Early Pregnancy Based on Different First Trimester BMI Values

Yanbei Duo !, Shuoning Song !, Yuemei Zhang 2, Xiaolin Qiao 3, Jiyu Xu %, Jing Zhang %, Zhenyao Peng ¢,
Yan Chen 3, Xiaorui Nie 3, Qiujin Sun 7, Xianchun Yang 7, Ailing Wang 8 Wei Sun 4, Yong Fu 1 Yingyue Dong 1
Zechun Lu 8, Tao Yuan 1'* and Weigang Zhao **

check for
updates

Citation: Duo, Y,; Song, S.; Zhang, Y.;
Qiao, X,; Xu, J.; Zhang, J.; Peng, Z.;
Chen, Y.; Nie, X.; Sun, Q.; et al.
Predictability of HOMA-IR for
Gestational Diabetes Mellitus in Early
Pregnancy Based on Different First
Trimester BMI Values. ]. Pers. Med.
2023, 13, 60. https://doi.org/
10.3390/jpm13010060

Academic Editor: Shi Chen

Received: 2 December 2022
Revised: 24 December 2022
Accepted: 27 December 2022
Published: 28 December 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Endocrinology, Key Laboratory of Endocrinology of Ministry of Health, Peking Union Medical
College Hospital, Chinese Academy of Medical Science and Peking Union Medical College,

Beijing 100730, China

2 Department of Obstetrics, Haidian District Maternal and Child Health Care Hospital, Beijing 100080, China
Department of Obstetrics, Beijing Chaoyang District Maternal and Child Health Care Hospital,

Beijing 100026, China

Core Facility of Instrument, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences,
School of Basic Medicine, Peking Union Medical College, Beijing 100005, China

5 Department of Laboratory, Haidian District Maternal and Child Health Care Hospital, Beijing 100080, China
6 Department of Dean’s Office, Haidian District Maternal and Child Health Care Hospital, Beijing 100080, China
Department of Clinical Laboratory, Beijing Chaoyang District Maternal and Child Health Care Hospital,
Beijing 100026, China

8 National Center for Women and Children’s Health, China CDC, Beijing 100013, China

Correspondence: xiehezhaoweigang@163.com

t These authors contributed equally to this work.

Abstract: Objective: To investigate the ability of homeostasis model assessment of insulin resistance
(HOMA-IR) in early pregnancy for predicting gestational diabetes mellitus (GDM) in Chinese women
with different first-trimester body mass index (FT-BMI) values. Methods: Baseline characteristics and
laboratory tests were collected at the first prenatal visit (6-12 weeks of gestation). GDM was diagnosed
by a 75 g oral glucose tolerance test (OGTT) at 24-28 weeks of gestation. Partial correlation analysis
and binary logistic regression were applied to identify the association between HOMA-IR and GDM.
The cutoff points for predicting GDM were estimated using receiver operating characteristic (ROC)
curve analysis. Results: Of the total of 1343 women, 300 (22.34%) were diagnosed with GDM in the
24-28 weeks of gestation. Partial correlation analysis and binary logistic regression verified HOMA-IR
as a significant risk factor for GDM in the normal weight subgroup (FT-BMI < 24 kg/m?) (adjusted
OR 2.941 [95% CI 2.153, 4.016], P < 0.001), overweight subgroup (24.0 kg/m? < FT-BMI < 28.0 kg/m?)
(adjusted OR 3.188 [95% CI 2.011, 5.055], P < 0.001), and obese subgroup (FT-BMI > 28.0 kg/mz)
(adjusted OR 9.415 [95% CI 1.712, 51.770], p = 0.01). The cutoff values of HOMA-IR were 1.52 (area
under the curve (AUC) 0.733, 95% CI 0.701-0.765, p < 0.001) for all participants, 1.43 (AUC 0.691,
95% CI 0.651-0.730, p < 0.001) for normal weight women, 2.27 (AUC 0.760, 95% CI 0.703-0.818,
p <0.001) for overweight women, and 2.31 (AUC 0.801, 95% CI 0.696-0.907, p < 0.001) for obese
women. Conclusions: Increased HOMA-IR in early pregnancy is a risk factor for GDM, and HOMA-
IR can be affected by body weight. The cutoff value of HOMA-IR to predict GDM should be
distinguished by different FT-BMI values.

Keywords: HOMA-IR; gestational diabetes; body mass index; early pregnancy; predictability

1. Introduction

Gestational diabetes mellitus (GDM) is a condition of glucose intolerance that is first
recognized during pregnancy and is diagnosed during the second trimester [1]. With the
changes in lifestyle and nutrition, the prevalence of GDM has been increasing in recent
years. According to the International Association of Diabetes and Pregnancy Study Group
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(IADPSG) criteria, the incidence of GDM has reached 18.3-24.24% in China [2-4]. GDM is
associated with an increased risk of several perinatal complications, and it may influence
the long-term health of both mothers and their offspring [5]. High pre-pregnancy body
mass index (preBMI) and excessive weight gain during pregnancy are risk factors for
the development of GDM [6]. However, women with normal preBMI and appropriate
gestational weight gain may also develop GDM, indicating that other factors are involved
in the pathogenesis of GDM.

Homeostasis model assessment of insulin resistance (HOMA-IR) is an indicator of
insulin resistance in diabetic patients [7]. With the change in maternal hormone levels in
the first trimester of pregnancy, slight insulin resistance and increased insulin secretion
may affect fetal growth and energy reserves [3]. GDM often occurs when pancreatic beta
cells are unable to produce sufficient insulin to adapt to physiological changes. Several risk
factors play a role in the development of insulin resistance and GDM, including age, race,
obesity, and parity [6,9-11]. Although HOMA-IR is well correlated with insulin resistance,
there is no standardized cutoff value of HOMA-IR for the identification of insulin resistance.
It has been reported that 5 kg of weight gain results in a 1.6-fold increase in HOMA-IR,
indicating that BMI is closely related to HOMA-IR [12]. Therefore, HOMA-IR thresholds
should be adjusted depending on different preBMI or first-trimester BMI (FI-BMI) values
to predict GDM more accurately.

Because of the complications caused by GDM and the health concerns about both
mothers and offspring, the diagnosis of GDM should be confirmed as early as possible.
So far, there are still differences in the diagnosis of GDM. A one-step strategy of 75 g oral
glucose tolerance test (OGTT) is adopted in our country, while in other countries (especially
in European countries), the diagnosis of GDM is confirmed by the two-step strategy of 100 g
OGTT [1]. There are neither uniform criteria for the diagnosis of GDM by HOMA-IR in
early pregnancy, nor is there a threshold of HOMA-IR based on different BMI. In addition,
the cutoff value of HOMA-IR for Chinese women in early pregnancy to predict GDM has
not been confirmed. Based on the above, we evaluated HOMA-IR in the first trimester of
gestation among Chinese women with different FT-BMI values to determine the optimal
cutoff value of HOMA-IR in early pregnancy for predicting GDM.

2. Materials and Methods

This study was part of an ongoing prospective double-center observational cohort
study started in 2019, which was conducted at Haidian District Maternal and Child Health
Care Hospital and Chaoyang District Maternal and Child Health Care Hospital (Beijing,
China) (clinical trial number: NCT03246295).

The Ethics Committees of both participating centers approved the study protocol.
Written informed consent was obtained from each participant, and the study was performed
in accordance with the Declaration of Helsinki as revised in 2013.

2.1. Study Participants

Baseline characteristics of all participants were collected at the first prenatal visit in
the first trimester of pregnancy (between 6 and 12 weeks). The inclusion criteria were
as follows: (1) gestation less than 12 weeks at the first visit; (2) without known impaired
glucose tolerance or diabetes before pregnancy; (3) no medication used, except for vitamins;
(4) acceptance of participation in the study and signature on the consent form; and (5) par-
ticipation in regular follow-ups. The exclusion criteria were as follows: (1) non-singleton
pregnancy; (2) severe systemic diseases (e.g., liver disease, kidney failure, cardiac insuf-
ficiency, autoimmune disease, or hematological disease); and (3) inability to understand
and complete the study. Because all participants were enrolled during early pregnancy,
professional advice was given by clinicians from the first prenatal visit to delivery.
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2.2. Clinical and Laboratory Measurements

Detailed clinical and demographic data, including age, FI-BMI, gravidity, parity,
pregnancy history, and family history of diabetes, were collected at the first visit (6-12 weeks
of gestation). The height, body weight, systolic blood pressure (SBP), and diastolic blood
pressure (DBP) were measured at each follow-up visit. The BP was measured twice at
5 min intervals using an automatic BP monitor. BMI was calculated using the following
formula: BMI = weight/height?. According to China’s standards on weight management
for overweight or obese individuals, BMI > 24 kg/m? was defined as overweight, while
BMI > 28 kg/ m? was defined as obese [13].

At the first prenatal visit within 6-12 weeks of pregnancy, fasting blood samples
were collected to measure the fasting blood glucose (FBG) level, fasting insulin (FI) level,
fasting C-peptide (FCP) level, lipid profile [total cholesterol (TC), triglyceride (TG), high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C)],
hepatic function and renal function. All blood samples were collected in the morning
after a 10 to 12 h overnight fast followed by the doctor’s advice. HOMA-IR, which indi-
cates insulin resistance, was calculated using the following formula: HOMA-IR = (FBG
[mmol/L]) x FI [uU/mL]/22.5). Homeostasis model assessment of beta cell function
(HOMA-f), which indicates beta cell function, was calculated using the following formula:
HOMA-p= (20 x FI [uU/mL]/(FBG [mmol/L]-3.5)) [14]. Insulin sensitivity, as indicated
by the quantitative insulin sensitivity check index from insulin (QUICKI), was calculated
using the following formula: QUICKI = 1/(logip FPG [mg/dL] + logiy FI [nU/mL]).
HOMA-{3 was lost in 64 participants because the FBG levels were 3.5 mmol/L or less.

All participants were screened for GDM by a 75 g oral glucose tolerance test (OGTT)
during weeks 24 and 28 of gestation. GDM was diagnosed according to the IADPSG crite-
rion in 2010 [15]. Overall, 1343 pregnant women with baseline characteristics (6-12 weeks
of pregnancy) and 75 g OGTT at 24-28 weeks of gestation were enrolled in the present study.
All available clinical and laboratory data were recorded and verified by two researchers at
the same time.

The following pregnancy outcome data were collected: gestational age at birth, type
of delivery, birth weight, and 10 min Apgar score. Macrosomia was defined as birth
weight >4 kg, and low birth weight was defined as birth weight <2.5 kg. Preterm delivery
was defined as delivery before gestational week 37 [16,17]. Due to the coronavirus pandemic
since 2019, 229 of the 1343 participants (17.05%) dropped out or were lost to follow-up after
28 weeks of gestation.

2.3. Statistical Analysis

Clinical characteristics and pregnancy outcomes were compared between the GDM
group and normal glucose tolerance (NGT) group. In order to compare the incidence of
GDM and insulin sensitivity in pregnant women with different FT-BMI values, the partic-
ipants were divided into the following three groups: normal weight (BMI < 24 kg/m?),
overweight (24 kg/m? < BMI < 28 kg/m?), and obesity (BMI > 28 kg/m?). Continu-
ous variables are presented as the mean + SD if normally distributed and as medians
(interquartile range) otherwise, and categorical variables are presented as percentages.
The x? test (or Fisher’s exact test in case of small frequencies) was used for comparing
categorical variables between groups. As appropriate, two-sample Student ¢ tests and
a Mann-Whitney U test and Kruskal-Wallis test was applied for group comparisons of
continuous variables. p < 0.05 (two-tailed) was considered significant. Partial correlation
analysis was applied to identify correlations between HOMA-IR, HOMA-{3, and QUICKI
during 6-12 weeks of gestation and 75 g OGTT during 24-28 weeks of pregnancy. Binary
logistic regression analysis was used to evaluate the association between HOMA-IR and
GDM. Receiver operating characteristic (ROC) curve analysis was used to determine the
optimal cutoff value of HOMA-IR for the prediction of GDM. Statistical significance was
inferred from two-sided p values <0.05. Statistical analyses were performed using the SPSS
statistical program (version 25.0; IBM Corporation, Armonk, NY, USA).
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3. Results

In the present study, the incidence of GDM was 22.34% (300/1343). Table 1 shows
the clinical and laboratory characteristics of pregnant women with and without GDM.
Compared to women with NGT, women with GDM were relatively older and with higher
FT-BMI. Family history of diabetes and adverse pregnancy history were both higher in
the GDM group with statistical significance (p < 0.05). Almost all laboratory data in early
pregnancy were statistically different (p < 0.05) between the two groups except HOMA-(3;
compared to the NGT group, HOMA-IR was significantly higher in the GDM group, while
QUICKI was significantly lower in the GDM group (p < 0.001). Blood pressure in the third
trimester, preterm delivery rate, and newborn birth weight did not differ significantly
between the two groups.

Table 1. Baseline characteristics and pregnancy outcomes of pregnant women.

Characteristics NGT (n = 1043) GDM (n = 300) p-Value
Maternal baseline information
Age (years) 30 (28, 33) 32(29, 35) <0.001 **
FT-BMI (kg/m?) 21.34 (19.72, 23.23) 22.80 (20.57, 25.09) <0.001 **
1 564 (54.07%) 156 (52.00%)
Gravidity 2 283 (27.13%) 84 (28.00%) 0.555
>3 196 (18.79%) 60 (20.00%)
0 743 (71.24%) 202 (67.33%)
Parity 1 284 (27.23%) 90 (30.00%) 0.257
>2 16 (1.53%) 8 (2.67%)
Family history of diabetes 140 (13.42%) 55 (18.33%) 0.033 *
History of adverse pregnancy ? 176 (16.87%) 66 (22.0%) 0.042 *
GWG (kg) 13.0 (11.0, 16.0) 11.75 (9.0, 14.0) <0.001 **
Laboratory data between 6-12 weeks of pregnancy
FBG (mmol/L) 4.5 (4.2,4.9) 4.8 (4.4,5.2) <0.001 **
FCP (ng/ml) 0.79 (0.60, 1.04) 1.02 (0.77,1.33) <0.001 **
FI (uU/ml) 6.0(4.2,82) 8.3(5.7,11.9) <0.001 **
HOMA-IR 1.20 (0.85, 1.66) 1.76 (1.15, 2.43) <0.001 **
HOMA- 123.64 (75.79, 202.00) 128.89 (85.45, 225.45) 0.103
QUICKI 0.37(0.35, 0.39) 0.35 (0.33, 0.37) <0.001 **
TC (mmol/L) 3.95(3.49, 4.48) 4.20 (3.64, 4.74) 0.006 **
TG (mmol/L) 0.83 (0.64, 1.08) 1.00 (0.76, 1.35) <0.001 **
HDL-C (mmol/L) 1.48 (1.28,1.68) 145 (1.23,1.61) 0.007 **
LDL-C (mmol/L) 1.98 (1.66, 2.40) 2.22(1.77,2.73) <0.001 **
75 g OGTT between 24-28 weeks of pregnancy
Fasting glucose OGTT (mmol/L) 4.60 (4.39,4.78) 5.15(4.83,5.31) <0.001 **
1 h glucose OGTT (mmol/L) 7.24 (6.28, 8.16) 9.71 (8.30, 10.65) <0.001 **
2 h glucose OGTT (mmol/L) 6.24 (5.58, 6.91) 7.98 (6.95, 8.97) <0.001 **
Characteristics in the third trimester of pregnancy
SBP (mmHg) 118.0 (110.0, 120.0) 118.0 (110.0, 120.0) 0.923
DBP (mmHg) 72.0 (70.0, 80.0) 72.0 (70.0, 80.0) 0.916
Preterm delivery ° 29 (3.35%) 15 (6.02%) 0.057
. . <2500 28 (3.24%) 8 (3.21%)
Newborn Elrth weight >2500 g, <4g000 g 812 (93.87%) 230 (92.37%) 0.985
(kg) >4000 g 25 (2.89%) 11 (4.42%)

Abbreviations: NGT, normal glucose tolerance; GDM, gestational diabetes mellitus; FT-BMI, first trimester body
mass index; GWG, gestational weight gain; FBG, fasting blood glucose; FCP, fasting C-peptide; FI, fasting insulin;
HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-f3, homeostasis model assessment of 3-cell
function; QUICKI, quantitative insulin sensitivity check index from insulin; TC, total cholesterol; TG, triglyceride;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood
pressure; DBP, diastolic blood pressure. ?: Defined as embryo damage, spontaneous abortion or preterm delivery
in previous pregnancy. °: Defined as delivery less than 37 completed weeks. Data are presented as n (%) or
median (interquartile range). * p < 0.05 and ** p < 0.01.
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In order to explore the difference among women with different FT-BMI values, the par-
ticipants were stratified into the following three subgroups: normal weight
(FT-BMI < 24 kg/m?, 1066 [79.37%]), overweight (24 kg/m? < FT-BMI < 28 kg/m?,
210 [15.64%]) and obesity (FT-BMI > 28 kg/ m?2, 67 [4.99%]) (Supplemental Table S1).
The incidence of GDM increased with FI-BMI, which was 17.92% in the normal weight
subgroup, 34.76% in the overweight subgroup, and 53.73% in the obesity subgroup, sepa-
rately (p < 0.01). The glycometabolic data in early pregnancy differed significantly among
the three subgroups with higher FCP, FI, HOMA-IR, and HOMA-{ but lower QUICKI in
women with higher FT-BMI (p < 0.001). Compared with normal-weight women, the choles-
terol levels (TC, TG, HDL-C, LDL-C) differed significantly in overweight and obese women.
The gestational weight gain (GWG) was the highest (13.0 kg [11.0-16.0]) in the normal
weight subgroup but the lowest (8.5 kg [4.6-12.0]) in the obesity subgroup, which indicated
that weight gain was greater in the normal weight women and less in the obese women.

For the purpose of exploring the relationship between FT-BMI and glycometabolism,
the pregnant women in this study were divided into the following four subgroups: normal
weight (FT-BMI < 24.0 kg/m?) with NGT (n = 875); normal weight (FT-BMI < 24.0 kg/m?)
with GDM (n = 191); overweight (FT-BMI > 24.0 kg/ m?) with NGT (n = 168); and over-
weight (FI-BMI > 24.0 kg/ m?) with GDM (n = 109) (Supplemental Table S2). FBG, FCP,
FI, HOMA-IR, and lipid profile (TC, TG, and LDL-C) were the lowest in participants who
were categorized as the normal weight with NGT and the highest in overweight women
with GDM (p < 0.001). Among pregnant women with NGT, FBG, FCP, FI, HOMA-IR, and
HOMA-{3 were significantly higher, but QUICKI was significantly lower in overweight
women compared with normal weight (p < 0.01). Similar results were found in pregnant
women with GDM.

Partial correlation analysis was used to detect the correlation between insulin resis-
tance in early pregnancy and 75 g-OGTT at 24-28 weeks of gestation. After adjusting for age,
FT-BMI, GWG, and serum lipid profile, HOMA-IR, and QUICKI in early pregnancy were
significantly correlated with fasting, 1h 75 g OGTT and 2h 75 g OGTT (p < 0.05). HOMA-IR
showed the highest correlation with fasting 75 g OGTT (r = 0.270, p < 0.01) (Table 2).

Table 2. Partial correlation analysis of insulin sensitivity in early pregnancy and serum glucose at
gestational weeks 24-28 2.

Fasting 1 h Glucose 2 h Glucose
HOMA-IR HOMA-B QUICKI Glucose OGTT OGTT OGTT
HOMA-IR 1
HOMA- 0.125 ** 1
QUICKI —0.860 ** —0.131 ** 1
Fasting glucose OGTT 0.270 ** —0.093 ** —0.196 ** 1
1 h glucose OGTT 0.202 ** —0.033 —0.128 ** 0.318 ** 1
2 h glucose OGTT 0.169 ** —0.038 —-0.112 ** 0.286 ** 0.604 ** 1

2: adjusted for age, FT-BMI, gestational weight gain and serum lipid profile (total cholesterol, triglyceride,
high-density lipoprotein cholesterol and low-density lipoprotein cholesterol). ** p < 0.01.

Binary logistic regression was applied to explore the association between HOMA-
IR in early pregnancy and GDM (Table 3). After adjusting for age, FT-BMI, adverse
pregnancy history, and family history of diabetes, GWG, and serum lipid profile in
early pregnancy, HOMA-IR remained independently associated with GDM (adjusted
OR 2.966 [95% CI 2.306-3.814], p < 0.001). Because HOMA-IR can be influenced by body
weight, the participants were divided into the following subgroups according to FT-BMI:
FT-BMI < 24.0 kg/m?, 24.0 kg/m? <FT-BMI < 28.0 kg/m?, and FT-BMI > 28.0 kg/m?.
After adjusting for the above confounding factors, HOMA-IR was still a risk factor for
GDM (for FT-BMI < 24 kg/m? subgroup, adjusted OR 2.941, 95% CI 2.153-4.016, p < 0.001;
for 24.0 kg/m? <FT-BMI < 28.0 kg/m? subgroup, adjusted OR 3.188, 95% CI 2.011-5.055,
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p <0.001; for FT-BMI > 28.0 kg/m2 subgroup, adjusted OR 9.415, 95% CI 1.712-51.770;
p =0.01).

Table 3. Association of HOMA-IR in early pregnancy with GDM.

GDM

HOMA-IR of HOMA-IR HOMA-IR HOMA-IR
All Participants (FT-BMI < 24 kg/m?)  (24.0 kg/m? <FT-BMI <28.0kg/m?) (FT-BMI > 28.0 kg/m?)

OR (95% CI)
p value
aOR1 (95% CI)
p value
aOR2 (95% CI)
p value

3.282 (2.708, 3.976) 3.032 (2.354, 3.904) 3.155 (2.247, 4.430) 3.863 (1.801, 8.286)
<0.001 ** <0.001 ** <0.001 ** 0.001 **

2.980 (2.423,3.666) @  2.927 (2.247,3.812) 2 3.214 (2.244, 4.604) @ 4.649 (1.785,12.109) @
<0.001 ** <0.001 ** <0.001 ** 0.002 **

2.966 (2.306,3.814) b 2.941 (2.153, 4.016) P 3.188 (2.011, 5.055) b 9.415 (1.712, 51.770)
<0.001 ** <0.001 ** <0.001 ** 0.01*

Sensitivity

08

06

04

00

a.

: adjusted for age, FT-BMI, family history of diabetes and history of adverse pregnancy (defined as embryo
damage, spontaneous abortion or preterm delivery). : a+ adjusted for gestational weight gain (GWG) and lipid

profile (total cholesterol, triglyceride, high-density lipoprotein cholesterol and low-density lipoprotein cholesterol).
*p <0.05and ** p < 0.01.

ROC curves were used to evaluate the predictive value of HOMA-IR for GDM (Fig-
ure 1). For all participants in this study, the cutoff value of HOMA-IR to predict GDM
was 1.52 (sensitivity of 63% and specificity of 71%) with an AUC value of 0.733 (95% CI
0.701-0.765; p < 0.001) (Figure 1A). Different cutoff values were determined according to
FT-BML. For participants with FT-BMI < 24 kg/m?, the cutoff value was 1.43 (sensitivity of
56% and specificity of 71%) (Figure 1B) with an AUC value of 0.691 (95% CI 0.651-0.730;
p <0.001). For participants with 24.0 kg/m? <FT-BMI < 28.0 kg/m?, the cutoff value
was 2.27 (sensitivity of 56% and specificity of 83%) with an AUC value of 0.760 (95% CI
0.703-0.818; p < 0.001) (Figure 1C); For participants with FT-BMI > 28.0 kg/ m?, the cutoff
value was 2.31 (sensitivity of 75% and specificity of 76%) with an AUC value of 0.801
(95% CI 0.696-0.907; p < 0.001) (Figure 1D).

ROC curve (All participants) ROC curve (FT-BMI<24kg/m?)

08

06

Sensitivity

04

00

00

02 04 08 08 10 00 02 04 06 08 10

1 - specificity 1 - specificity
(A) (B)

Figure 1. Cont.
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Sensitivity

08

04

ROC curve (24 <FT-BMI<28kg/m?

ROC curve (FT-BMI= 28kg/m?)

Sensitivity

04

00
04 06 08 10 00 02 04 06 08 10

1 - specificity 1 - specificity

© (D)

Figure 1. Ability of HOMA-IR in early pregnancy for predicting GDM in all participants (A), FT-
BMI < 24 kg/m? subgroup (B), 24 < FT-BMI < 28 kg/m? subgroup (C), and FT-BMI > 28.0 kg/m?
subgroup (D).

4. Discussion

In this prospective cohort study, pregnant women were divided into different groups
based on FT-BMI to identify the optimal cutoff values of HOMA-IR in early pregnancy for
predicting GDM. To the best of our knowledge, this is the first study to explore the ability
of HOMA-IR to predict GDM based on different FT-BMI values.

Insulin resistance is defined as reduced responsiveness to high physiological in-
sulin levels in insulin-targeting tissues, and it is considered an important pathogenesis
of T2DM [18]. Similar pathophysiological mechanisms exist between GDM and T2DM.
Beta cell dysfunction with chronic insulin resistance during pregnancy results in beta
cell impairment and tissue insulin resistance, which represent critical components of the
pathophysiology of GDM [8]. Although the hyperinsulinemic-euglycemic clamp is the
gold-standard method to assess insulin resistance, it is rarely used in the clinic due to its
complexity and cost [19]. Several surrogate estimates have been proposed for assessing
insulin sensitivity, including HOMA-IR, HOMA-f3, and QUICKI [20,21]. However, the
threshold of HOMA-IR for evaluating insulin resistance has not been unified because
of various associated factors of HOMA-IR, including age, sex, race, and weight [22-24].
HOMA-IR is strongly correlated with body weight as there is a significant difference in
HOMA-IR between normal weight and obese individuals [25]. Similarly, the present study
demonstrated that HOMA-IR increased with increasing FT-BMI (17.92% in normal-weight
women 17.92%, 34.76% in overweight women, and 53.73% in obese women), and HOMA-IR
was even higher in overweight women with NGT compared with normal weight women
with GDM (Supplemental Tables S1 and S2). Therefore, these findings suggested that
HOMA-IR is highly correlated with body weight, so the cutoff value of HOMA-IR for
identifying GDM should be distinguished according to different FT-BMI values.

Many previous studies discussed the threshold of HOMA-IR in the diagnosis of GDM.
Paracha et al. reported that HOMA-IR > 2 could replace 75 g OGTT as a screening tool
for GDM at 24-28 weeks of gestation [26]. However, due to the perinatal complications
caused by hyperglycemia, GDM should be identified as early as possible. Alptekin et al.
and Ozcimen et al. reported the cutoff value of HOMA-IR for diagnosing GDM in the
first trimester, but they did not divide pregnant women by different BMI values [27,28]. In
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addition, Song et al. provided a novel surrogate index of HOMA-IR. However, the formula
included pre-pregnancy BMI, FBG, and lipid profiles, which were relatively complicated
and with poor practicability [29]. In the present prospective cohort study, the cutoff
value of HOMA-IR for predicting GDM in early pregnancy was determined based on FT-
BMI categories, which provided an individualized assessment of HOMA-IR for pregnant
women. Although body weight gain during pregnancy was a significant risk factor for
GDM,, all pregnant women in this cohort received standard pregnancy guidance with GWG
within reasonable limits. HOMA-IR was increased with FT-BMI, and ROC curve analysis
in this study determined different thresholds of HOMA-IR for predicting GDM according
to different FT-BMI, with relatively high AUC values.

In the present study, the cutoff values of HOMA-IR in the first trimester for predicting
GDM were 1.52,1.43,2.27, and 2.31 for all participants, normal weight women, overweight
women, and obese women, respectively. A previous study has identified HOMA-IR by
different body weights and found that the 75th percentile of HOMA-IR is 1.68 in normal-
weight individuals and 3.42 in obese individuals [25]. However, HOMA-IR may be affected
by race, and the participants of these previous studies were all Caucasians [23]. Several
published studies have investigated HOMA-IR in Asian populations and determined the
average HOMA-IR in healthy males and females [22,30,31]. To date, there is no study
focused on the relationship between HOMA-IR and body weight in pregnant women.
Thus, the present study provides a more precise cutoff value of HOMA-IR for predicting
GDM in pregnant Chinese women with different FT-BMI values.

Similar to other reports on the Chinese population, the overall prevalence of GDM
in the present study was 22.34% [3,4]. However, the incidence of GDM varied among
different FT-BMI values, with 17.92% in the normal weight group, 34.76% in the overweight
group, and 53.73% in the obese group (Supplemental Table S1). FT-BMI is considered an
independent risk factor for GDM, and previous studies have reported that overweight
women are almost twice as likely to develop GDM as normal-weight women [32]. Similarly,
another study has reported that the incidence of GDM is 18% in non-obese women and
32% in obese women [33]. Casagrande et al. reported that the prevalence of GDM is
4.7%, 6.5%, and 10.5% in normal weight, overweight and obese groups, respectively,
indicating that the increasing incidence of GDM is associated with higher body weight [34].
These above-mentioned studies defined overweight as preBMI > 25 kg/m? and obesity as
preBMI > 30 kg/m?. In the present study, however, the criteria of overweight and obesity
were more suitable for the Chinese population (overweight defined as BMI > 24 kg/m?
and obesity defined as BMI > 28 kg/m?) [13]. Due to the incidence of GDM increasing
with FT-BMI, overweight and obese women should be given appropriate guidance during
pregnancy to prevent GDM and other perinatal complications.

In the present study, a proportion of women were diagnosed with GDM with normal
FT-BMI, while a percentage of overweight women did not develop GDM, which suggested
that other mechanisms may be involved in the pathogenesis of GDM. Some studies have
examined the relevance between variants of genes and the risk of GDM. Zhang et al.
performed a systematic review and found that variants in seven genes are significantly
associated with GDM, including TCF7L2, GCK, KCNJ11, CDKAL1, IGF2BP2, MTNR1B,
and IRS1, with the first six genes related to insulin secretion and IRS1 related to insulin
resistance [35]. Interestingly, all seven genes have been previously identified to be related
to T2DM risk, which suggests a relationship between GDM and T2DM [36]. Some studies
have discovered that other genes also contribute to the onset of GDM, such as HNF4A
and PPARG [37,38]. Thus, these findings present a novel perspective on the underlying
pathophysiology of GDM.

The present study focused on insulin sensitivity and resistance in the first trimester of
gestation. HOMA-IR and the quantitative insulin sensitivity check have been recommended
in many institutions, but there is no commonly accepted HOMA-IR cutoff value. The
standardized insulin assay was not available in the past few years; however, the technique
of serum insulin test has become more and more popular for clinical use in recent years, and
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the diagnosis of GDM is easier and earlier by HOMA-IR in early pregnancy compared with
75 g OGTT during the second trimester. Because HOMA-IR can be affected by body weight,
it is necessary to characterize pregnant women according to different BMI, which provides
individualized thresholds for pregnant women. Once the HOMA-IR of pregnant women
reaches the above criteria, the diagnosis of GDM can be confirmed, and measurements
should be taken to reduce perinatal complications.

Several limitations inevitably exist in the present study. Firstly, a percentage of preg-
nant women failed to be followed up to delivery (236 of 1388, 17.0%), perhaps because
of the coronavirus pandemic restricting regular follow-ups. However, all participants in
our study were not infected with COVID-19 under the dynamic zero-COVID policy and
strategies executed by our country, and all participants were followed up to 24-28 weeks
of gestation, which did not affect the results. Secondly, the sample size of the obesity
subgroup (preBMI > 28 kg/m?) was relatively small (67/1343, 4.99%), but the ROC-AUC
value was the best among the four subgroups. Further studies may devote to exploring the
threshold of HOMA-IR in early pregnancy in obese women. Thirdly, no data were available
for glucose metabolism in newborns and postpartum pregnant women.

In conclusion, the present study demonstrated that increased HOMA-IR in early
pregnancy is a risk factor for GDM and is significantly influenced by body weight. Dividing
HOMA-IR by BMI categories increases the accuracy of the predictive value of HOMA-IR
for GDM. In the present study, the cutoff values of HOMA-IR in early pregnancy to predict
GDM was 1.52 for all participants, 1.43 for normal-weight women (FT-BMI < 24 kg/m?),
2.27 for overweight women (24.0 kg/m? <FT-BMI < 28.0 kg/m?), and 2.31 for obese
women (FT-BMI > 28.0 kg/m?). Because GDM is currently diagnosed at gestational weeks
24-28, these findings may help clinicians to identify GDM in the first trimester. If the
HOMA-IR of a pregnant woman was higher than the cutoff point in early pregnancy,
appropriate strategies should be taken to reduce GDM and other perinatal complications.
Furthermore, a proportion of pregnant women with normal body weight also developed
GDM,, suggesting that other pathophysiological mechanisms exist in GDM.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/jpm13010060/s1, Table S1: Laboratory data and pregnancy outcomes in participants
divided by FT-BMI, Table S2: Baseline characteristics and laboratory data in participants divided
by FT-BMI and GDM.

Author Contributions: Y.D. (Yanbei Duo), T.Y., W.Z., W.S. and A.W. conceptualized the study; Y.Z.,
XQ., ZP,].Z,YC, XN, Q.S., X.Y. and Z.L. performed the investigation; Y.D. (Yanbei Duo), S.S., ].X,,
T.Y.,, YF and Y.D. (Yingyue Dong) determined the methodology; clinical data were col-lected by Y.D.
(Yanbei Duo), S.S., Y.Z., X.Q., ].X,, Y.C. and Z.L.; the original draft was written by Y.D. (Yanbei Duo);
the manuscript was edited by Y.D. (Yanbei Duo), T.Y., W.Z., W.S. and A.W.; T.Y. and W.Z. supervised
the study; T.Y. and W.Z. contributed equally to the study. All authors ap-proved the final draft of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by 13th FiveYear National Science and Technology Major Project
for New Drugs (Grant No. 20192X09734001 to W.Z.).

Institutional Review Board Statement: The study was performed in accordance with the Decla-
ration of Helsinki as revised in 2013. This study is part of an ongoing prospective double-center
observational cohort study started in 2019, which was conducted at Haidian District Maternal and
Child Health Care Hospital and Chaoyang District Maternal and Child Health Care Hospital (Beijing,
China) (clinical trial number: NCT03246295).

Informed Consent Statement: All participants involved in the study gave informed written and
oral consent.

Data Availability Statement: Not applicable.
Acknowledgments: The authors thank all the participants in this study.

Conflicts of Interest: The authors declare that they have no conflict of interest.


https://www.mdpi.com/article/10.3390/jpm13010060/s1
https://www.mdpi.com/article/10.3390/jpm13010060/s1

J. Pers. Med. 2023, 13, 60 10 of 11

References

1. American Diabetes Association. 2. Classification and diagnosis of diabetes: Standards of Medical Care in Diabetes-2020. Diabetes
Care 2020, 43 (Suppl. S1), S14-531. [CrossRef] [PubMed]

2. Moses, R.G. Gestational diabetes mellitus: Implications of an increased frequency with IADPSG criteria. Diabetes Care 2012, 35,
461-462. [CrossRef] [PubMed]

3. Wang, C,;Jin, L.; Tong, M.; Zhang, ].; Yu, ].; Meng, W.; Jin, L. Prevalence of gestational diabetes mellitus and its determinants
among pregnant women in Beijing. ]. Matern. Neonatal. Med. 2020, 21, 1-7. [CrossRef] [PubMed]

4. Mak, ] K.; Lee, A.H.; Pham, N.M.; Pan, X.F; Tang, L.; Binns, C.W.; Sun, X. Gestational diabetes incidence and delivery outcomes
in Western China: A prospective cohort study. Birth 2019, 46, 166-172. [CrossRef]

5. Bianco, M.E,; Josefson, J.L. Hyperglycemia during pregnancy and long-term offspring outcomes. Curr. Diab. Rep. 2019,
19, 143. [CrossRef]

6. Rayanagoudar, G.; Hashi, A.A.; Zamora, J.; Khan, K.S.; Hitman, G.A.; Thangaratinam, S. Quantification of the type 2
diabetes risk in women with gestational diabetes: A systematic review and meta-analysis of 95,750 women. Diabetologia
2016, 59, 1403-1411. [CrossRef]

7. Matsuda, M.; DeFronzo, R.A. Insulin sensitivity indices obtained from oral glucose tolerance testing: Comparison with the
euglycemic insulin clamp. Diabetes Care 1999, 22, 1462-1470. [CrossRef]

8.  Plows, ].E; Stanley, ].L.; Baker, PN.; Reynolds, C.M.; Vickers, M.H. The pathophysiology of gestational diabetes mellitus. Int. J.
Mol. Sci. 2018, 19, 3342. [CrossRef]

9.  Chiefari, E.; Arcidiacono, B.; Foti, D.; Brunetti, A. Gestational diabetes mellitus: An updated overview. . Endocrinol. Investig.
2017, 40, 899-909. [CrossRef]

10. Moon, J.H.; Kwak, S.H.; Jang, H.C. Prevention of type 2 diabetes mellitus in women with previous gestational diabetes mellitus.
Korean |. Intern. Med. 2017, 32, 26-41. [CrossRef]

11.  Schwartz, N.; Nachum, Z.; Green, M.S. The prevalence of gestational diabetes mellitus recurrence—effect of ethnicity and parity:
A metaanalysis. Am. . Obstet. Gynecol. 2015, 213, 310-317. [CrossRef] [PubMed]

12.  Mat, S.H.C.; Yaacob, N.M.; Hussain, S. Rate of weight gain and its association with homeostatic model assessment-insulin
resistance (HOMA-IR) among obese children attending Paediatric Endocrine Clinic, Hospital Universiti Sains Malaysia. ]. ASEAN
Fed. Endocr. Soc. 2021, 36, 149-155. [PubMed]

13.  Zhou, B.-F; on behalf of the Cooperative Meta-Analysis Group of the Working Group on Obesity in China. Predictive values of
body mass index and waist circumference for risk factors of certain related diseases in Chinese adults—Study on optimal cut-off
points of body mass index and waist circumference in Chinese adults. Biomed. Environ. Sci. 2002, 15, 83-96. [PubMed]

14. Matthews, D.R,; Hosker, ].P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F,; Turner, R.C. Homeostasis model assessment: Insulin
resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia 1985, 28, 412—419.
[CrossRef] [PubMed]

15. International Association of Diabetes and Pregnancy Study Groups Consensus Panel. International association of diabetes and
pregnancy study groups recommendations on the diagnosis and classification of hyperglycemia in pregnancy. Diabetes Care 2010,
33, 676—682. [CrossRef] [PubMed]

16. Goldstein, R.F,; Abell, S.K.; Ranasinha, S.; Misso, M.; Boyle, J.A.; Black, M.H.; Li, N.; Hu, G.; Corrado, F.; Rode, L.; et al.
Association of gestational weight gain with maternal and infant outcomes: A systematic review and meta-analysis. JAMA 2017,
317, 2207-2225. [CrossRef] [PubMed]

17. Hughes, M.M.; Black, R.E.; Katz, ]. 2500-g Low birth weight cutoff: History and implications for future research and policy.
Matern. Child Health J. 2017, 21, 283-289. [CrossRef]

18. Lee, S.H.; Park, S.Y.; Choi, C.S. Insulin resistance: From mechanisms to therapeutic strategies. Diabetes Metab. J. 2022, 46, 15-37. [CrossRef]

19. Kim, J.K. Hyperinsulinemic-euglycemic clamp to assess insulin sensitivity in vivo. Methods Mol. Biol. 2009, 560, 221-238.

20. Greenfield, M.S.; Doberne, L.; Kraemer, E; Tobey, T.; Reaven, G.M. Assessment of insulin resistance with the insulin suppression
test and the euglycemic clamp. Diabetes 1981, 30, 387-392. [CrossRef]

21.  Chen, H,; Sullivan, G.; Quon, M.]. Assessing the predictive accuracy of QUICKI as a surrogate index for insulin sensitivity using
a calibration model. Diabetes 2005, 54, 1914-1925. [CrossRef] [PubMed]

22. Yang, Y,; Zhang, Y.; Wang, J.; Ning, X;; Zhang, Y;; Zhao, T.; Zhong, Y.; Liu, Z,; Xia, L.; Li, W.; et al. Sex differences in the association of
HOMA-IR index and BDNF in Han Chinese patients with chronic schizophrenia. Front. Psychiatry 2021, 12, 656230. [CrossRef] [PubMed]

23. Gayoso-Diz, P,; Otero-Gonzalez, A.; Rodriguez-Alvarez, M.X.; Gude, F.; Garcia, F.; De Francisco, A.; Quintela, A.G. Insulin
resistance (HOMA-IR) cut-off values and the metabolic syndrome in a general adult population: Effect of gender and age: EPIRCE
cross-sectional study. BMC Endocr. Disord. 2013, 13, 47. [CrossRef] [PubMed]

24. Chang-Rueda, C.; Canas-Urbina, A.; Trujillo-Murillo, K.; Espinoza-Ruiz, M.; Feliciano-Diaz, J.; Vazquez-Moreno, M.; Lugo-
Trampe, A. Correlation of HOMA-IR with BMI-for-age percentile in children and adolescent from the Soconusco region of
Chiapas, Mexico. Rev. Fac. Med. 2019, 67, 635-638. [CrossRef]

25. Shashaj, B.; Luciano, R.; Contoli, B.; Morino, G.S.; Spreghini, M.R.; Rustico, C.; Sforza, R.W.; Dallapiccola, B.; Manco, M. Reference
ranges of HOMA-IR in normal-weight and obese young Caucasians. Acta Diabetol. 2016, 53, 251-260. [CrossRef]

26. Paracha, A.L; Haroon, Z.H.; Aamir, M.; Bibi, A. Diagnostic accuracy of markers of insulin resistance (HOMA-IR) and insulin

sensitivity (QUICKI) in gestational diabetes. J. Coll. Physicians Surg. Pak. 2021, 31, 1015-1019.


http://doi.org/10.2337/dc20-S002
http://www.ncbi.nlm.nih.gov/pubmed/31862745
http://doi.org/10.2337/dc11-2237
http://www.ncbi.nlm.nih.gov/pubmed/22355016
http://doi.org/10.1080/14767058.2020.1754395
http://www.ncbi.nlm.nih.gov/pubmed/32316796
http://doi.org/10.1111/birt.12397
http://doi.org/10.1007/s11892-019-1267-6
http://doi.org/10.1007/s00125-016-3927-2
http://doi.org/10.2337/diacare.22.9.1462
http://doi.org/10.3390/ijms19113342
http://doi.org/10.1007/s40618-016-0607-5
http://doi.org/10.3904/kjim.2016.203
http://doi.org/10.1016/j.ajog.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/25757637
http://www.ncbi.nlm.nih.gov/pubmed/34966198
http://www.ncbi.nlm.nih.gov/pubmed/12046553
http://doi.org/10.1007/BF00280883
http://www.ncbi.nlm.nih.gov/pubmed/3899825
http://doi.org/10.2337/dc09-1848
http://www.ncbi.nlm.nih.gov/pubmed/20190296
http://doi.org/10.1001/jama.2017.3635
http://www.ncbi.nlm.nih.gov/pubmed/28586887
http://doi.org/10.1007/s10995-016-2131-9
http://doi.org/10.4093/dmj.2021.0280
http://doi.org/10.2337/diab.30.5.387
http://doi.org/10.2337/diabetes.54.7.1914
http://www.ncbi.nlm.nih.gov/pubmed/15983190
http://doi.org/10.3389/fpsyt.2021.656230
http://www.ncbi.nlm.nih.gov/pubmed/34234699
http://doi.org/10.1186/1472-6823-13-47
http://www.ncbi.nlm.nih.gov/pubmed/24131857
http://doi.org/10.15446/revfacmed.v67n4.67159
http://doi.org/10.1007/s00592-015-0782-4

J. Pers. Med. 2023, 13, 60 11 of 11

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Alptekin, H.; Cizmecioglu, A.; Isik, H.; Cengiz, T.; Yildiz, M.; Iyisoy, M.S. Predicting gestational diabetes mellitus during the first
trimester using anthropometric measurements and HOMA-IR. |. Endocrinol. Investig. 2016, 39, 577-583. [CrossRef]

Ozcimen, E.E.; Uckuyu, A.; Ciftci, EC.; Yanik, EF; Bakar, C. Diagnosis of gestational diabetes mellitus by use of the homeostasis
model assessment-insulin resistance index in the first trimester. Gynecol. Endocrinol. 2008, 24, 224-229. [CrossRef]

Song, S.; Zhang, Y.; Qiao, X.; Duo, Y,; Xu, J.; Peng, Z.; Zhang, J.; Chen, Y.; Nie, X.; Sun, Q.; et al. HOMA-IR as a risk factor of gestational
diabetes mellitus and a novel simple surrogate index in early pregnancy. Int. J. Gynaecol. Obstet. 2022, 157, 694-701. [CrossRef]
Yamada, C.; Moriyama, K.; Takahashi, E. Optimal cut-off point for homeostasis model assessment of insulin resistance to
discriminate metabolic syndrome in non-diabetic Japanese subjects. J. Diabetes Investig. 2012, 3, 384-387. [CrossRef]

Chen, S.; Chen, Y,; Liu, X,; Li, M.; Wu, B,; Li, Y.; Liang, Y.; Shao, X.; Holthofer, H.; Zou, H. Insulin resistance and metabolic
syndrome in normal-weight individuals. Endocrine 2014, 46, 496-504. [CrossRef] [PubMed]

Sun, Y,; Shen, Z.; Zhan, Y,; Wang, Y.; Ma, S.; Zhang, S,; Liu, J.; Wu, S.; Feng, Y.; Chen, Y et al. Effects of pre-pregnancy body mass index
and gestational weight gain on maternal and infant complications. BMIC Pregnancy Childbirth 2020, 20, 390. [CrossRef] [PubMed]
Alfadhli, E.M. Maternal obesity influences birth weight more than gestational diabetes. BMC Pregnancy Childbirth 2021, 21, 111.
[CrossRef] [PubMed]

Casagrande, S.S.; Linder, B.; Cowie, C.C. Prevalence of gestational diabetes and subsequent Type 2 diabetes among U.S. women.
Diabetes Res. Clin. Pract. 2018, 141, 200-208. [CrossRef] [PubMed]

Zhang, C.; Bao, W.; Rong, Y.; Yang, H.; Bowers, K.; Yeung, E.; Kiely, M. Genetic variants and the risk of gestational diabetes
mellitus: A systematic review. Hum. Reprod. Update 2013, 19, 376-390. [CrossRef] [PubMed]

Kwak, S.H.; Park, K.S. Recent progress in genetic and epigenetic research on type 2 diabetes. Exp. Mol. Med. 2016, 48, €220.
[CrossRef] [PubMed]

Kanthimathi, S.; Chidambaram, M.; Bodhini, D.; Liju, S.; Bhavatharini, A.; Uma, R.; Anjana, RM.; Mohan, V.; Radha, V.
Association of recently identified type 2 diabetes gene variants with gestational diabetes in Asian Indian population. Mol. Genet.
Genom. 2017, 292, 585-593. [CrossRef]

Wu, L.; Cui, L.; Tam, W.H.; Ma, R.C.; Wang, C.C. Genetic variants associated with gestational diabetes mellitus: A meta-analysis
and subgroup analysis. Sci. Rep. 2016, 6, 30539. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s40618-015-0427-z
http://doi.org/10.1080/09513590801948416
http://doi.org/10.1002/ijgo.13905
http://doi.org/10.1111/j.2040-1124.2012.00194.x
http://doi.org/10.1007/s12020-013-0079-8
http://www.ncbi.nlm.nih.gov/pubmed/24190050
http://doi.org/10.1186/s12884-020-03071-y
http://www.ncbi.nlm.nih.gov/pubmed/32631269
http://doi.org/10.1186/s12884-021-03571-5
http://www.ncbi.nlm.nih.gov/pubmed/33549038
http://doi.org/10.1016/j.diabres.2018.05.010
http://www.ncbi.nlm.nih.gov/pubmed/29772286
http://doi.org/10.1093/humupd/dmt013
http://www.ncbi.nlm.nih.gov/pubmed/23690305
http://doi.org/10.1038/emm.2016.7
http://www.ncbi.nlm.nih.gov/pubmed/26964836
http://doi.org/10.1007/s00438-017-1292-6
http://doi.org/10.1007/s00438-017-1292-6

	Introduction 
	Materials and Methods 
	Study Participants 
	Clinical and Laboratory Measurements 
	Statistical Analysis 

	Results 
	Discussion 
	References

