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recurrent pregnancy loss:
assessment of thyroid and
thromboelastograph parameters

Fangxiang Mu, Huyan Huo, Chen Wang, Ning Hu
and Fang Wang*

Department of Reproductive Medicine, Lanzhou University Second Hospital, Lanzhou, China

Objective: This study aimed to identify predictors associated with thyroid
function and thromboelastograph (TEG) examination parameters and establish
a nomogram for predicting the risk of subsequent pregnancy loss in recurrent
pregnancy loss (RPL).

Methods: In this retrospective study, we analyzed the medical records of 575 RPL
patients treated at Lanzhou University Second Hospital, China, between
September 2020 and December 2022, as a training cohort. We also included
272 RPL patients from Ruian People's Hospital between January 2020 and July
2022 as external validation cohort. Predictors included pre-pregnancy thyroid
function and TEG examination parameters. The study outcome was pregnancy
loss before 24 weeks of gestation. Variable selection was performed using least
absolute shrinkage and selection operator regression and stepwise regression
analyses, and the prediction model was developed using multivariable logistic
regression. The study evaluated the model's performance using the area under
the curve (AUC), calibration curve, and decision curve analysis. Additionally,
dynamic and static nomograms were constructed to provide a visual
representation of the models.

Results: The predictors used to develop the model were body mass index,
previous pregnancy losses, triiodothyronine, free thyroxine, thyroid stimulating
hormone, lysis at 30 minutes, and estimated percent lysis which were
determined by the multivariable logistic regression with the minimum Akaike
information criterion of 605.1. The model demonstrated good discrimination
with an AUC of 0.767 (95%Cl 0.725-0.808), and the Hosmer-Lemeshow test
indicated good fitness of the predicting variables with a P value of 0.491.
Identically, external validation confirmed that the model exhibited good
performance with an AUC of 0.738. Moreover, the clinical decision curve
showed a positive net benefit in the prediction model. Meanwhile, the web
version we created was easy to use. The risk stratification indicated that high-risk
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patients with a risk score >147.9 had a higher chance of pregnancy loss
(OR=6.05, 95%Cl| 4.09-8.97).

Conclusions: This nomogram well-predicted the risk of future pregnancy loss in
RPL and can be used by clinicians to identify high-risk patients and provide a
reference for pregnancy management of RPL.
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1 Introduction

Recurrent pregnancy loss (RPL) is defined as two or more
pregnancy losses before 24'™ weeks of gestation, whether
consecutive or non-consecutive, excluding ectopic and molar
pregnancies, and implantation failure, according to the European
Society of Human Reproduction and Embryology (ESHRE)
guideline (1). It affects approximately 1%~5% women of
childbearing age (2). Research indicates that the risk of RPL
increases with the number of previous pregnancy losses. For
individuals who have experienced three or more pregnancy losses,
the chances of experiencing another pregnancy loss after a second
pregnancy range from 40% to 80% (3). The etiology of RPL is
complex and remains unexplained in nearly 50% of cases. Various
factors have been investigated as potential causes of RPL, including
immune factors, endocrine disorders, uterus anatomical
abnormalities, and pre-thrombotic state (PTS) (4-6). Immune
factors play a significant role in RPL. They may contribute to
placental abnormal development and damage by affecting
endometrial angiogenesis and activating immune complexes and
the complement system (7, 8). Studies have shown that anti-32
glycoprotein I antibodies that may indirectly promote RPL by
reducing the Bcl-2/Bax ratio and affecting critical cell survival
pathways (9). Besides, the expression of human leukocyte antigen
(HLA)-G and HLA-C has been observed to be abnormal in RPL
patients, which may interfere with fetal immune tolerance and
further exacerbate the occurrence of RPL (10).

Additionally, studies have demonstrated that thyroid status is
associated with an elevated risk of pregnancy loss (11). Thyroid
dysfunction is a common endocrine disorder that impacts 2-3% of
females in their childbearing years and has been recognized as a
potential contributor to RPL (12). Additionally, higher levels of
thyroid-stimulating hormone (TSH) during pregnancy were found to
increase the risk of pregnancy loss by 60% (13). A comparison of
thyroid function between non-pregnant RPL women and age-matched
controls demonstrated a higher incidence of hypothyroidism among
RPL women (4.29%) as compared to controls (0.61%) (14). Screening
for pre-pregnancy thyroid dysfunction in RPL patients has been
proposed but has not been supported by adequate research (1, 15).
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Thrombelastograph (TEG) is a test that evaluates the dynamic
process of coagulation and fibrinolysis as a whole, and it can
monitor the entire coagulation process dynamically using only a
small amount of the patient’s whole blood. TEG has been widely
used and has been proven effective in monitoring coagulation and
fibrinolysis during extracorporeal circulation, diffuse endovascular
coagulation, and renal transplantation (16, 17). PTS is the tendency
of persistent hypercoagulable clots to cause thrombosis, a
pathological process causing an imbalance in the hemostatic,
coagulation, and anticoagulation processes, which is closely
related to the development of RPL (18). Studies have shown that
50% to 65% of pregnant women with RPL have a hypercoagulable
state of the blood, which increases the resistance to blood flow in the
uterine and placental arteries, thrombosis in the microvessels, and
insufficient perfusion of intraplacental blood flow, leading to
pregnancy loss due to cessation of development of the embryo or
fetus due to ischemia (19, 20). However, TEG has been little studied
in RPL (21, 22), especially the application of its parameters in
assessing the outcome of subsequent pregnancies (23). Rai et al.
found that the future pregnancy outcome of RPL could be predicted
by the pre-pregnancy maximum amplitude (MA) value with an area
under the curve (AUC) of 0.7 (95%CI 0.59-0.82) (23), suggesting
the potential value of pre-pregnancy TEG parameters in predicting
subsequent pregnancy outcomes in RPL patients warrants
further investigation.

Previous predictive models for RPL’s pregnancy outcomes have
concentrated on conventional risk factors like maternal age,
reproductive history, and previous pregnancy losses. However, they
have not adequately considered other factors that may impact
pregnancy outcomes, like thyroid peroxidase antibodies (TPOAD),
TSH, and TEG parameters. This limits the need for optimization of
management strategies for future pregnancy in RPL patients. In
addition, some predictive models developed based on immunologic
factors may be costly for the patients, whereas thyroid function tests
and TEG tests are clinically valid, reliable, and cost-effective
predictors. Also, it is important to note that some studies have
limitations, such as a lack of external validation (24, 25). These
factors limited the generalizability of the models and their
applicability in clinical practice. Therefore, we propose to develop a
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prediction model that includes parameters from pre-pregnancy
thyroid function and TEG tests to evaluate the risk of subsequent
pregnancies in RPL patients. This will facilitate timely and appropriate
interventions to improve the outcome of RPL pregnancies.

This study aimed to identify variables linked to pre-pregnancy
thyroid function and TEG examinations and further developed a
prediction model as a scientific and convenient instrument to
evaluate the risk of subsequent pregnancy loss in RPL patients.
This work can be a useful reference for the management of RPL
patients’ future pregnancies.

2 Methods
2.1 Participants

To conduct this research, individuals diagnosed with RPL were
recruited from the Department of Reproductive Medicine, Lanzhou
University Second Hospital, between September 2020 and
December 2022. Additionally, RPL patients from Ruian People’s
Hospital between January 2020 and July 2022 were integrated into
the external validation cohort. The diagnostic work-up was mostly
recommended by the most recent ESHRE guidelines (1). Figure 1
presents the overall flowchart of the study. All procedures of the
study were approved by the Ethics Committee of the Lanzhou
University Second Hospital (Approval No. 2019A-231).

The study included participants who met the following criteria:
(1) Age of =18 years; (2) Experienced a history of at least two
pregnancy losses before 24™ weeks of gestation. We also applied the
following exclusion criteria for both the training cohort and
validation cohort: (1) Parental chromosomal abnormalities; (2)

Excluded
Training cohort (n=2493) Aged <18 years
Validation cohort (n=1663)
Patients'
selection

Previous pregnancy losses <2

Screening predictors

Stepwise regression

Model
development

O00 -
%@ Troiing

LASSO regression

000
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Model
validation

”

m

Validation

Discrimination Confusion matrix

FIGURE 1
Overview of the research workflow.
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Autoimmune diseases, such as antiphospholipid syndrome,
systemic lupus erythematosus, and Sjogren’s syndrome; (3)
Hyperthyroidism, hypothyroidism, and subclinical hypothyroidism;
(4) Polycystic ovary syndrome; (5) Anatomic abnormalities of the
uterus; (6) Autoantibody test positive, such as antiphospholipid
antibodies, anti-B2 glycoprotein antibodies, lupus anticoagulant,
and antinuclear antibodies; (7) Infertility; (8) Adverse pregnancy
outcomes such as molar pregnancy and ectopic pregnancy; (9) Lack
of necessary follow-up information; (10) Absence of necessary pre-
pregnancy thyroid function or TEG tests; (11) No fertility plan.

2.2 Definition and follow-up

The study outcome was pregnancy loss, determined through a
comprehensive review of both medical records and telephone
follow-up after 11 months of pregnancy diagnosis. Pregnancy loss
refers to the spontaneous abortion that occurs before 24 weeks
of gestation.

2.3 Candidate predictive variables

The following candidate variables were involved in this study:
(1) Demographic characteristics, including age, history of previous
pregnancy losses, and body mass index (BMI); (2) Parameters for
testing thyroid function, including TSH, triiodothyronine (T3), free
T3 (FT3), thyroxine (T4), free T4 (FT4), thyroglobulin (TG),
antithyroglobulin antibody (TGAb), and TPOADb; (3) Parameters
from TEG examination, which included reaction time (R), kinetic
time (K), alpha angle, MA, lysis at 30 minutes (LY30), estimated
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Uterus anatomic abnormalities Validation cohort (n=272)

Chromosomal abnormalities in couples
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percent lysis (EPL), and coagulation index. In addition to the
number of previous pregnancy losses, TGAb and TPOAb as
categorical variables, and the remaining were continuous variables.

Blood samples were collected at the time of patient visits by
professionals. The cobas e 411 analyzer (Roche Diagnostics
International Ltd., USA) was used to perform the thyroid
function test, while the TEG examination was tested using
SIKMA thromboelastometer (Simes-Sikma Biotechnology Co
Ltd., China).

2.4 Statistical analysis

To avoid degradation of model performance, we used multiple
interpolations to fill in missing values. The % test or Fisher’s exact
test was employed to analyze categorical variables, and ¢ test or
Wilcoxon rank sum test was used to analyze continuous variables.
The results were reported as frequency with percentages or mean +
standard deviation.

The study employed stepwise regression and least absolute
shrinkage and selection operator (LASSO) regression to screen
the predictors. Stepwise regression adopted “backward” method
to screen the variables, with Akaike information criterion (AIC) as
stopping rule, while LASSO regression adopted lambda.min as the
criterion for variable selection. The selected variables by the two
methods were then used to establish a predictive model,
respectively. To avoid underfitting or overfitting, the model was
considered as final model for this study based on the minimum
AIC value.

Utilizing the aforementioned screening criteria, a nomogram was
constructed to evaluate the likelihood of subsequent pregnancy loss in
RPL. The total score corresponds to a probability of subsequent
pregnancy loss. Besides, an online version of the nomogram was
developed for user convenience. After assessing the risk scores that
corresponded to the maximum Youden index, patients were
categorized into low and high-risk groups. The difference in
pregnancy loss rates between the groups was assessed using the >
test. The area under the receiver operating characteristic (ROC) curve
(AUC) was employed to assess the model’s discrimination.
Calibration curve and the P value from the Hosmer-Lemeshow test
statistic were used to quantitatively assess how well the model’s
predictions match actual values, indicating the model’s calibration
accuracy. In addition, a decision curve analysis (DCA) has been
conducted to evaluate the practical usefulness of the predictive model.
This was done by computing the net benefit for various risk
thresholds, and the results were visually displayed using a clinical
decision curve and clinical impact curve. These curves provide an
intuitive reflection of the net benefit to patients at different risk
thresholds and help make informed clinical decisions by weighing the
benefits of true positive and false positive.

The statistical analyses were performed utilizing SPSS software
version 25.0 (IBM Corp., Armonk, NY, USA; https://www.ibm.com/
spss), R studio (2022.02.1 + 461) (https://www.rstudio.com), and R
version 4.1.3 (R Foundation for Statistical Computing, Vienna,
Austria; http://www.R-project.org). A significance level of P <0.05
was considered statistically significant.
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3 Results

A total of 575 eligible RPL cases were ultimately included in the
training cohort, and 272 RPL patients were enrolled in the
validation cohort. Details are shown in Supplementary Figures
S1-2. There were notable differences observed in the majority of
thyroid function and TEG examination parameters, in addition to
maternal age, BMI, T4, TSH, TGAb, TPOAD, and R values
(Supplementary Table S1).

3.1 Baseline characteristics

In Table 1, the basic demographic information and examination
results of the enrolled patients were displayed. Out of a total of 575
patients with RPL, 404 (70%) achieved live birth, while 171 (30%)
experienced pregnancy loss. There was a statistically significant
difference in maternal age, previous pregnancy losses, BMI, TSH
levels, LY30 values, and EPL values. The pregnancy loss group had
higher maternal age (31.50 + 4.41 vs. 30.05 + 4.04), BMI (23.18 +
3.05 vs. 21.97 £ 2.90) and TSH levels (2.55 + 0.96 vs. 1.83 + 0.90),
whereas the LY30 (0.20 + 0.51 vs. 0.49 + 1.09) and EPL values (0.25
+0.59 vs. 0.51 + 1.14) were lower (all P <0.05).

3.2 Predictor screening

The stepwise regression analysis resulted in a model with the
smallest AIC of 605.1, compared to 611.7 for the LASSO regression.
Thus, we chose the variables screened by stepwise regression to
establish the final prediction model. Table 2 summarizes the
variable subsets screened by each method. Ultimately, predictors
for building the predictive model consisted of seven pre-pregnancy
parameters: the number of previous pregnancy losses (2, 3, or 24),
BMI, TSH, T3, T4, LY30, and EPL.

3.3 Model development

Table 3 displays the effects of the above seven predictors on the
risk of subsequent pregnancy loss. Using these variables, we
constructed a predictive nomogram, presented in Figure 2. This
model quantified each variable to calculate the RPL patients’ total
risk score, which corresponds to the likelihood of subsequent
pregnancy loss. In addition, we calculated the total risk scores for
575 patients using the nomogram’s risk quantification and stratified
them by determining the optimal cut-off score based on the ROC
curve. Patients with a risk point of <147.9 (risk likelihood <30.8%)
were placed in the low-risk (59.5%, 342/575) group, while the
remaining patients were placed in the high-risk (40.5%, 233/575).
Furthermore, individuals in the high-risk had a 6.05-fold higher risk
of pregnancy loss (95%CI 4.09-8.97) compared to those in the low-
risk group. An internet-based version of this nomogram is available
at https://zhouzhoukeyan.shinyapps.io/DynNomogram/. It
automatically calculates the pregnancy loss risk by entering the
patient’s information (Figure 3).

frontiersin.org


https://www.ibm.com/spss
https://www.ibm.com/spss
https://www.rstudio.com
http://www.R-project.org
https://zhouzhoukeyan.shinyapps.io/DynNomogram/
https://doi.org/10.3389/fendo.2024.1415786
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mu et al.

TABLE 1 Comparison of baseline and clinical characteristics between
live birth and pregnancy loss groups in the training cohort.

Variables Pregnancy

loss (n=171)

Maternal age, years 30..5+4.04 31.50+4.41 0.003
BMI, kg/m? 21.97+2.90 23.18+3.05 <0.001
Previous
pregnancy losses

2 312 (77.2) 115 (67.3) 0.037

3 60 (14.9) 34 (19.9)

>4 32(7.9) 22 (12.9)
T3, nmol/L 1.82+0.33 1.79+0.41 0.239
T4, nmol/L 112.00+24.45 111.69+22.11 0.888
FT3, pmol/L 5.23+0.70 5.15+0.54 0.196
FT4, pmol/L 16.31+2.75 16.33+2.32 0.921
TSH, pIU/mL 1.83+0.90 2.55+0.96 <0.001
TG, ng/mL 11.80£15.30 13.55+£21.55 0.272
TGADb (+) 43 (10.6) 21 (12.3) 0.568
TPOAD (+) 42 (10.4) 24 (14.0) 0.211
R, min 5.89+2.85 5.70+1.50 0.409
K, min 3.06+8.17+ 2.47%5.55 0.392
Angle, deg 63.72+11.50 64.2619.29 0.587
MA, mm 64.39+5.80 64.95+4.64 0.260
LY30 0.49£1.09 0.20£0.51 <0.001
EPL, % 0.51+1.14 0.25+0.59 <0.001
CL % 0.62+1.9 0.64+1.88 0.918

Data are presented as mean + standard deviation or frequencies with percentages. BMI, body
mass index; T3, triiodothyronine; T4, thyroxine; FT3 free triiodothyronine; FT4, free
thyroxine; TSH, thyroid stimulating hormone, TG, thyroglobulin; TGAb, antithyroglobulin
antibody; TPOAD, thyroid peroxidase antibody; R, reaction time; K, kinetic time; MA,
maximum amplitude; LY30, lysis at 30 minutes; EPL, estimated percent lysis; CI,
coagulation index.

3.4 Model validation

The model’s AUC value in the training cohort was 0.767 (95%
CI 0.725-0.808), indicating good performance in distinguishing
between patients who would achieve live birth and those who
would experience pregnancy loss (Figure 4A). As shown in the
confusion matrix, the accuracy of the risk stratification was found to
be 0.732 (95%CI 0.694-0.766) (Figure 4B). In the external validation
cohort, the model’s AUC value was 0.738 (95%CI 0.665-0.810), and
the accuracy of risk stratification was 0.765 (95%CI 0.711-0.811)
(Figures 4C, D). In both the training and validation cohorts, the
model’s calibration curve showed close alignment with the diagonal
line, as evidenced by the P value of 0.491 and 0.076 in the Hosmer-
Lemeshow test, respectively (Figures 5A, Supplementary Figure
S3A). Finally, a DCA curve was plotted to illustrate the clinical
applicability of the model (Figure 5B). For example, the model can
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TABLE 2 Selecting predictive variables using LASSO and
stepwise regression.

Variables LASSQ Stepwi_se
regression regression

Maternal age True

BMI True True
;:;;l:cy losses True True

T3 True True
FT4 True True
TSH True True

TG True

R True

K True

LY30 True True
EPL True
AIC value 611.7 605.1
Number of predictors 10 7

BMI, body mass index; T3, triiodothyronine; FT4, free thyroxine; TSH, thyroid stimulating
hormone; TG, thyroglobulin; R, reaction time; K, kinetic time; LY30, lysis at 30 minutes; EPL,
estimated percent lysis; AIC, Akaike information criterion.

identify around 10 cases out of 100 RPL patients that would
experience pregnancy loss by setting the risk threshold at 40%,
without increasing false positives. The relationship between the
number of true positives and individuals classified as high risk at
different risk thresholds is shown in Figure 5C. For instance, when
predicting 100 individuals at a risk threshold of 40%, the model
would determine around 31 individuals as high risk, of whom
approximately 20 are true positives.

TABLE 3 Multivariate logistic regression for the association between
final predictors and subsequent pregnancy loss in RPL.

Variables OR (95%Cl) P value
BMI 1.175 (1.110-1.258) <0.001
Previous
pregnancy losses

Ref -

=3 1.583 (0.934-2.658) 0.084

>4 1.873 (0.946-3.668) 0.068
T3 0.616 (0.333-1.086) 0.106
FT4 1.056 (0.981-1.139) 0.143
TSH 2.369 (1.891-3.002) <0.001
LY30 0.216 (0.069-0.610) 0.046
EPL 2.938 (1.136-8.051) 0.025

Data are presented as odds ratio (OR) and 95% confidence interval (CI). BMI, body mass
index; T3, triiodothyronine; FT4, free thyroxine; TSH, thyroid stimulating hormone; LY30,
lysis at 30 minutes; EPL, estimated percent lysis.
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FIGURE 2
Nomogram for predicting the risk of subsequent pregnancy loss in RPL patients. PPL, previous pregnancy loss.

4 Discussion Our analysis revealed that increased BMI is a risk factor for
further pregnancy loss in RPL. Several studies have demonstrated

In this study, we established and validated a nomogram with an  the association between obesity and pregnancy loss (26, 27). A
online version based on pre-pregnancy thyroid function and TEG =~ meta-analysis showed that pregnancy loss risk was increased by
test parameters to predict the risk of subsequent pregnancy loss in  35% and 77% in the RPL population with BMI >25 kg/m* and >30
RPL. The model was constructed by BMI, previous pregnancy  kg/m? respectively (28). Some factors related to obesity, such as
losses, TSH, T3, T4, LY30, and EPL, and exhibited good insulin resistance and elevated levels of leptin, may contribute to
performance, with an AUC of 0.767. Meanwhile, the model-based =~ pregnancy loss (29). Insulin resistance may affect pregnancy
risk stratification constructed could well identify high-risk patients ~ outcome in RPL by influencing the endometrial environment and
and assist clinicians in making informed decisions about RPL’s  embryo implantation (30). On the other hand, leptin plays a crucial
subsequent pregnancy management. role in maintaining a normal pregnancy (31). Leptin may have a
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positive impact on endometrial tolerance by promoting the
expression of cytotrophoblast matrix metalloproteinases (32).
However, as BMI increases, there may be a state of leptin
resistance and a relative deficiency in women who move into the
moderate to severe obesity stage, which may contribute to the risk of
pregnancy loss (33). Overall, it is crucial for RPL patients to be alert

to the potential risk of subsequent pregnancy loss associated with
elevated BMI or obesity. Early intervention for BMI-related health
problems is key to improving the outcomes of subsequent
pregnancies in these patients. Furthermore, it was discovered that
an increase in the number of previous pregnancy losses resulted in a
higher risk of pregnancy loss in subsequent pregnancies for women
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false positives. (C) Clinical impact curve. For instance, when predicting 100 individuals at a risk threshold of 40%, the model would determine around
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who will actually have pregnancy loss under the high-risk threshold setting.
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with RPL. The finding was consistent with previous research (34).
Current guidelines recommend making prognostic judgments
based on the previous pregnancy history in the RPL patients (1).
As reported, the risk of recurrence of pregnancy loss in RPL patients
was more than 80%, especially in those who experienced >3
pregnancy losses (2).

The available evidence suggests that thyroid hormones play a
crucial role in the implantation process and pregnancy
maintenance. Kakita-Kobayashi et al. discovered that thyroid
hormones promote the decidualization of human endometrial
cells by influencing the expression of several transcription
factors essential for this process (35). In the current study, the
results found that pre-pregnancy higher TSH and FT4 levels, and
lower T3 levels were positively linked to the subsequent pregnancy
loss risk in RPL. Consistent with previous studies, an increased
risk of pregnancy loss was correlated with elevated pre-pregnancy
TSH levels (36). However, the exact mechanism linking thyroid
hormone disorder and pregnancy loss remains unclear. TSH has
been shown to enhance the expression of leukemia inhibitory
factor (LIF) and its receptor in endometrial stromal cells and
stimulates the expression of glucose transporter protein (GLUT1)
in Ishikawa cell line, subsequently playing a role in endometrial
glucose transport (37). Thus, abnormal TSH levels can affect
endometrial tolerance and glucose availability, potentially
leading to abnormal early embryo development, and increasing
the risk of pregnancy loss. In addition, the synthesis and release of
thyroid hormone into the circulation are regulated by TSH
derived from pituitary. Elevated pre-pregnancy TSH levels may
suggest subclinical hypothyroidism, which may affect the growth
and development of the embryo in early pregnancy, thereby
increasing the risk of pregnancy loss (38, 39).

Thyroid hormones are composed primarily of T3 and T4, with
T3 being the more active form. In the placental extravillous
trophoblasts (EVTs) during early pregnancy, T3 enhances the
expression of MMP-2, fetal fibronectin, MMP-3, and integrin
o5B1. These proteins are essential for placental growth and the
ability of the EVTs to invade (40). Elevated T3 levels, particularly
when accompanied by elevated TSH levels, may indicate
hypothyroidism, which increases the risk of pregnancy loss (41).
Elevated FT4 levels are typically associated with hyperthyroidism,
and abnormally elevated pre-pregnancy FT4 levels may affect
endocrine homeostasis and the process of embryo implantation.
Previous studies have reported that hyperthyroid women exhibit
elevated follicle-stimulating hormone, estradiol, and luteinizing
hormone levels, which may increase the risk of early embryonic
arrest and pregnancy loss (42). Furthermore, immune
abnormalities linked with thyroid diseases, particularly thyroid
autoimmunity (TAI), are connected to an elevated risk of RPL in
women (43). TAI can induce immunological dysfunction and
impede immune tolerance at both systemic and maternal-fetal
interface levels (44). Additionally, thyroid autoantibodies,
particularly TGADb, could be an expression of a more general
maternal immune system abnormality leading to RPL (45).
Research has shown that a positive TGAb and TPOAb expression
is also associated with a higher incidence of hypothyroidism (46),
with the presence of TPOAbD being linked to RPL (47). Therefore,
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TAI and the thyroid function may have significant implications for
the pathophysiology of RPL.

Overall, these findings emphasize the importance of thyroid
functional status for pregnancy maintenance, especially in RPL
women. Maintaining optimal maternal thyroid hormone levels is
crucial in balancing the inflammatory response during early
pregnancy by regulating the secretion of essential cytokines and
angiogenic growth factors by the metaphase cells, and it helps
promote normal placental development (48). Therefore, it is
important for RPL women who are planning to become pregnant
to undergo thyroid function test and receive appropriate
management for any thyroid disorders. Further research is
required to fully understand the correlation between pre-
pregnancy thyroid-related hormones and RPL.

In this study, we found that RPL patients who had lower LY30
values and higher EPL values were at a greater risk of experiencing
subsequent pregnancy loss. Rai et al. also reported a significant
decrease in LY30 among women with RPL (21). LY30 is a measure
of thrombolysis within 30 minutes of thrombosis and is used to
evaluate fibrinolytic activity. Decreased LY30 indicates decreased
fibrinolytic activity and increased clot stability, which may lead to a
greater tendency for the blood to form a persistent thrombus (49).
Any factor that affects blood circulation in the uterus may increase
the risk of pregnancy loss since adequate blood supply is required
for embryo implantation and early development (50). EPL is the
estimated percentage of thrombolysis at the end of the TEG
measurement, and an elevated EPL indicates strong fibrinolytic
activity. Lower pre-pregnancy EPL values may indicate an
underlying imbalance between the blood coagulation and
fibrinolytic systems, which exists before pregnancy and may be
exacerbated by physiological changes during pregnancy. This may
lead to an increased risk of pregnancy loss, as normal regulatory
mechanisms may be unable to adapt. The current findings suggest
that TEG parameters to assess the pre-pregnancy coagulation state
of RPL patients are important in improving the risk of subsequent
pregnancy outcomes. Meanwhile, further studies are needed to
investigate the mechanisms behind this association.

Risk prediction models have become increasingly common in
the study of complex diseases. In this study, we utilized LASSO and
stepwise regression analyses to select variables and construct a
model with good performance using a minimal number of
characteristics. Also, a dynamic nomogram was established to
display the predictive model in an interactive and user-friendly
way, and the external validation of the model’s predictive
performance yielded good results. Our model is the first tool
developed to predict the risk of subsequent pregnancy loss in
patients with RPL based on thyroid function and TEG
examination parameters. A web version of the model was also
created for convenient utilization by clinicians and patients. At the
same time, we constructed a risk stratification that categorizes
patients into subgroups with high or low risk of pregnancy loss,
which makes it easier and more intuitive to help clinicians make the
appropriate treatment decisions.

Nevertheless, this study has some limitations. This retrospective
study was inevitably subject to selection bias. Besides, the treatment
information of these patients was not included and analyzed in this
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study, and it is unclear whether the patient’s previous treatment had
an impact on pregnancy outcomes. Other studies found that
lifestyle modification and supportive treatment are related to a
live birth outcome (51, 52). Moreover, the relationship between the
included variables and RPL is not well understood and remains to
be further explored and elucidated in future work. Finally, the
differences in RPL definitions also make the generalizability of this
model somewhat limited (53). Since the RPL population in this
study was included in accordance with the ESHRE RPL guidelines,
patients matching this RPL definition may benefit more from this
model. Future studies can continue to investigate the applicability of
this prediction model under different RPL definitions to further
validate our findings.

5 Conclusions

In the present study, we developed a nomogram to predict the
risk of subsequent pregnancy loss in RPL patients using the pre-
pregnancy thyroid function and TEG examination parameters, and
external validation further confirmed that the model exhibits good
performance. The web-based version of this model was user-
friendly. This nomogram could help clinicians identify high-risk
patients and make informed decisions regarding the management
of subsequent pregnancies in RPL.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Ethics
Committee of Lanzhou University Second Hospital. The studies
were conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study.

References

1. Bender Atik R, Christiansen OB, Elson J, Kolte AM, Lewis S, Middeldorp S, et al.
ESHRE guideline: recurrent pregnancy loss: an update in 2022. Hum Reprod Open.
(2023) 2023:h0ad002. doi: 10.1093/hropen/hoad002

2. Medicine PCotASfR. Evaluation and treatment of recurrent pregnancy loss: a
committee opinion. Fertil Steril. (2012) 98:1103-11. doi: 10.1016/j.fertnstert.2012.06.048

3. group SadatoCecc. Expert Consensus on Diagnosis and Treatment of
spontaneous Abortion in China (2020 edition). Chin ] Pract Gynecol Obstet. (2020)
36:9.

4. El Hachem H, Crepaux V, May-Panloup P, Descamps P, Legendre G, Bouet PE.
Recurrent pregnancy loss: current perspectives. Int ] Women Health. (2017) 9:331-45.
doi: 10.2147/JWH

5. Alijotas-Reig J, Garrido-Gimenez C. Current concepts and new trends in the
diagnosis and management of recurrent miscarriage. Obstet Gynecol Surv. (2013)
68:445-66. doi: 10.1097/0GX.0b013e31828acal9

Frontiers in Endocrinology

10.3389/fendo.2024.1415786

Author contributions

FM: Conceptualization, Writing — original draft. HH: Writing -
original draft, Data curation, Formal analysis. CW: Data curation,
Formal analysis, Writing — original draft. NH: Writing — original draft,
Visualization. FW: Conceptualization, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was funded by the Science Foundation of Lanzhou University
Second Hospital (Grant No. YJS-BD-19), Science Foundation of
Lanzhou University (Grant No. 071100132), and Medical
Innovation and Development Project of Lanzhou University
(Grant No. lzuyxcx-2022-137).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2024.1415786/
full#supplementary-material

6. Garrido-Gimenez C, Alijotas-Reig J. Recurrent miscarriage: causes, evaluation
and management. Postgrad Med J. (2015) 91:151-62. doi: 10.1136/postgradmed;j-2014-
132672

7. Di Simone N, De Spirito M, Di Nicuolo F, Tersigni C, Castellani R, Silano M, et al.
Potential new mechanisms of placental damage in celiac disease: anti-transglutaminase
antibodies impair human endometrial angiogenesis. Biol Reprod. (2013) 89:88.
doi: 10.1095/biolreprod.113.109637

8. Veglia M, D’Ippolito S, Marana R, Di Nicuolo F, Castellani R, Bruno V, et al.
Human igG antinuclear antibodies induce pregnancy loss in mice by increasing
immune complex deposition in placental tissue: in vivo study. Am ] Reprod
Immunol. (2015) 74:542-52. doi: 10.1111/aji.12429

9. di Simone N, Castellani R, Raschi E, Borghi MO, Meroni PL, Caruso A. Anti-beta-
2 glycoprotein I antibodies affect Bcl-2 and Bax trophoblast expression without
evidence of apoptosis. Ann N Y Acad Scie. (2006) 1069:364-76. doi: 10.1196/
annals.1351.034

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2024.1415786/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1415786/full#supplementary-material
https://doi.org/10.1093/hropen/hoad002
https://doi.org/10.1016/j.fertnstert.2012.06.048
https://doi.org/10.2147/IJWH
https://doi.org/10.1097/OGX.0b013e31828aca19
https://doi.org/10.1136/postgradmedj-2014-132672
https://doi.org/10.1136/postgradmedj-2014-132672
https://doi.org/10.1095/biolreprod.113.109637
https://doi.org/10.1111/aji.12429
https://doi.org/10.1196/annals.1351.034
https://doi.org/10.1196/annals.1351.034
https://doi.org/10.3389/fendo.2024.1415786
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mu et al.

10. Tersigni C, Meli F, Neri C, Iacoangeli A, Franco R, Lanzone A, et al. Role of
human leukocyte antigens at the feto-maternal interface in normal and pathological
pregnancy: an update. Int ] Mol Sci. (2020) 21:4756. doi: 10.3390/ijms21134756

11. Andersen SL, Olsen ], Laurberg P. Hypothyroidism and pregnancy loss:
comparison with hyperthyroidism and diabetes in a Danish population-based study.
Clin Endocrinol (Oxf). (2016) 85:962-70. doi: 10.1111/cen.13136

12. Rashid M, Rashid MH. Obstetric management of thyroid disease. Obstet Gynecol
Sury. (2007) 62:680-8;quiz 91. doi: 10.1097/01.0gx.0000281558.59184.b5

13. Wang QW, Yu B, Huang RP, Cao F, Zhu ZQ, Sun DC, et al. Assessment of
thyroid function during pregnancy: the advantage of self-sequential longitudinal
reference intervals. Arch Med Sci. (2011) 7:679-84. doi: 10.5114/a0oms.2011.24139

14. Rao VR, Lakshmi A, Sadhnani MD. Prevalence of hypothyroidism in recurrent
pregnancy loss in first trimester. Indian ] Med Sci. (2008) 62:357-61. doi: 10.4103/0019-
5359.43122

15. ACOG practice bulletin. Management of recurrent pregnancy loss. Number 24,
February 2001. (Replaces Technical Bulletin Number 212, September 1995). American
College of Obstetricians and Gynecologists. Int ] Gynaecol Obstet. (2002) 78:179-90.
doi: 10.1016/s0020-7292(02)00197-2

16. Reikvam H, Steien E, Hauge B, Liseth K, Hagen KG, Sterkson R, et al.
Thrombelastography. Transfus Apher Sci. (2009) 40:119-23. doi: 10.1016/
j.transci.2009.01.019

17. Subramanian A, Albert V, Agrawal D, Saxena R, Pandey RM. Evaluation of the
utility of thromboelastography in a tertiary trauma care centre. ISRN Hematol. (2014)
2014:849626. doi: 10.1155/2014/849626

18. Zhao L, Bi S, FuJ, Qi L, Li L, Fu Y. Retrospective analysis of fondaparinux and low-
molecular-weight heparin in the treatment of women with recurrent spontaneous
abortion. Front Endocrinol (Lausanne). (2021) 12:717630. doi: 10.3389/fendo.2021.717630

19. Robertson L, Wu O, Greer 1. Thrombophilia and adverse pregnancy outcome.
Curr Opin Obstet Gynecol. (2004) 16:453-8. doi: 10.1097/00001703-200412000-00003

20. D’Uva M, Micco PD, Strina I, Placido GD. Recurrent pregnancy loss and
thrombophilia. J Clin Med Res. (2010) 2:18-22. doi: 10.4021/jocmr2010.02.260w

21. Rai R, Tuddenham E, Backos M, Jivraj S, EI'Gaddal S, Choy S, et al.
Thromboelastography, whole-blood haemostasis and recurrent miscarriage. Hum
Reprod. (2003) 18:2540-3. doi: 10.1093/humrep/deg494

22. Wang P, Yang H, Wang G, Tian J. Predictive value of thromboelastography
parameters combined with antithrombin III and D-Dimer in patients with recurrent
spontaneous abortion. Am ] Reprod Immunol. (2019) 82:¢13165. doi: 10.1111/aji.13165

23. Zhang GM, Zhuang ZH. The maximum amplitude of thromboelastography can
be used for predicting recurrent spontaneous abortion. Am J Reprod Immunol. (2022)
87:€13538. doi: 10.1111/aji.13538

24. Zhang ], Song Z, Yuan H, Cai ZH. The effects of metabolic indicators and
immune biomarkers on pregnancy outcomes in women with recurrent spontaneous
abortion: a retrospective study. Front Endocrinol. (2023) 14:1297902. doi: 10.3389/
fendo.2023.1297902

25. Blomgqvist L, Nystrom HF, Hellgren M, Strandell A. Preconceptual thyroid
peroxidase antibody positivity in women with recurrent pregnancy losses may
contribute to an increased risk for another miscarriage. Clin Endocrinol. (2023)
98:259-69. doi: 10.1111/cen.14825

26. Pandey S, Pandey S, Maheshwari A, Bhattacharya S. The impact of female
obesity on the outcome of fertility treatment. ] Hum Reprod Sci. (2010) 3:62-7.
doi: 10.4103/0974-1208.69332

27. Metwally M, Saravelos SH, Ledger WL, Li TC. Body mass index and risk of
miscarriage in women with recurrent miscarriage. Fertil Steril. (2010) 94:290-5.
doi: 10.1016/j.fertnstert.2009.03.021

28. Ng KYB, Cherian G, Kermack AJ, Bailey S, Macklon N, Sunkara SK, et al.
Systematic review and meta-analysis of female lifestyle factors and risk of recurrent
pregnancy loss. Sci Rep. (2021) 11:7081. doi: 10.1038/541598-021-86445-2

29. Bellver J, Rossal LP, Bosch E, Ziiiga A, Corona JT, Melendez F, et al. Obesity
and the risk of spontaneous abortion after oocyte donation. Fertil Steril. (2003)
79:1136-40. doi: 10.1016/S0015-0282(03)00176-6

30. Zhang J, Liu H, Mao X, Chen Q, Fan Y, Xiao Y, et al. Effect of body mass index
on pregnancy outcomes in a freeze-all policy: an analysis of 22,043 first autologous
frozen-thawed embryo transfer cycles in China. BMC Med. (2019) 17:114. doi: 10.1186/
512916-019-1354-1

31. Henson MC, Castracane VD. Leptin in pregnancy. Biol Reprod. (2000) 63:1219-
28. doi: 10.1095/biolreprod63.5.1219

32. Sagawa N, Yura S, Itoh H, Kakui K, Takemura M, Nuamah MA, et al. Possible
role of placental leptin in pregnancy: a review. Endocrine. (2002) 19:65-71.
doi: 10.1385/ENDO:19:1

33. Moschos S, Chan JL, Mantzoros CS. Leptin and reproduction: a review. Fertil
Steril. (2002) 77:433-44. doi: 10.1016/S0015-0282(01)03010-2

Frontiers in Endocrinology

10

10.3389/fendo.2024.1415786

34. Habets DHJ, Schiffer V, Kraneburg LPA, de Krom FJW, Giirtekin I, van Bree BE,
et al. Preconceptional evaluation of women with recurrent pregnancy loss: the
additional value of assessing vascular and metabolic status. BMC Pregnancy
Childbirth. (2022) 22:75. doi: 10.1186/s12884-021-04365-5

35. Kakita-Kobayashi M, Murata H, Nishigaki A, Hashimoto Y, Komiya S,
Tsubokura H, et al. Thyroid Hormone Facilitates in vitro Decidualization of Human
Endometrial Stromal Cells via Thyroid Hormone Receptors. Endocrinology. (2020) 161:
bqaa049. doi: 10.1210/endocr/bqaa049

36. Chen S, Zhou X, Zhu H, Yang H, Gong F, Wang L, et al. Preconception TSH and
pregnancy outcomes: a population-based cohort study in 184 611 women. Clin
Endocrinol (Oxf). (2017) 86:816-24. doi: 10.1111/cen.13329

37. Aghajanova L, Stavreus-Evers A, Lindeberg M, Landgren BM, Sparre LS,
Hovatta O. Thyroid-stimulating hormone receptor and thyroid hormone receptors
are involved in human endometrial physiology. Fertil Steril. (2011) 95:230-7,7.e1-2.
doi: 10.1016/j.fertnstert.2010.06.079

38. Hammond KR, Cataldo NA, Hubbard JA, Malizia BA, Steinkampf MP.
Gestational hypothyroidism: development of mild hypothyroidism in early
pregnancy in previously euthyroid women. Fertil Steril. (2015) 103:1532-6.el.
doi: 10.1016/j.fertnstert.2015.03.006

39. Zhang Y, Wang H, Pan X, Teng W, Shan Z. Patients with subclinical
hypothyroidism before 20 weeks of pregnancy have a higher risk of miscarriage: A
systematic review and meta-analysis. PloS One. (2017) 12:¢0175708. doi: 10.1371/
journal.pone.0175708

40. Oki N, Matsuo H, Nakago S, Murakoshi H, Laoag-Fernandez JB, Maruo T.
Effects of 3,5,3’-triiodothyronine on the invasive potential and the expression of
integrins and matrix metalloproteinases in cultured early placental extravillous
trophoblasts. J Clin Endocrinol Metab. (2004) 89:5213-21. doi: 10.1210/jc.2004-0352

41. Verma I, Sood R, Juneja S, Kaur S. Prevalence of hypothyroidism in infertile
women and evaluation of response of treatment for hypothyroidism on infertility. Int
Appl Basic Med Res. (2012) 2:17-9. doi: 10.4103/2229-516X.96795

42. Fan H, Ren Q, Sheng Z, Deng G, Li L. The role of the thyroid in polycystic ovary
syndrome. Front Endocrinol (Lausanne). (2023) 14:1242050. doi: 10.3389/fendo.2023.1242050

43. Dong AC, Morgan J, Kane M, Stagnaro-Green A, Stephenson MD. Subclinical
hypothyroidism and thyroid autoimmunity in recurrent pregnancy loss: a systematic
review and meta-analysis. Fertil Steril. (2020) 113:587-600.el. doi: 10.1016/
j.fertnstert.2019.11.003

44. Tanska K, Gietka-Czernel M, Glinicki P, Kozakowski J. Thyroid autoimmunity
and its negative impact on female fertility and maternal pregnancy outcomes. Fronti
Endocrinol. (2022) 13:1049665. doi: 10.3389/fendo.2022.1049665

45. Ticconi C, Giuliani E, Veglia M, Pietropolli A, Piccione E, Di Simone N. Thyroid
autoimmunity and recurrent miscarriage. Am ] Reprod Immunol. (2011) 66:452-9.
doi: 10.1111/aji.2011.66.issue-6

46. Zhou L, Chen J, Tao CJ, Huang S, Zhang J, Shen W, et al. Hematological indexes
can be used to predict the incidence of hypothyroidism in nasopharyngeal carcinoma
patients after radiotherapy. BioMed Res Int. (2020) 2020:3860936. doi: 10.1155/2020/
3860936

47. van Dijk MM, Vissenberg R, Fliers E, van der Post JAM, van der Hoorn MP, de
Weerd S, et al. Levothyroxine in euthyroid thyroid peroxidase antibody positive women
with recurrent pregnancy loss (T4LIFE trial): a multicentre, randomised, double-blind,
placebo-controlled, phase 3 trial. Lancet Diabetes Endocrinol. (2022) 10:322-9.
doi: 10.1016/S2213-8587(22)00045-6

48. Vasilopoulou E, Loubiére LS, Lash GE, Ohizua O, McCabe CJ, Franklyn JA, et al.
Triiodothyronine regulates angiogenic growth factor and cytokine secretion by isolated
human decidual cells in a cell-type specific and gestational age-dependent manner.
Hum Reprod. (2014) 29:1161-72. doi: 10.1093/humrep/deu046

49. Mauer K, Exaire JE, Stoner JA, Saucedo JF, Montgomery PS, Gardner AW. Effect
of exercise training on clot strength in patients with peripheral artery disease and
intermittent claudication: An ancillary study. SAGE Open Med. (2015)
3:2050312115575938. doi: 10.1177/2050312115575938

50. Basak S, Sarkar A, Mathapati S, Duttaroy AK. Cellular growth and tube
formation of HTR8/SVneo trophoblast: effects of exogenously added fatty acid-
binding protein-4 and its inhibitor. Mol Cell Biochem. (2018) 437:55-64.
doi: 10.1007/s11010-017-3095-9

51. QuF, Wu Y, Zhu YH, Barry J, Ding T, Baio G, et al. The association between
psychological stress and miscarriage: A systematic review and meta-analysis. Sci Rep.
(2017) 7:1731. doi: 10.1038/541598-017-01792-3

52. Betts D, Smith CA, Hannah DG. Acupuncture as a therapeutic treatment option
for threatened miscarriage. BMC Complement Altern Med. (2012) 12:20. doi: 10.1186/
1472-6882-12-20

53. Youssef A, Vermeulen N, Lashley E, Goddijn M, van der Hoorn MLP.
Comparison and appraisal of (inter)national recurrent pregnancy loss guidelines.
Reprod BioMed Online. (2019) 39:497-503. doi: 10.1016/j.rbmo.2019.04.008

frontiersin.org


https://doi.org/10.3390/ijms21134756
https://doi.org/10.1111/cen.13136
https://doi.org/10.1097/01.ogx.0000281558.59184.b5
https://doi.org/10.5114/aoms.2011.24139
https://doi.org/10.4103/0019-5359.43122
https://doi.org/10.4103/0019-5359.43122
https://doi.org/10.1016/s0020-7292(02)00197-2
https://doi.org/10.1016/j.transci.2009.01.019
https://doi.org/10.1016/j.transci.2009.01.019
https://doi.org/10.1155/2014/849626
https://doi.org/10.3389/fendo.2021.717630
https://doi.org/10.1097/00001703-200412000-00003
https://doi.org/10.4021/jocmr2010.02.260w
https://doi.org/10.1093/humrep/deg494
https://doi.org/10.1111/aji.13165
https://doi.org/10.1111/aji.13538
https://doi.org/10.3389/fendo.2023.1297902
https://doi.org/10.3389/fendo.2023.1297902
https://doi.org/10.1111/cen.14825
https://doi.org/10.4103/0974-1208.69332
https://doi.org/10.1016/j.fertnstert.2009.03.021
https://doi.org/10.1038/s41598-021-86445-2
https://doi.org/10.1016/S0015-0282(03)00176-6
https://doi.org/10.1186/s12916-019-1354-1
https://doi.org/10.1186/s12916-019-1354-1
https://doi.org/10.1095/biolreprod63.5.1219
https://doi.org/10.1385/ENDO:19:1
https://doi.org/10.1016/S0015-0282(01)03010-2
https://doi.org/10.1186/s12884-021-04365-5
https://doi.org/10.1210/endocr/bqaa049
https://doi.org/10.1111/cen.13329
https://doi.org/10.1016/j.fertnstert.2010.06.079
https://doi.org/10.1016/j.fertnstert.2015.03.006
https://doi.org/10.1371/journal.pone.0175708
https://doi.org/10.1371/journal.pone.0175708
https://doi.org/10.1210/jc.2004-0352
https://doi.org/10.4103/2229-516X.96795
https://doi.org/10.3389/fendo.2023.1242050
https://doi.org/10.1016/j.fertnstert.2019.11.003
https://doi.org/10.1016/j.fertnstert.2019.11.003
https://doi.org/10.3389/fendo.2022.1049665
https://doi.org/10.1111/aji.2011.66.issue-6
https://doi.org/10.1155/2020/3860936
https://doi.org/10.1155/2020/3860936
https://doi.org/10.1016/S2213-8587(22)00045-6
https://doi.org/10.1093/humrep/deu046
https://doi.org/10.1177/2050312115575938
https://doi.org/10.1007/s11010-017-3095-9
https://doi.org/10.1038/s41598-017-01792-3
https://doi.org/10.1186/1472-6882-12-20
https://doi.org/10.1186/1472-6882-12-20
https://doi.org/10.1016/j.rbmo.2019.04.008
https://doi.org/10.3389/fendo.2024.1415786
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	A new prognostic model for recurrent pregnancy loss: assessment of thyroid and thromboelastograph parameters
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Definition and follow-up
	2.3 Candidate predictive variables
	2.4 Statistical analysis

	3 Results
	3.1 Baseline characteristics
	3.2 Predictor screening
	3.3 Model development
	3.4 Model validation

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


