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Editorial on the Research Topic 


Subclinical thyroid disease: present knowledge and future direction





For centuries, a wide spectrum of thyroid dysfunction has been described in the literature across different civilizations. Interestingly, our current understanding about the structural, functional, and pathophysiologic aspects underlying thyroid disease has only fundamentally changed in recent decades as new technologies are developed, in addition to the increasing amount of data from clinical trials. These discoveries have led to a paradigm change in the management of thyroid disease (1).

Mild to moderate thyroid dysfunction is commonly found during routine testing in clinical practice, affecting between 3-8% of the general population. There are numerous pathophysiological mechanisms described in the literature to establish a clear relationship between thyroid dysfunction and the development of various pathologies such as obesity, depression, cardiovascular disease, and dyslipidemia. Untreated subclinical hypothyroidism (SCH), for instance, has been linked with a number of deleterious outcomes, although its weight as a disease modifying factor is still subject of controversy in some specific scenarios (2).

Altogether, the emergence of subclinical thyroid disease as a significant contributor to other disease states has opened multiple lines of research and the expanding literature on this topic is a welcome addition to the existing body of knowledge available for the clinician, particularly in times when misinformation abounds among the general population regarding the definition of true thyroid illness (3). In the current Research Topic, different groups of investigators explore various interesting questions and generate novel knowledge regarding this wide group of conditions.

One of the major challenges in subclinical thyroid disease is the need to establish a TSH cut-off point to define SCH. In this issue, Zheng et al. describe the association between thyroid autoantibodies distribution in relation to different TSH cut-off values in a large cohort of 145,015 patients. Another area of subject of intense research is the effect that SCH has in pregnancy related outcomes (4, 5). Meng et al. propose a nomogram that considers the effect of TSH and TPO antibodies and the interaction with other factors, such as mother age, that could predict an increased risk of preterm delivery. In the same pregnancy related topic, Zhou et al. describe the possible relationship between Free T4 levels in the first trimester and the risk of preterm delivery. Moreover, the benefit of treating antibody positive non-hypothyroid pregnant women with thyroid hormone replacement is an area of investigation that has not been studied extensively. A clinical trial by Li et al. demonstrated no difference in the incidence of hypertensive disorders during pregnancy, but a reduction in miscarriage occurrence was observed. In these reports several other materno-fetal outcomes are also investigated. Furthermore, a meta-analysis by Han et al. explores the effect of SCH in pregnant and non-pregnant women in the overall risk of developing hypertensive disorders.

Although the neurocognitive effects in the offspring of women with uncontrolled established hypothyroidism are well known, the effect of mild thyroid dysfunction in pregnant women without TPO antibodies is less understood. In the article by Wang et al. the presence of maternal mild thyroid dysfunction was associated to an impaired neurocognitive function, manifested as lower receptive communication score at one year of age when compared with children from women with normal thyroid function, at one year of age.

Cardiovascular disease remains the number one cause of death worldwide (6, 7). Thyroid dysfunction, specifically overt hypothyroidism is linked to a worse cardiovascular risk profile through several mechanisms, such as impaired lipid metabolism causing hypercholesterolemia (8). The effect of mild thyroid dysfunction, however, as a cardiovascular risk enhancer is less clear (9). In their paper, Li et al. compared a group of patients who presented with confirmed acute ST-segment elevation myocardial infarction, based on the presence of subclinical thyroid disease (both hyper and hypothyroid) and compared post-event outcomes with those individuals with normal thyroid function. After adjustments for other risk factors, there was an increment in hospital cardiovascular deaths in the group with subclinical hyperthyroidism. In the other hand, Meng et al. investigated the incidence of atrial fibrillation development in a group of patients with hypertrophic obstructive cardiomyopathy and low TSH. Given the complex and multifactorial pathogenesis of cardiovascular disease, it is frequently difficult to isolate the dominant factor leading to an excessive cardiac risk. An impaired coagulation is one of such risk factors. It is known that thyroid function also effects the coagulation and fibrinolytic system, and thyroid dysfunction is associated to a hypercoagulation state. The detail of this intricate relationship remains to be fully elucidated, but on systematic review by Xu et al. they analyzed data on 1325 patients from 12 observational studies and describe the pattern of disrupted homeostasis between hemostatic biomarkers in subjects with abnormal thyroid function.

Subclinical thyroid disease represents an important challenge in clinical medicine. Mounting evidence strongly indicates a pressing need for earlier and better screening in vulnerable populations likely to experience adverse outcomes, such as pregnant women and individuals with a high cardiovascular risk. Research is underway aiming to elucidate the specific mechanisms responsible for these interactions and to identify those patients more likely to benefit from early thyroid replacement and the optimal timing for intervention needed to reduce such outcomes.
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Background

Maternal thyroid dysfunction and autoantibodies were associated with preterm delivery. However, recommendations for cutoff values of thyroperoxidase antibody (TPOAb) positivity and thyroid-stimulating homone (TSH) associated with premature delivery are lacking.



Objective

To identify the pregnancy-specific cutoff values for TPOAb positivity and TSH associated with preterm delivery. To develop a nomogram for the risk prediction of premature delivery based on maternal thyroid function in singleton pregnant women without pre-pregnancy complications.



Methods

This study included data from the International Peace Maternity and Child Care Health Hospital (IPMCH) in Shanghai, China, between January 2013 and December 2016. Added data between September 2019 and November 2019 as the test cohort. Youden’s index calculated the pregnancy-specific cutoff values for TPOAb positivity and TSH concentration. Univariate and multivariable logistic regression analysis were used to screen the risk factors of premature delivery. The nomogram was developed according to the regression coefficient of relevant variables. Discrimination and calibration of the model were assessed using the C-index, Hosmer-Lemeshow test, calibration curve and decision curve analysis.



Results

45,467 pregnant women were divided into the training and validation cohorts according to the ratio of 7: 3. The testing cohort included 727 participants. The pregnancy-specific cutoff values associated with the risk of premature delivery during the first trimester were 5.14 IU/mL for TPOAb positivity and 1.33 mU/L for TSH concentration. Multivariable logistic regression analysis showed that maternal age, history of premature delivery, elevated TSH concentration and TPOAb positivity in the early pregnancy, preeclampsia and gestational diabetes mellitus were risk factors of premature delivery. The C-index was 0.62 of the nomogram. Hosmer-Lemeshow test showed that the Chi-square value was 2.64 (P = 0.955 > 0.05). Decision curve analysis showed a positive net benefit. The calibration curves of three cohorts were shown to be in good agreement.



Conclusions

We identified the pregnancy-specific cutoff values for TPOAb positivity and TSH concentration associated with preterm delivery in singleton pregnant women without pre-pregnancy complications. We developed a nomogram to predict the occurrence of premature delivery based on thyroid function and other risk factors as a clinical decision-making tool.
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Introduction

Premature delivery is defined as delivery before gestation week 37 (1). Every year, there are 15 million preterm births worldwide, responsible yearly for 965,000 neonatal and 125,000 toddlers and preschool children (aged 1 – 5 years) deaths (1, 2). The frequency of premature births is reported as 12 ~ 13% in America and 5 ~ 9% in the other developed countries (3). The causes of premature delivery are mostly unclear, and our knowledge of its pathophysiology is still limited. Despite the socio-demographic, environmental, obstetric, fetal and medical factors were reported to be associated with premature births, approximately two-thirds of premature births occur without an obvious risk factor (4–8).

Clinicians need a simple algorithm to identify pregnant women at the risk of premature delivery by applying it to all symptomatic or asymptomatic patients at any given gestational age, those with a singleton at high risk, and those at low risk (9). Unfortunately, it is unlikely that a single test could predict all premature deliveries. Recently, clinical risk prediction models are developed to predict the probability of preterm delivery in pre-pregnancy women or high risk populations (10–13). However, singleton pregnant women without any pre-pregnancy complications, as a low risk group, lack an individualized assessment or prediction model for the risk of premature birth.

Dysfunction of maternal thyroid is relatively common during pregnancy (14). Overt hyperthyroidism and hypothyroidism are well-known risk factors for premature delivery (15). Thyroid autoimmunity (TAI) is much more frequent in pregnant women than overt thyroid diseases, with a prevalence of 10% for thyroperoxidase antibody (TPOAb) positivity (16). Recent Studies showed that TPOAb-positive pregnant women had a significantly high risk of premature delivery (14). The pathophysiological mechanisms underlying this association are still unknown but are suspected to include subtly impaired thyroid function, a direct effect of thyroid autoantibodies on fetal tissue or an underlying more generalized autoimmune dysfunctions (17). Thyroid autoantibodies can reflect a generalized activation of the immune system and specifically a dysregulated activity of the immune system at the fetal-maternal interface (18). Dysregulation of the local placental-decidual environment can be associated with miscarriage and premature delivery (19). Thyroid function screening during pregnancy should include at least an assessment of thyroid-stimulating hormone (TSH) and TPOAb concentrations, regardless of the screening method (20). We hypothesized that TPOAb positivity and TSH concentration could be novel markers of premature delivery in pregnant women.

Taking into account the unique changes of maternal thyroid function in the first half of pregnancy, the latest American Thyroid Association (ATA) guidelines advocated to use pregnancy-specific and regional reference ranges for free thyroxine (FT4) and TSH based on euthyroid pregnant women (21). But the cutoff value for TPOAb positivity is usually provided by the assay manufacturer. However, it is unknown whether such a cutoff value could be generalized to the pregnant population. The determination of TPOAb positive cutoff value in previous studies did not fully consider the thyroid function changes in pregnancy, and usually has a wide threshold range (22). There are no data on reference ranges for pregnancy-specific TPOAb and TSH concentration in association with premature delivery.

This study aimed to determine the pregnancy-specific cutoff values for TPOAb-positive and TSH concentration association with the risk of premature delivery in singleton pregnant women without pre-pregnancy complications. Furthermore, we aimed to construct a nomogram to predict premature delivery based on thyroid function and other risk factors. The aim of our study was to develop a clinical decision-making tool for assessing the individual risk for premature delivery in pregnant women.



Materials and Methods


Patient Enrollment

The retrospective study was performed at the International Peace Maternity and Child Health Hospital (IPMCH), a large public hospital providing tertiary care in Shanghai, China. The project was approved by the Ethics Committee of IPMCH (No. GKLW2019–16). From January 1, 2013, to December 31, 2016, a total of 52,027 pregnant women were enrolled the cohort. We added data from the same institution between September 2019 and November 2019 as the test cohort. Women who met the following criterias were included: participants who underwent a first prenatal screening during the first trimester at IPMCH and their FT4, TSH, and TPOAb data from the first presentation were available. Women with chronic diseases are known to cause adverse pregnancy outcomes and interventions are expected to be required before conception and during pregnancy. The exclusion criteria were as follows (1): women who had a history of thyroid diseases, diabetes mellitus, chronic hypertension before pregnancy; (2) those using medication known to interfere with thyroid function before or after baseline measurements; (3) pregnant women with miscarriages or multiple births, induced abortions, or stillbirths, as the gestational age or birth weight were unavailable for these neonates. As a result, 45,467 pregnant women were enrolled in this study. Then randomly divide all the enrolled participants into the training cohort (n = 31,827) and validation cohort (n = 13,640) according to the ratio of 7: 3. 727 pregnant women were enrolled as the test cohort. The regional iodine status of pregnant women in Shanghai is considered adequate during the first trimester [urinary iodine concentration (UIC), 155.0 μg/L] and second trimester (UIC, 151.0 μg/L) (23).



Data Collection

The data came from the electronic medical record system of IPMCH. Data on maternal age, parity, last menstrual period (LMP), education levels, and previous diseases such as chronic hypertension, diabetes mellitus were collected through the first interview (about 9 – 13 weeks of pregnancy). Gestational age determination was estimated based on the date of LMP and confirmed by ultrasound. Fasting blood samples were drawn from the median cubital vein, and the serum was separated by centrifugation within six hours. The measurements of FT4, TSH and TPOAb concentrations were obtained in early pregnancy (9 – 13 weeks) and measured using the Architect i2000 immunoassay (Abbott, Chicago, IL, USA) according to the manufacturer’s protocols. The intra- and inter-assay coefficient of variation ranged between 1.6 – 3.6% for TSH, 1.9 – 4.0% for FT4, and was 10.0% for TPOAb positivity (24). Information on pregnancy outcomes such as gestational age, birth weights and pregnancy complications was also obtained from the electronic medical records.



Diagnostic Criteria

Maternal pre-pregnancy body mass index (BMI) was calculated by dividing the pre-pregnancy weight (kg) by the squared height (m2). Gestational hypertension was defined as new-onset hypertension without proteinuria, with blood pressure (BP) of ≥140/90 mmHg after week 20 of gestation; preeclampsia was defined by the same criteria and with proteinuria of 1+ on dipstick testing occurring when the BP was elevated (25). Gestational diabetes mellitus (GDM) was conducted with an abnormal oral glucose tolerance test (OGTT) at week 24 – 28 of gestation and defined following the standard diagnostic criterias that established by the American Diabetes Association (26). The main pregnancy outcome was the gestational age of the neonates. Premature delivery was defined as delivery before gestational week 37 or with a birth weight more than 1,000 g.



Statistical Analysis

The data were analyzed using IBM SPSS Statistics for Windows, Version 25.0 (IBM Corp., Armonk, NY, USA) and R 4.1.1. The measurement data were shown as mean ± standard deviation (SD) and statistically compared by the independent samples t-test. The categorical data were expressed as count and percentage and compared by the chi-squared test. The relationships between the risk factors and premature delivery were analyzed using the univariate and multivariable logistic regression analysis. Each independent variable was examined by a univariate model. Variables associated with the studied outcome (P < 0.05) would be included in the multivariate model. We used the maximum Youden’s index for rating diagnostic tests to calculate the optimal cut-off point of TPOAb positivity and TSH concentration related to the prevalence of premature delivery. Then randomly divide all the enrolled participants into the training cohort (n = 31,827) and validation cohort (n = 13,640) according to the ratio of 7: 3. The test cohort included 727 pregnant women. The nomogram was developed based on the regression coefficients of the relevant variables in the training cohort. The values for model covariates were mapped to points in the range of 0 to 100. The total number of points obtained by the predictive model corresponded to the prevalence of premature delivery. Discrimination and calibration of the model were assessed using the C-index, Hosmer-Lemeshow test, calibration curve and decision curve analysis. Decision curve analysis was used to determine the clinical utility of the prediction model. The decision curve plots net benefits for a range of relevant risk thresholds. The performance of the nomogram was evaluated by the calibration curve in the validation cohort and test cohort. The closer the dots were to the diagonal dotted line, the better the prediction model was. Pregnancy outcomes included gestational week, birth weight of newborns, and premature delivery rate. The logistical regression model was used to estimate the odds ratios (ORs), hazard ratios (HRs) and 95% confidence intervals (CI) for the association between variables and preterm delivery. P value < 0.05 was considered statistically significant.




Results


Patient Characteristics

Figure 1 showed the flow diagram for inclusion and exclusion of the study. Finally, 45,467 eligible pregnant women were enrolled in this study. Premature delivery occurred in 2,134 women (4.7%). The pregnant women were divided into two groups according to the gestational week of neonates. The patient characteristics in both groups are shown in Table 1. The minimum maternal age was 18 years and the maximum maternal age was 49 years. The mean maternal age was 30.68± 3.82 years in premature-delivery group and 30.01 ± 3.56 years in full-term group (P < 0.001). The median pre-pregnancy BMI was 21.18 ± 2.98 kg/m2 in premature-delivery group and 20.99 ± 2.72 kg/m2 in full-term group (P = 0.023). The proportion of multiparous women was higher in the premature delivery group (21.0% vs. 18.3%, P = 0.001). The proportion of previous history of premature delivery was higher in the premature-delivery group (1.7% vs. 0.3%, P < 0.001). Maternal education level and smoking were similar between two groups.




Figure 1 | Flowcharts illustrating study population selection and data availability.




Table 1 | Patient baseline characteristics.





Assessment of the Pregnancy-Specific Cutoff Values for TPOAb Positivity and TSH Concentration Associated With Premature Delivery

The Youden’s index was used to calculate the pregnancy-specific and regional cutoff values for TPOAb positivity and TSH concentration related to the prevalence of premature delivery. The cutoff value for TPOAb positive in the first trimester based on Youden’s index maximum was 5.14 IU/mL, lower than the manufacturer’s cutoff (5.61 IU/mL). The cutoff value for TSH concentration in the first trimester based on Youden’s index maximum was 1.33 mU/L, significantly lower than the upper limit of normal threshold value for TSH in euthyroid pregnant women (3.52 mU/L).



Logistic Regression Analysis and Development of a Nomogram Prediction Model

As shown in Figure 2, the univariate analysis showed that there were significant differences in maternal age, parity, history of preterm birth, pre-pregnancy BMI, preeclampsia, GDM, and TSH, FT4, and TPOAb concentrations in the first trimester between two groups. The multivariable logistic regression analysis demonstrated that maternal age, previous history of premature delivery, preeclampsia, GDM and TSH and TPOAb concentrations in the first trimester were independent risk factors for premature delivery in the training cohort (Table 2). The prediction model was developed based on these factors and presented as a nomogram (Figure 3).




Figure 2 | Univariate analysis of risk factors for premature delivery.




Table 2 | Multivariable analysis of risk factors for premature delivery in the training group.






Figure 3 | A profile of a nomogram to estimate the risk of premature delivery in the training cohort. To calculate the probability of preterm delivery, draw a line perpendicular to the corresponding axis of each risk factor until it reaches the top line labeled “Points.” Sum up the number of points for all risk factors, and then draw a line descending from the axis labeled “Total Points” until it intercepts with the lower line where the preterm birth probability is indicated. GDM, gestational diabetes mellitus; TSH, thyroid-stimulating hormone; TPOAb,thyroid peroxidase antibody; History, history of premature delivery. For Age, number=years. For binary variables, 0 = no and 1 = yes. For TPOAb positivity, 0= when TPOAb concentration less than 5.14 IU/mL and 1=when TPOAb concentration more than 5.14 IU/mL. For TSH concentration, 0= when TSH concentration less than 1.33 mU/L and 1= when TSH concentration more than 1.33 mU/L.





Apparent Performance and Clincial Use of the Nomogram

The C-index was 0.62 and Hosmer-Lemeshow test for evaluation of calibration showed that the Chi-square value was 2.64 (P = 0.955 > 0.05) of the predictive model. Decision curve analysis indicated the net benefit of the nomogram was higher with the probability threshold ranging from 5% to 40% (Figure 4). The calibration curve of the training cohort was shown in Figure 5A (Mean absolute error = 0.002, Quantile of absolute error = 0.003). The calibration curve of the validation cohort was shown in Figure 5B (Mean absolute error = 0.002, Quantile of absolute error = 0.004) and the test cohort was shown in Figure 5C (Mean absolute error = 0.003, Quantile of absolute error = 0.007). The calibration curve of the nomogram for the prediction of premature delivery risk were proven to be in good agreement.




Figure 4 | Decision curve analysis for premature delivery. Dotted green line = net benefit when no one is at risk for premature delivery; Dotted orange line = net benefit when all are at risk for premature delivery. The y-axis measures the net benefit. The red line represents the nomogram. The decision curve showed that if the threshold probability is between 0.05–0.40, using the nomogram in the current study to predict premature delivery adds more benefit than the intervention-all-patients scheme or the intervention-none scheme.






Figure 5 | Calibration results. Nomogram-predicted probability of premature delivery is plotted on the x-axis; actual probability of premature delivery is plotted on the y-axis. The diagonal dotted line represents a perfect prediction by an ideal model. The solid line represents the performance of the nomogram. The closer this line is to the diagonal dotted line, the better the prediction. Training cohort (A); Validation cohort (B) and Test cohort (C).






Discussion

During recent decades, many studies on thyroid dysfunction and TAI in pregnant women have been published. A meta-analysis on TPOAb-positive pregnant women from 2010 (27) and a systematic review with 3,043 TPOAb-positive cases from 2019 (14) indicated a 1.69-fold and 1.33-fold higher risk of preterm delivery, respectively, in comparison to TPOAb-negative pregnant women. These studies have demonstrated the importance of the underlying pathophysiological mechanisms. Compared with the non-pregnant population, TSH measurement declines in the early pregnancy and gradually increases throughout the later pregnancy, peaking just before delivery (28). TAI causes a gradual decrease in thyroid functional capacity and the adverse effects on thyroid function may be begun in the first trimester (20). TPOAb and its production might be a response to thyroid injury rather than a cause of it. The slightly abnormalities of maternal thyroid function might be related to the dysfunction of maternal-placental unit (29). The maternal-placental unit provides a stringently regulated endocrine and metabolic network for the fetus (30). Dysfunction of the maternal thyroid seems to be associated with an impairment of the placental-fetal glucose metabolism that might predispose the fetus to hypoglycemia and growth retardation by increasing the risk of low birth weight (31). The pathophysiological mechanism between maternal TAI and premature delivery needs further research.

Whether the metabolic control was achieved before and during pregnancy resulted in different pregnancy outcomes. However, studies on thyroid dysfunction and premature delivery have yielded mixed results. The exclusion or inclusion criterias used to select the pregnant women with thyroid disorders might be the major causes of heterogeneity in these studies (27). The 2017-ATA guidelines advocate using pregnancy-specific and regional reference ranges for FT4 and TSH measurements, but the definition of the regional and pregnancy-specific reference range for TPOAb positivity was not mentioned (20). Studies have reported various upper limits for TSH measurement (ranging from >2.5 to >6.0 mU/L) (14) and a wide range of cutoff values (ranging from 15 to 143 IU/mL) are used to define TPOAb positivity (22). The differences between assays and cutoffs used in various studies could contribute to the differences in the reported prevalence of thyroid antibodies, and differences in antibody associations with pregnancy outcomes (17). It was found that a dose-dependent relationship between TPOAb and thyroid function as well as the risk of premature delivery (22). In previous study, we have established a regional and pregnancy-specific thyroid function reference ranges for euthyroid pregnant women, 3.52 mU/L as an upper limit threshold value for TSH measurement in the first trimester (32). However, the regional pregnancy-specific cutoff value for TPOAb positivity has not been established yet. In our study, we investigated the association between maternal thyroid dysfunction and premature delivery. First, our study showed TPOAb-positive and TSH concentration during the first trimester was significantly associated with premature delivery. Furthermore, we investigated pregnancy-specific and regional cutoff values for TPOAb positivity and TSH concentration during the first trimester associated with premature delivery. The cutoff value for TPOAb positivity was lower than that provided by the assay manufacturer for the normal non-pregnant population (5.14 vs. 5.61 IU/mL). The cutoff value for TSH concentration was considerably lower than the upper limit of threshold value for TSH concentration in euthyroid pregnant women (1.33 vs. 3.52 mU/L). The risks indicated by these persisted even after adjusting for other confounding factors. Therefore, our study indicated that TPOAb positivity and TSH concentration in the early pengnancy were independent risk factors for premature delivery.

Our nomogram not only included the major well-known risk factors of preterm delivery, but also included other newly identified risk factors such as thyroid function, that had not been used in a nomogram associated with premature delivery before. Maternal history of premature delivery was commonly reported to confer a higher risk of preterm delivery in subsequent pregnancies (3, 8). Laughon et al. showed that previous history of premature birth was the most important risk factor for premature delivery, associated with a 32% high risk of a recurrent preterm birth (33). Previous preterm delivery in this study was one of the strongest predictors for premature delivery and then it was incorporated into the prediction model. Other variables such as preeclampsia and GDM were previously included in a risk-calculating nomogram and machine learning algorithm (10, 34). Hypertensive disorder was one of the known risk factors based on machine learning. Other risk factors included twin pregnancy, systemic lupus erythematosus and short cervical length (35). One of the benefits of machine learning model is the potential to identify risk for idiopathic or spontaneous premature delivery. And it can also consider a wide range of health conditions to infer patterns related to premature delivery (35). Han et al. found that thyroid autoantibodies in the first trimester were associated with an increased risk for hypertensive disorders of pregnancy, and theses associations were independent of thyroid dysfunction (36). In type 1 diabetes, the prevalence of TAI is higher than in healthy population (37). A meta-analysis showed that there was a significant but not strong association between thyroid antibodies and the risk of GDM (38). As indicated above, the pregnant women with TAI are at higher risk of developing preeclampsia and GDM.

To our knowledge, it was the first study that TPOAb positivity and TSH were enrolled in the prediction model of premature delivery. The final model included maternal age, history of premature birth, TPOAb and TSH concentrations in the first trimester, preeclampsia, and GDM. Using these findings, the nomogram was established. The nomogram prediction was supported by the C-index, Hosmer-Lemeshow test, calibration curve and decision curve analysis. The decision curve showed that using a threshold between 5% and 40% to identify pregnant women related with premature delivery would obtain a positive net benefit. The calibration curves of three cohorts were shown to be in good agreement. The strong predictive effect of these parameters was thought biologically plausible and clinically meaningful. Previous preterm delivery and thyroid functions are the most effective predictive factors in early pregnancy, providing important information to clinicians to assist in their decision-making. Preeclampsia and GDM, the main factors influencing pregnancy outcomes, were important variables for preterm birth prediction in this study. Our nomogram is a prediction model that combines preconception and antepartum factors. The dynamic changes in the variables should be noted. The total score of the nomogram will change when preeclampsia is diagnosed after week 20 of gestation or GDM after week 24.


Strengths and Limitations

Our study had some limitations. What needs to be emphasized is that observational research cannot prove causation, only association. There is currently no single test for predicting premature delivery. Tests such as cervical length and factors related to infection were not included in our model, even though they were thought to be important for preterm birth prediction. Most nulliparous women in our study were considered as being at low risk, dispensing with routine cervical length screening. The sample size of the test cohort was smaller than that of the training and validation cohorts. Study on a large sample size is needed to confirm the effectiveness of a biomarker. We will expand the cohort and strive to validate the accuracy of our predictive tool in the future study.

This study had several strengths. First, we investigated pregnancy-specific cutoff values for TPOAb and TSH concentrations during early pregnancy association with premature delivery. To our knowledge, few studies were conducted to identify the pregnancy-specific cutoffs of TPOAb and the risk of premature delivery. Second, we have developed a nomogram that included new risk variables, such as thyroid function, that had not been used in a nomogram associated with premature delivery before. Third, our study was a large cohort and all variables in the study were based on available data from clinical obstetric history to facilitate the evaluation of pregnant women.




Conclusion

This study identified the regional and pregnancy-specific cutoff values for TPOAb positivity and TSH concentration associated with premature delivery in singleton pregnant women without pre-pregnancy complications. We have developed a nomogram to predict premature delivery based on thyroid function and other risk factors. The risk calculation with this model was simple, could be used as a clinical decision-making tool.
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Background

Several different criteria for subclinical hypothyroidism (SCH) have been used in the literature, but the performance of these criteria was unknown.



Objective

This retrospective study was to evaluate the diagnostic criteria for SCH.



Methods

Eligible participants were based on centration of thyroglobulin antibodies (TG-Ab), thyroid peroxidase antibodies (TPO-Ab), and five thyroid-related hormones including total thyroxine (TT4), total triiodothyronine (TT3), free thyroxine (FT4), free triiodothyronine (FT3), and thyroid-stimulating hormone (TSH). Euthyroid individuals were identified via specific criteria. Five different SCH diagnostic criteria were compared based on the distributions of those indicators. An appropriate TSH cut-off value was reconsidered.



Results

The study included 145,015 participants. The number of SCH cases diagnosed using criterion 5 was significantly different compared to the cases diagnosed using criteria 1-4 (P<0.05) and had the highest positive proportions of TG-Ab and TPO-Ab. Analysis of 60,515 subjects with normal other thyroid hormones revealed a median TSH concentration of 2.04 mIU/L, and the P2.5–P97.5 CI was 0.48-7.03 mIU/L. When the threshold for TSH elevation was elevated from ≥4.5 mIU/L to ≥6.50 mIU/L, the number of diagnosed SCH cases decreased from 7.30% to 2.09% and the proportions of positive TG-Ab and TPO-Ab increased from 23.69% and 24.07% to 33.75% and 35.06%, respectively (P<0.01).



Conclusions

Combination of an elevated TSH and normal TT3, TT4, FT3, and FT4 concentrations is a must for the diagnosis of SCH. A new TSH threshold should be identified for better patient monitoring and management, according to the real-world characteristics of TSH distribution in Chinese population.





Keywords: thyroid-associated hormones, hypothyroidism, subclinical hypothyroidism, diagnosis, criteria



Introduction

Subclinical hypothyroidism (SCH) is highly prevalent worldwide but remains challenging to diagnose. Individuals with SCH often do not have clinical symptoms and rarely seek medical care. However, several recent studies have shown that SCH is associated with coronary heart disease, hypertension, ischemic cerebrovascular disease, metabolic syndrome, osteoporosis, obstetric complications, and other diseases (1–3). Thus, attention has been drawn to identifying SCH, especially during physical examinations. It is generally accepted that SCH is characterized by elevated serum concentrations of thyroid-stimulating hormone (TSH) in the absence of clinical symptoms and thyroid hormone changes. However, due to technological limitations and the cost of screening, no consensus has been reached on how to diagnose SCH. For example, China’s Guidelines for the Diagnosis and Treatment of Adult Hypothyroidism define SCH as an endocrine syndrome associated with elevated concentrations of TSH but normal concentrations of serum total thyroxine (TT4) and serum free thyroxine (FT4) in the absence of obvious signs and symptoms (4). Other studies have defined SCH as a condition with elevated serum concentrations of TSH but normal concentrations of FT4 and free triiodothyronine (FT3) (5, 6). Another study has suggested diagnosing SCH based on elevated TSH concentrations and normal FT4 concentrations (7), while still other studies have recommended diagnosing SCH based on elevated TSH concentrations and normal serum concentrations of TT4 and serum total triiodothyronine (TT3) (8–11). Moreover, there are substantial differences in the reported cut-off values for identifying elevated TSH concentrations to diagnose SCH (12). These discrepancies have generated controversies regarding the diagnosis and clinical significance of SCH, and it is important to determine how to best diagnose SCH based on five to seven thyroid function indicators. This study aimed to compare different criteria for diagnosing SCH based on thyroid function indicators.



Materials and Methods

We evaluated individuals who underwent physical examinations in the Chinese People’s Liberation Army General Hospital between March 2014 and November 2019. Subjects were considered eligible if they were ≥18yrs old and had undergone testing to evaluate thyroid function indicators. However, subjects were excluded based on missing data regarding sex, age, and laboratory findings for at least one of the five thyroid function indicators. In order to find out the real-world distribution characteristics of TSH in population with normal TT3, TT4, FT3, FT4, TSH, TG-Ab, and TPO-Ab, a specific group was identified with strict criteria, which was selected by excluding pregnant women; individuals with definite thyroid-related diseases or a history of thyroid-related surgeries; individuals with a thyroid nodule diameter of ≥1.0 cm; and individuals with abnormal results of thyroid-associated hormones except TSH, and with abnormal thyroglobulin antibodies (TG-Ab) and thyroid peroxidase antibodies (TPO-Ab), or thyroid ultrasonography.

The retrospective study protocol was approved (S2017-003-02) by the Chinese People’s Liberation Army General Hospital ethics committee and complied with the principles of the Declaration of Helsinki and its contemporary amendments.


Data Collection

Data regarding age and sex were collected from the subjects’ medical records. Medical histories were collected via face-to-face interviews. The height, weight, and blood pressure were measured by well-trained nurses and doctors. The body mass index (BMI) was calculated as the weight divided by the height squared. All blood samples were collected after the subjects fasted for 8–12 hr. According to the quality control and testing standards set by the Clinical Laboratory Department of the Clinical Laboratory Department of the Chinese People’s Liberation Army General Hospital (13, 14), Fasting blood glucose, AST, triglyceride (TG), total cholesterol (TC), LDL-C and HDL-C levels were measured using a Roche C8000 automatic biochemical analyzer (Roche, Mannheim, Germany) with the corresponding reagents, calibrators, and quality control materials. The concentrations of TT4, TT3, FT4, FT3, TG-Ab, TPO-Ab, and TSH were determined using Roche Diagnostic reagents and the ACS:180 automatic chemiluminescence immunoassay system. The laboratory’s results had an intra-assay difference of <5% and an inter-assay difference of <10%. The normal reference ranges were 66.00–181.00 nmol/L for TT4, 1.30–3.10 nmol/L for TT3, 3.10–6.80 pmol/L for FT3, 12.00–22.00 pmol/L for FT4, <115.00 IU/mL for TG-Ab, <34.00 IU/mL for TPO-Ab, and 0.10–4.50 mIU/L for TSH.

Thyroid ultrasonography was performed by trained operators who were not aware of the laboratory test results. Thyroid size and morphology were evaluated using a high-resolution 7–13 MHz linear transducer, with the subject seated and their neck slightly extended.



Age Grouping

We divided the subjects into three age-based groups: young subjects (<40yrs), middle-aged subjects (40–59yrs), and elderly subjects (≥60yrs). For some analyses, we created the following age stratification: <20yrs, 20–29yrs, 30–39yrs, 40–49yrs, 50–59yrs, 60–69yrs, 70–79yrs, and ≥80yrs.



Statistical Analysis

Data were collected and analyzed using Stata software (version 11.0). Continuous data were reported as mean ± SD and categorical data were reported as number (%). The laboratory data for the thyroid-associated hormones were used to calculate the median value and confidence intervals (CIs) spanning the 5th to 95th percentiles (P5.0–P95 CIs) or the 2.5th to 97.5th percentiles (P2.5–P97.5 CIs). The variables were analyzed using the Kruskal-Wallis test, Wilcoxon rank-sum test, or chi-squared (χ2) test, as appropriate. Differences were considered statistically significant at P-values of <0.05.




Results


Demographic Characteristics

Between August 2013 and January 2018, a total of 150,035 subjects underwent physical examinations at the Chinese People’s Liberation Army General Hospital and were considered eligible. However, 5,020 subjects were excluded because they fulfilled the exclusion criteria. Therefore, the study ultimately evaluated 145,015 participants, including 90,011 male subjects (62.07%) and 55,004 female subjects (37.93%) with a mean age of 47.96 ± 9.72 yrs. The subjects were from 34 province-level administrative regions, which consisted of provinces, autonomous regions, directly controlled municipalities, and special administrative regions.



Distributions of the Serological Thyroid Function Indicators

Normality tests indicated non-normal distributions for the concentrations of TT3, TT4, FT3, FT4, TSH, TG-Ab, and TPO-Ab. The median values and proportions of subjects with abnormal concentrations (relative to the reference ranges) were shown in Table 1. The highest abnormal rate was observed for TSH (10.21%), which was followed by TT3 (6.08%), FT4 (3.10%), TT4 (2.46%), and FT3 (1.01%). The median TSH concentration was 2.05 mIU/L, the P5.0–P95.0 CI was 0.78–5.42 mIU/L, and the P2.5–P97.5 CI was 0.21–9.35 mIU/L. TSH results above the normal reference value (>4.5 mIU/L) were observed for 8.69% of the subjects. There was no significant difference in the proportions of subjects who were TG-Ab-positive and TPO-Ab positive (χ2 = 0.61, P = 0.43).


Table 1 | Distributions of serological thyroid function indicators for the 145,015 subjects.





Diagnosing SCH According to the Different Diagnostic Criteria

When an elevated TSH concentration was defined as ≥4.50 mIU/L, we compared the diagnosis of SCH based on five different criteria: (1) an elevated TSH concentration with a normal FT4 concentration, (2) an elevated TSH concentration with normal concentrations of FT3 and FT4, (3) an elevated TSH concentration with normal concentrations of TT3 and TT4, (4) an elevated TSH concentration with normal concentrations of FT4 and TT4, and (5) an elevated TSH concentration with normal concentrations of TT3, TT4, FT3, and FT4. The results of the SCH diagnoses using these criteria are summarized in Table 2. There were no significant differences in the numbers of SCH cases diagnosed using criteria 1–4 (P > 0.05), although a significantly different number of SCH cases was diagnosed using criterion 5 (vs. criteria 1–4, P < 0.05).


Table 2 | The different criteria for diagnosing SCH based on TSH concentrations of ≥4.5 mIU/L.



Relative to criterion 5, criterion 1 identified an additional 932 SCH cases, which included 35 cases with decreased FT3 concentrations, 31 cases with increased FT3 concentrations, 256 cases with decreased TT4 concentrations, 2 cases with increased TT4 concentrations, 778 cases with decreased TT3 concentrations, and 5 cases with increased TT3 concentrations. Relative to criterion 5, criterion 2 identified an additional 866 SCH cases, which included 747 cases with decreased TT3 concentrations, 3 cases with increased TT3 concentrations, 253 cases with decreased TT4 concentrations, and 2 cases with increased TT4 concentrations. Relative to criterion 5, criterion 3 identified an additional 767 SCH cases, which included 7 cases with decreased FT3 concentrations, 32 cases with increased FT3 concentrations, 690 cases with decreased FT4 concentrations, and 44 cases with increased FT4 concentrations. Relative to criterion 5, criterion 4 identified an additional 674 SCH cases, which included 33 cases with decreased FT3 concentrations, 30 cases with increased FT3 concentrations, 638 cases with decreased TT3 concentrations, and 3 cases with increased TT3 concentrations. Thus, using criteria 1–4 resulted in varying numbers of misdiagnosed SCH cases, relative to criterion 5 (i.e., normal TT3, TT4, FT3, and FT4 concentrations with elevated TSH concentrations). Regardless of the diagnostic criterion that was used, significantly higher proportions of TG-Ab positive and TPO-Ab positive individuals were observed among subjects who were diagnosed with SCH with criterion 5 (P < 0.01). Moreover, both of the positive proportions of TG-Ab and TPO-Ab in criteria 5 were significantly higher than those in criteria 1–4 (P < 0.001).



Identifying an Appropriate TSH Cut-Off Value

The strict criteria were fulfilled in 60,515 individuals, forming the specific group. Demographic characteristics of the individuals in this group were shown in Table 3. Those individuals showed normal concentrations of TT3, TT4, FT3, FT4, TG-Ab, TPO-Ab, and met other criteria, which included 43,357 males (71.65%) and 17,158 females (28.23%). The median TSH concentration was 2.04 mIU/L, the P5.0–P95.0 CI was 0.84–4.79 mIU/L, and the P2.5–P97.5 CI was 0.48-7.03 mIU/L in the special group. Thus, at least 5% of the 60,515 subjects had TSH concentrations that were ≥4.79 mIU/L. The Wilcoxon rank-sum test revealed a significant difference in TSH concentrations between male and female subjects (Z = 28.44, P < 0.001) (Table 4).


Table 3 | Demographic characteristics of the individuals included in the specific group (n=60,515).




Table 4 | Distributions of TSH concentrations in the different stratification in the specific group (n=60,515).



The TSH concentration distributions for each age group were shown in Table 4. The Kruskal-Wallis test revealed significant differences in the TSH concentrations across the different age stratification (χ2 = 62.42, P < 0.001). Furthermore, there were significant differences when the subjects were grouped as young subjects, middle-aged subjects, and elderly subjects (χ2 = 15.56, P < 0.001). The Wilcoxon rank-sum test also revealed significant differences between young and middle-aged subjects (Z=1.99, P=0.046), between young and elderly subjects (Z = 4.69, P < 0.001), and between middle-aged and elderly subjects (Z = 6.82, P < 0.001).

The P95th upper limits for TSH concentration were >4.50 mIU/L in all age groups, increased according to age, and reached 12.26 mIU/L for subjects who were ≥80yrs old. The P2.5–P97.5 CI values were 0.57–6.49 mIU/L for young subjects, 0.45–7.09 mIU/L for middle-aged subjects, and 0.43–8.96 mIU/L for elderly subjects. Thus, at least 2.5% of the 60,515 subjects with normal thyroid function and no thyroid-related diseases had TSH concentrations of ≥6.49 mIU/L.

There is general consensus that SCH patients with TSH concentrations of <10.00 mIU/L do not require clinical intervention (4, 15, 16), and that overdiagnosis could cause unnecessary psychological and economic burden. But the SCH patients with TSH concentrations of <10.00 mIU/L could develop clinical thyroid diseases every year, which means they could not be ignored and need monitoring. Therefore, although sex and age stratification were significant, we defined the TSH threshold for diagnosing SCH as 6.50 mIU/L as a clear, easily remembered, and practical cut-off value, according to the real TSH distribution in Chinese population, especially based on the Roche platform.



Re-Diagnosis According to the New TSH Cut-Off Value

The new cut-off value for elevated TSH concentrations was applied to diagnostic criteria 1–5 in order to re-diagnose SCH and the results were summarized in Table 5. There were still no statistically significant differences in the number of SCH cases diagnosed using criteria 1–4 (P > 0.05), although a significantly different number of SCH cases was diagnosed using criterion 5 (vs. criteria 1–4, P < 0.05). Similarly, both of the positive proportions of TG-Ab and TPO-Ab in criteria 5 were significantly higher than those in criteria 1–4 (P < 0.01). Furthermore, the number of SCH based on criterion 5 and the new TSH threshold (≥6.50 mIU/L) was significantly less than that a diagnosis was based on a frequently-used TSH threshold of ≥4.50 mIU/L (2.09% vs. 7.30%; χ2 = 4,600, P < 0.001). Moreover, relative to a diagnosis using a TSH threshold of ≥ 4.50 mIU/L, SCH cases diagnosed using criteria 1–5 and the new threshold (≥ 6.50 mIU/L) had significantly higher proportions of TG-Ab-positive and TPO-Ab-positive cases (P < 0.01).


Table 5 | Diagnosis of SCH based on the diagnostic criteria and TSH concentration threshold of ≥6.5 mIU/L.






Discussion

There is significant controversy regarding the diagnosis and management of SCH (17, 18). Although an increasing number of studies have demonstrated that SCH has adverse effects on various physical functions, there are inconsistent diagnostic criteria for SCH. This has generated confusion in and unnecessary burden on the medical community (19). Our study compared five commonly used criteria for diagnosing SCH and revealed that criteria 1–4 were basically equivalent in terms of the number of diagnosed SCH cases, in which included some cases that obviously did not meet the definition of SCH. However, a significantly different number of cases was diagnosed using criterion 5 and the positive proportions of TG-Ab and TPO-Ab were significantly higher than those in criteria 1–4 (P < 0.001). Our results indicate that criterion 5 was stricter and avoided misdiagnosis of SCH. Therefore, we recommend using criterion 5 in the clinical setting based on the Roche platform, despite it being associated with an increased cost of SCH screening.

Clinical laboratories typically use the reference ranges that are proposed by test manufacturers. However, those ranges are generally based on data from non-Chinese populations and there has been no comprehensive assessment of the five thyroid-associated hormones and their relationships with thyroid disease in a large cohort of healthy Chinese individuals (11). Our study revealed that at least 5% of the Chinese population with completely normal TT3, TT4, FT3, FT4, TG-Ab, TPO-Ab and no thyroid-related diseases would be expected to have TSH concentrations of ≥4.50 mIU/L (the upper limit of the normal reference range). Moreover, both the upper 95.0th and 97.5th percentile values for TSH concentration increased with age and reached 12.26 mIU/L among individuals who were ≥80 yrs. As the purpose of a clinical diagnosis is to guide careful monitoring or intervention for the patient, a diagnosis that does not prompt additional steps has limited clinical significance and may increase the economic and psychological burden on the patient. Most recent studies indicate that drug intervention is not necessary for patients with SCH until they have TSH concentrations of ≥10.00 mIU/L. Therefore, we set the TSH threshold to ≥6.50 mIU/L. In Korea, also in Asia, park WR, et al. (20) found that when SCH was more predictive of overt hypothyroidism, the cut off value was TSH > 7.45 µIU/ml and higher prevalence positive anti-thyroid peroxidase (anti-TPO Ab) and anti-thyroglobulin antibody (anti-Tg Ab). But their study enrolled only 197 patients.

Interestingly, a diagnosis of SCH based on criterion 5 and the new TSH threshold (≥6.50 mIU/L) was made in a significantly smaller proportion of the study population, relative to when the diagnosis was based on a threshold of ≥4.50 mIU/L. However, the higher TSH threshold identified SCH in a smaller proportion of subjects, these cases had significantly higher proportions of TG-Ab and TPO-Ab positivity, relative to cases that were identified using the lower threshold. Previous studies have also shown that the incidences of clinical hypothyroidism and SCH are significantly higher when subjects have high titers of TPO-Ab (20) or test positive for both TG-Ab and TPO-Ab (21). Therefore, given that individuals who were diagnosed with SCH using the new TSH threshold (≥6.50 mIU/L) are more likely to clinically progress, they are more suitable for clinical monitoring or intervention. In Huber’s study (22), it was considered that TSH≥6 was more predictive in patients with SCH. In another neighboring Asian country, a cohort study in Japan found that TSH level >8 mIU/L was a predictive value for development of overt hypothyroidism (23). While a study in South Korea, which is also located in East Asia, found that the TSH threshold of 6.86 is more suitable for the diagnosis of SCH (24). TSH could vary in different countries or ethnic groups (25, 26). Therefore, our results at TSH were slightly different from those of other studies.

One limitation of our study is that it was a single-center study of Chinese adults. Thus, the results cannot be generalized to other racial and ethnic groups. In addition, TSH secretions are theoretically sensitive to very small changes in serum FT4, which means that TSH changes could occur during early-stage hypothyroidism even before FT4 abnormalities are detectable (27). However, in practice, TSH concentrations are influenced by numerous factors, including age, race, sex (28), acute illness, renal insufficiency, medications (29), pregnancy (30), depression (31), and anorexia nervosa (32). Meanwhile, between-assay differences and variations in reference ranges can directly impact the diagnosis and management of subclinical hypothyroidism (33). Therefore, changes in the TSH concentrations for our study may not have always been directly related to changes in the concentrations of TT3, TT4, FT3, or FT4, and may have even exhibited inverse relationships. However, our study also had several strengths. First, we used broad inclusion criteria, without excluding patients with unrelated diseases or medications, which presumably allowed us to capture both healthy people and people with subclinical thyroid disease. Therefore, our study sample is likely representative. Our study also used an ultra-sensitive TSH measurement technique to minimize the risk of indirect changes in TSH concentrations.

In conclusion, our study revealed that the diagnosis of SCH can be made based on elevated TSH concentrations in the presence of normal TT3, TT4, FT3, and FT4 concentrations (criterion 5). Other commonly used simplified criteria (criteria 1–4) were associated with an increased risk of misdiagnosis, based on the Roche platform. We found that increasing the TSH threshold from ≥4.50 mIU/L to ≥6.50 mIU/L might improve the accuracy of SCH diagnosis and thus possibly guide better patient monitoring and management, which means a new TSH threshold should be identified according to the real TSH distribution characteristics in Chinese population.
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Objective

Preterm delivery (PTD) is the primary cause of mortality in infants. Mounting evidence indicates that thyroid dysfunction might be associated with an increased risk of PTD, but the dose-dependent association between the continuous spectrum maternal free thyroxine (FT4) and PTD is still not well-defined. This study aimed to further investigate this relationship using a machine learning-based model.



Methods

A hospital-based cohort study was conducted from January 2014 to December 2018 in Shanghai, China. Pregnant women who delivered singleton live births and had first-trimester thyroid function data available were included. The generalized additive models with penalized cubic regression spline were applied to explore the non-linear association between maternal FT4 and risk of PTD and also subtypes of PTD. The time-to-event method and multivariable Cox proportional hazard model were further applied to analyze the association of abnormally high and low maternal FT4 concentrations with the timing of PTD.



Results

A total of 65,565 singleton pregnancies with completed medical records and no known thyroid disease before pregnancy were included for final analyses. There was a U-shaped dose-dependent relationship between maternal FT4 in the first trimester and PTD (p <0.001). Compared with the normal range of maternal FT4, increased risk of PTD was identified in both low maternal FT4 (<11.7 pmol/L; adjusted hazard ratio [HR] 1.34, 95% CI [1.13–1.59]) and high maternal FT4 (>19.7 pmol/L; HR 1.41, 95% CI [1.13–1.76]). The association between isolated hypothyroxinemia and PTD was mainly associated with spontaneous PTD (HR 1.33, 95% CI [1.11–1.59]) while overt hyperthyroidism may be attributable to iatrogenic PTD (HR 1.51, 95% CI [1.18–1.92]) when compared with euthyroid women. Additionally, mediation analysis identified that an estimated 11.80% of the association between overt hyperthyroidism and iatrogenic PTD risk was mediated via the occurrence of hypertensive disorders in pregnancy (p <0.001).



Conclusions

We revealed a U-shaped association between maternal FT4 and PTD for the first time, exceeding the clinical definition of maternal thyroid function test abnormalities. Our findings provide insights towards the need to establish optimal range of maternal FT4 concentrations for preventing adverse outcomes in pregnancy.





Keywords: free thyroxine, spontaneous preterm delivery, iatrogenic preterm delivery, Isolated hypothyroxinemia, overt hyperthyroidism, generalized additive model



Introduction

Preterm delivery (PTD, also acknowledged as preterm birth) is the primary cause of mortality in neonates, infants, and also younger children, and is defined as any live birth before 37 completed weeks of pregnancy (1–3). PTD annually affects ~15 million newborns globally with 1.2 million (7.8%) in China (4). Furthermore, preterm birth children are at increased risk of serious illness (e.g., lung immaturity, infection) and are susceptive to neurodevelopmental, cognitive, cardiovascular, and metabolic disorders in adulthood (5–9). Although several risk factors for PTD have been reported (e.g., history of PTD, advanced maternal age, low socioeconomic status, exposure to smoking or narcotics) (1, 10), the mechanisms that lead to PTD is still not understood. Moreover, the relationship between maternal thyroid function and PTD has not been fully elucidated.

Maternal thyroid hormones (namely, thyroxine or tetraiodothyronine [T4] and triiodothyronine [T3]) in early pregnancy are associated with intra-uterine inflammation, placentation functions, and adverse pregnancy complications (e.g., intrauterine growth retardation and pre-eclampsia) (11, 12). There is mounting evidence indicating that an increased risk of PTD might be related to both maternal hyper- and hypothyroidism (13, 14). A study in 2015 demonstrated a statistically significant incremental risk of PTD among pregnant women with overt hyper- and hypothyroidism while not in women with mild thyroid dysfunction (e.g., subclinical hypothyroidism or isolated hypothyroxinemia) (15). Moreover, it was revealed that women with isolated hypothyroxinemia in early pregnancy had a higher risk of spontaneous PTD (16). In contrast, recent research illustrated that higher maternal free thyroxine (FT4) concentration was associated with a reduced risk of PTD under a linear regression model (17). In this study, we proposed that there might be a non-linear shape of the dose–response relationship between FT4 and the risk of PTD, which have not been established until recently.

Therefore, the primary goal of this study was to evaluate the non-linear association between the continuous spectrum of maternal FT4 concentrations with the risk of PTD and its subtypes by a machine learning-based model.



Materials and Methods


Study Population

Pregnant women who delivered between January 2014 and December 2018, with records of first-trimester antenatal screening and regular antenatal visits at the International Peace Maternity and Child Health Hospital (IPMCH), a tertiary university-attached maternity center in Shanghai, China, were included. Written informed consent was obtained from all participants when they registered in the hospital. Exclusion criteria were: fetal chromosome abnormality, multiple pregnancies, in vitro fertilization, miscarriage, fetal death, diabetes or hypertension before pregnancy, or a history of either thyroid disease or thyroid treatment. Women without available records of thyroid function measurements in the first trimester were also excluded. The study protocol was approved by the Institutional Medical Ethics Committee of IPMCH (GKLW2019-43) and registered at the Chinese Clinical Trial Registry (ChiCTR2000034742).



Data Collection and Measurement

Data were collected by nurses and gynecologists during routine prenatal pregnancy examinations. This included maternal age, education level, last menstrual period (LMP), parity, and medical history routinely gathered via face-to-face interviews during the first antenatal visit. The calculation of pre-pregnant body mass index (BMI) was obtained by dividing the self-reported weight of the patient before pregnancy (in kg) by the square of their height measured by the nurses (in m). Gestational age was estimated by LMP and later adjusted in accordance with ultrasonography results in early pregnancy. Alcohol consumption and smoking status were not included in the analysis as their use were rare (<1%) among pregnant women in our study population.

Quantitative analyses of FT4, thyrotropin (also known as thyroid-stimulating hormone, TSH), and thyroid peroxidase antibody (TPO-Ab) concentrations in fasting blood samples were determined with kits (ARCHITECT i2000; Abbott, Chicago, IL, USA) in accordance with the manufacturer’s protocol in the standardized clinical laboratory of the hospital. The intra- and inter-assay coefficients of variation were, respectively, 1.6 and 3.59% for TSH; 1.9 and 4.01% for FT4; and both 10% for TPO-Ab. TPO-Ab concentrations exceeding 5.6 IU/ml was considered positive per the cut-off value defined by the manufacturer. Data were extracted from the medical record system of the hospital by experienced information engineers.



Diagnostic Criteria and Outcomes

The local population-based reference range (P2.5–P97.5) of FT4 and TSH in early pregnancy is 11.7–19.7 pmol/L and 0.03–3.64 mIU/L, respectively. According to the reference ranges, we defined overt hypothyroidism as FT4 <P2.5 with TSH >P97.5; isolated hypothyroxinemia as FT4 <P2.5 with TSH within normal range; overt hyperthyroidism as FT4 >P97.5 with TSH <P2.5; subclinical hyperthyroidism as TSH <P2.5 with FT4 within the normal range; subclinical hypothyroidism as TSH >P97.5 with FT4 within the normal range; and isolated hyperthyroxinemia as FT4 >P97.5 with TSH within the normal range.

Gestational diabetes mellitus (GDM) was diagnosed in a 2-h 75 g oral glucose tolerance test at 24–28 weeks of pregnancy according to the criteria of the American Diabetes Association (18).

Hypertensive disorders in pregnancy (HDP) included gestational hypertension and pre-eclampsia, diagnosed by blood pressure measurements ≥140 mmHg systolic or 90 mmHg diastolic at least twice within 4–6 h, with or without proteinuria. The proteinuria was defined as ≥300 mg protein in a 24-h urine sample or a urine dipstick positive test (19).

The primary outcome was PTD, defined as birth before 37 weeks of pregnancy. The secondary outcomes were the PTD subtypes, namely, spontaneous PTD (defined as the spontaneous onset of labor with intact membranes or after preterm premature rupture of the membranes) and iatrogenic PTD (defined as labor induction with intact membranes or by C-section delivery without labor due to maternal or fetal indications) (1).



Statistical Analyses

Continuous variables with normal distribution were presented as mean ± standard deviation (SD), and non-normally distributed variables were shown as medians with interquartile range (IQR). Categorical variables were demonstrated as numbers (percentages) for baseline characteristics.

The generalized additive model (GAM) with penalized cubic regression spline (k = 5) were applied to explore a smooth, potential non-linear association between maternal FT4 and risk of PTD and the duration of gestation, allowing a better fit than models assuming a strict linear association (20, 21). For GAM analyses, continuous TSH and FT4 concentrations were analyzed after the removal of outliners (0.5%).

For time-to-event analyses, time was determined as the gestational weeks at delivery, PTD as an event, and a term or post-term delivery was censored at delivery. To estimate the adjusted accumulative incidence of PTD, a three-category maternal FT4-categorized Kaplan–Meier estimate of the probability of PTD was appraised with variances reported from log-rank tests overall and pairwise between subgroups, after adjustment for multiple comparisons via the Benjamini & Hochberg method.

To further compare the risk of PTD across different types of thyroid test abnormalities, a multivariable Cox proportional hazards regression model was conducted after adjusting for maternal age, education level, medical insurance status, parity, fetal sex, pre-pregnant BMI, and TPO-Ab. The potential confounders were chosen based on the biological plausibility, the selection of confounders in the previous studies, and changes of the effect estimate of interest. Mediation analysis was employed to determine potential mediation effects of HDP on the association of FT4 with iatrogenic PTD. The total effect of FT4 on iatrogenic PTD was divided into average direct effects (ADEs) and the average causal mediation effects (ACMEs)—the effect mediated via the development of HDP (22). The mediation proportion was estimated as the ACMEs divided by the total effect.

Based on previous studies concerning the risk factors for PTD (2, 10, 17), their association with FT4 (23–25), and also their clinical relevance, we further stratified pregnant women into the following subgroups: (1) age <35- or ≥35-year-old groups; (2) pre-pregnant BMI <18.5, 18.5–23.9, or ≥24 kg/m2 groups in accordance with the Chinses Working Group on Obesity (26); (3) TPO-Ab positive or -negative groups; and (4) nulliparity or multiparity groups—to assess whether the findings were affected by advanced age, abnormal BMI, thyroid autoimmunity, or multiparity. Sensitivity analyses were conducted to assess the robustness of results excluding women with either a history of PTD, thyroid medication use during pregnancy, GDM, or HDP.

All analyses were conducted with R Software v3.6.3 (R Project for Statistical Computing; with packages mgcv, ggplot2, forestplot, survminer, survival, and mediation). Statistical significance was set at p <0.05 (all tests were 2-sided).




Results


Population Characteristics

The final study population comprised 65,565 pregnant women (Figure 1). The baseline population characteristics are presented in Table 1. The mean maternal age was 30.5 ± 3.77 years. The median of gestational weeks at delivery was 39.1 (38.4–40.0) weeks. The study population was mainly primiparous 48,383 (73.8%), mostly normal weight 47,833 (73.0%) with a pre-pregnant BMI of 18.5–23.9 kg/m2, and a low ratio of PTD history 771 (1.18%). The median weeks of maternal thyroid function examined was 12.1 (11.7–12.6). The median of TSH and FT4 in the first trimester were 1.18 (0.65–1.84) mIU/L and 14.3 (13.3–15.5) pmol/L, respectively. The percentage of TPO-Ab positivity was 7,097 (10.8%). The missing variables included 528 (0.8%) entries of education level, which was missing at random.




Figure 1 | Flow chart of the study population.




Table 1 | Demographic data of the study population (N = 65,565).





Non-Linear Association of Maternal FT4 With Risk of PTD

Using GAM models, we identified an inverted U-shaped association between maternal FT4 and gestational age at delivery (Figure 2A) while no such association was identified between maternal TSH and gestational weeks at birth (Figure 3A). The estimated smooth effect curves demonstrating the associations between maternal FT4 and PTD (p <0.001), spontaneous PTD (p = 0.06), and iatrogenic PTD (p <0.001) are shown respectively in Figures 2B–C. The fully adjusted smooth curve fitting demonstrated a non-linear U-shaped association between FT4 and PTD (Figure 2B), while no such association was observed between maternal TSH and PTD (Figures 3B–D).




Figure 2 | Non-linear association between maternal FT4 concentration in early pregnancy and risk of PTD. Non-linear association between maternal FT4 concentrations and (A) gestational age at birth (χ2 = 5.18, p <0.001), (B) the risk of overall PTD (χ2 = 16.36, p <0.001), (C) spontaneous PTD (χ2 = 6.32, p = 0.06), and (D) iatrogenic PTD (χ2 = 24.9, p <0.001) were analyzed, respectively. The generalized additive models were conducted by adjusting for maternal age, pre-pregnant body mass index, parity, education levels, insurance, TPO-Ab status, and fetal sex. The solid lines and shaded areas represent the estimated mean risk and 95% confidence intervals; dashed vertical lines indicate FT4 concentrations at 10, 17, and 25 pmol/L respectively. FT4, free thyroxine; PTD, preterm delivery; TPO-Ab, thyroid peroxidase antibody.






Figure 3 | Non-linear association between TSH concentrations in early pregnancy and risk of PTD. Association between maternal TSH concentrations and (A) gestational age at birth (χ2 = 3.17, p = 0.044), (B) overall PTD (χ2 = 0.001, p = 0.996), (C) spontaneous PTD (χ2 = 0.57, p = 0.46), and (D) iatrogenic PTD (χ2 = 1.67, p = 0.34) were evaluated by generalized additive models. The models have 4 df and were adjusted for maternal age, fetal sex, pre-pregnant body mass index, parity, education levels, TPO-Ab status, and insurance. The solid lines and shaded areas represent the estimated values and their corresponding 95% confidence intervals. TSH, thyroid-stimulating hormone; PTD, preterm delivery; TPO-Ab, thyroid peroxidase antibody.



A significantly increased probability of overall PTD (Figure 2B) was observed at both abnormally high and low FT4 concentrations (estimated prevalence of PTD for participants with low FT4 of 10 pmol/L: 6.88%; 95% confidence interval (CI) [6.82–6.94%]; and high FT4 levels of 25 pmol/L: 7.82%; 95% CI [7.67–7.98%]; while the estimated probability of PTD reaches its lowest point at FT4 concentration of 17 pmol/L: 4.38%; 95% CI [4.36–40%]). Figures 2C, D further demonstrated the estimated smooth effect curves of the estimated risk of spontaneous and iatrogenic PTD, respectively. In Figure 2C, participants with low FT4 of 10 pmol/L tend to have higher estimated risk of spontaneous PTD (4.38%; 95% CI [4.34–4.42%]) when compared with participants with higher FT4. Figure 2D showed a steep increase in the estimated risk of iatrogenic PTD among participants of high FT4 of 25 pmol/L (5.21%; 95% CI [5.12–5.29%]) when compared with participants with low FT4 of 10 pmol/L (2.36%; 95% CI [2.33–2.39%]).



Both High and Low Levels of Maternal FT4 Were Associated With Increased Risk of PTD

A time-to-event analysis by gestational week for different FT4 categories showed that the hazard ratio (HR) for PTD in women with FT4 <11.7 and >19.7 pmol/L were significant when compared to women with normal range FT4 concentrations in Figure 4. Compared with the normal range of maternal FT4, both low FT4 (<11.7 pmol/L) and high maternal FT4 (>19.7 pmol/L) were significantly associated with 34 and 41% increased risk of PTD, respectively (for low FT4: HR 1.34, 95% CI [1.13–1.59]; for high FT4: HR 1.41, 95% CI [1.13–1.76]). Increasing HRs for spontaneous PTD by gestational week were seen in women with low FT4 (HR 1.42, 95% CI [1.16–1.74]) while the prevalence of iatrogenic PTD was high among women with high FT4 (HR 2.02, 95% CI [1.46–2.80]) after adjusting for confounders. These results were further verified in the stratified analyses, showing 36% (HR 1.36; 95% CI [1.11–1.65]) and 29% (HR 1.29; 95% CI [1.05–1.58]) reduction of PTD risk in women with FT4 <P2.5 and FT4 >P97.5, respectively (Figure 5).




Figure 4 | Proportions of overall, spontaneous, and iatrogenic PTD, and time-to-event analysis, by maternal FT4 concentrations. Kaplan–Meier plots showing the proportion of overall PTD (A), spontaneous PTD (B), and iatrogenic PTD (C) by different maternal FT4 concentrations categories (low maternal FT4 (<11.7 pmol/L), n = 62,227; normal maternal FT4 (11.7–19.7 pmol/L), n = 2,064; and high maternal FT4 (>19.7 pmol/L), n = 1,274). Cox multivariant analysis was conducted to calculate the hazard ratio by adjusting for maternal age, pre-pregnant body mass index, parity, education levels, insurance, TPO-Ab status, and fetal sex. FT4, free thyroxine; PTD, preterm delivery; TPO-Ab, thyroid peroxidase antibody.






Figure 5 | Forest plots for risk of PTD in women with different FT4 percentile at early pregnancy. Hazard ratios of overall PTD, spontaneous PTD, and iatrogenic PTD were shown for FT4 at different percentiles (from low to high). Women with P25–P75 of FT4 were used as the reference control. Model adjusted for maternal age, fetal sex, prepregnant BMI, parity, education levels, TPO-Ab status and insurance; PTD, preterm delivery. FT4, free thyroxine; PTD, preterm delivery; TPO-Ab, thyroid peroxidase antibody.





The Association Between Maternal Thyroid Test Abnormalities and Risk of PTD

We further explored the association between maternal thyroid test abnormalities and PTD (Figure 6). Compared with euthyroid women, an incremental risk of overall PTD was observed among pregnant women with isolated hypothyroxinemia (HR 1.33, 95% CI [1.11–1.59]) and overt hyperthyroidism (HR 1.51, 95% CI [1.18–1.92]) in early pregnancy. Consistent with the results of three groups categorized by maternal FT4, we also found there was a significant association between isolated hypothyroxinemia and spontaneous PTD (HR 1.43, 95% CI [1.15–1.76]), while overt hyperthyroidism and iatrogenic PTD (HR 2.16, 95% CI [1.51–3.07]).




Figure 6 | Forest plots for risk of PTD with maternal thyroid test abnormalities. Cox multivariant analysis was conducted for the risk of PTD subtypes (overall, spontaneous, and iatrogenic) with different maternal thyroid test abnormalities by adjusting for maternal age, pre-pregnant body mass index, parity, education levels, insurance, TPO-Ab status, and fetal sex. Pregnancies with euthyroid were used as the reference group. PTD, preterm delivery; TPO-Ab, thyroid peroxidase antibody.





The Mediating Effect of HDP on the Association Between High FT4 or Overt Hyperthyroidism

The mediation analysis unraveled potential mediating effects of HDP on the association between either high FT4 or overt hyperthyroidism and iatrogenic PTD (Table 2 and Figure 7).


Table 2 | Mediation effect of hypertensive disorders in pregnancy on the association of high-low FT4 concentrations/thyroid dysfunction with iatrogenic/spontaneous PTD.






Figure 7 | Mediation effect of hypertensive disorders in pregnancy on the association of overt hyperthyroidism with iatrogenic PTD. (A) The total effect of maternal overt hyperthyroidism (defined as FT4 >19.7 pmol/L)-iatrogenic PTD relationship was presented as path (c). (B) The direct effect in a mediation model is presented and measures the effect of overt hyperthyroidism on the iatrogenic PTD through independent of HDP (the mediator). The difference between Indirect effect and direct effect indicates the effect of maternal overt hyperthyroidism on iatrogenic PTD that operates through development of HDP. HDP, Hypertensive disorders in pregnancy; PTD, preterm delivery; ACME, average causal mediation effects; ADE, average direct effects. All the association adjusted for maternal age, fetal sex, pre-pregnancy BMI, parity, education levels, TPO-Ab status and insurance. The p-values were adjusted for multiple comparisons using the Benjamini & Hochberg method. **p-value < 0.01, ***p-value <0.001.



The total effect of overt hyperthyroidism on iatrogenic PTD was 0.0177 (95% CI [0.0077–0.0325], p <0.001), including a direct mean effect of 0.0156 (95% CI [0.0061–0.0300] p <0.001). A mediation effect of overt hyperthyroidism associated with iatrogenic PTD (mean causal mediation effect, 0.0021; 95% CI [0.0006–0.0038], p <0.001) through HDP was found, and the estimated proportion of mediation effect was 11.80% (95% CI [3.98–25.89%], p <0.001). No mediation effect of HDP was identified in the association between low FT4 or isolated hypothyroxinemia and spontaneous PTD.

We also explored the mediating effect of ICP and placental abruption on the association between maternal FT4 and PTD, and found no such effect (p >0.05, data not shown).



Subgroup and Sensitivity Analyses

We further conducted subgroup analysis stratified by maternal age, pre-pregnant BMI, TPO-Ab status, and parity (Table 3 and Figure 8). We found stronger associations of low FT4 in early pregnancy with PTD risk among those who had a younger maternal age (<35 years old), higher maternal pre-pregnancy BMI (≥24 kg/m2), TPO-Ab negative and nulliparity (Table 4). We also identified a stronger association of high FT4 in early pregnancy with PTD risk among those who had a lower maternal pre-pregnancy BMI (<18.5 kg/m2) and the association did not differ in other subgroups (Table 4).


Table 3 | Hazard ratios of preterm delivery with different FT4 categories in subgroup analysis.






Figure 8 | Adjusted probability of preterm delivery (PTD) in different free thyroxine (FT4) level categories stratified by potential modifiers. (A) Model adjusted for fetal sex, prepregnant BMI, parity, education levels, TPO-Ab status and insurance; (B) Model adjusted for maternal age, fetal sex, parity, education levels, TPO-Ab status and insurance; (C) Model adjusted for maternal age, fetal sex, prepregnant BMI, parity, education levels, and insurance; (D) Model adjusted for maternal age, fetal sex, prepregnant BMI, education levels, TPO-Ab status and insurance. Maternal FT4 categories: Normal FT4 (11.7–19.7 pmol/L); Low FT4 (<11.7 pmol/L); and High FT4 (>19.7 pmol/L). FT4, free thyroxine; TPO-Ab, thyroid peroxidase antibody; BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); PTD, preterm delivery.




Table 4 | Sensitivity analysis for association of FT4 with PTD.



For sensitivity analysis, the associations between low/high FT4 and risk of PTD were still robust after exclusion of women with PTD history, taking thyroid medication during pregnancy, GDM, and HDP (Table 4).




Discussion

To the best of our knowledge, our findings revealed a U-shaped association between continuous spectrum maternal FT4 and PTD for the first time, providing a better fit for real-world clinical data. Our study further indicated both low and high maternal FT4 concentrations as risk factors for PTD. Moreover, the positive association of isolated hypothyroxinemia with PTD was mainly driven by spontaneous PTD while women with overt hyperthyroidism were more susceptive to iatrogenic PTD. We also illustrated that the association of high FT4 or overt hyperthyroidism with iatrogenic PTD was partially mediated through the development of HDP.

Our results demonstrated that abnormal maternal FT4 concentrations might attribute to a higher risk of PTD. Maternal thyroid hormone concentrations in the first trimester are pivotal for fetal growth (24, 27) and neurodevelopment (5, 7, 28) when the fetus depends solely on maternal thyroid hormones via transplacental transition (29). However, epidemiological research has shown inconsistent evidence concerning mild alterations of maternal thyroid function during pregnancy and PTD (15–17). Furthermore, limited research has looked into the association of thyroid dysfunction with subtypes of PTD (16, 30, 31). Most observational studies studied maternal thyroid test abnormalities with widely different definitions. This type of categorization of continuous variables might obscure important information, and few studies have evaluated the risk of PTD across the full spectrum of maternal FT4 concentrations. Therefore, taking advantage of an intrinsically interpretable machine learning model, our study is the first to analyze the non-linear dose-dependent relationship between maternal FT4 and PTD. Our results demonstrated that both low and high maternal FT4 is associated with a higher risk for PTD—indicating a beneficial role of early maternal thyroid function screening to identify high-risk PTD in pregnant women. In addition, isolated hypothyroxinemia and overt hyperthyroidism were identified as risk factors for spontaneous and iatrogenic PTD, respectively. Therefore, these results might provide new evidence towards the significance of timely clinical management concerning women with isolated hypothyroxinemia and overt hyperthyroidism identified in the first trimester. Furthermore, these results also encourage future research toward early management to maintain maternal FT4 in an optimal range for the prevention of adverse pregnancy outcomes.

The mechanisms behind the U-shaped relationship between maternal FT4 and PTD might be explained via several potential pathways and our mediation analyses underlined a differentiated PTD pathogenesis mechanism of high and low maternal FT4. First, the full compensatory mechanisms needed to improve the maternal–fetal transfer of thyroid hormones might be absent in the placenta of patients with pathological maternal thyroid hormone deficiency during gestation (32). In addition, disrupted endocrine factors, namely, vasopressin, under maternal thyroid hypofunction (33), and the inflammation process at the maternal–fetal interface triggered by oxidative stress (34–36), might be both related to the early onset of spontaneous PTD. Moreover, maternal thyroid hormone deficiency could also lead to insufficient trophoblast cell invasion, which might further lead to abnormal placentation and PTD (12, 37, 38). Importantly, maternal hyperthyroidism may accelerate the degradation of proteins and lipids which results in chronic maternal caloric deficiency and further adversely affects fetal growth (39). Overt hyperthyroidism is a well-acknowledged risk factor for HDP (40–44) and current clinical management of HDP includes timely termination of pregnancy under the more severe form of the disease in need of iatrogenic PTD. Our data indicated that the subsequent development of HDP might act as a bridge between high FT4 or overt hyperthyroidism and iatrogenic PTD, while no mediation effect of HDP was identified in the association between low FT4 or isolated hypothyroxinemia and spontaneous PTD.

GAM is an intrinsically interpretable machine learning model to reduce the mean squared error for the exposure effect after adjustment, and circumvent the increase of the type I error for testing the exposure effect (20). With no assumption of a specific priori functional association (e.g., linearity) between maternal FT4 and PTD, GAM enables the exploration of a smooth, possibly non-linear association that is determined by the data rather than the modeler. Moreover, the time-to-event (for PTD) method and multivariable Cox proportional hazard models were further applied to analyze the association of abnormally high and low maternal FT4 concentrations with the timing of PTD. We also differentiated the subtypes of PTD (including spontaneous and iatrogenic PTD) and explored which subtype primarily attributed to the association between different maternal thyroid dysfunctions and PTD. Taking advantage of this method, we further proved that isolated hypothyroxinemia pregnant women might have an incremental risk of spontaneous PTD while women with hyperthyroidism were more susceptive to iatrogenic PTD. Lastly, we also identified a potential mediating effect of HDP on the association between high FT4 concentration and PTD—the mechanism of which should be further studied in future.

Regardless, this study also has several limitations. First, selection bias might be present because it was a cohort study based on a single center; hence, multiple obstetric centers should be considered in future. Second, because maternal thyrotropin receptor antibodies (TRAb) were not available in the current study, we could not fully exclude the impact of a small number of undiagnosed Grave’s hyperthyroidism (TRAb-positive) even though we excluded women with pre-existing thyroid disease and thyroid medication. Third, although a series of potential confounders were adjusted, the possibility of residual confounding could not be completely ruled out. For example, the blood and urine iodine were not assessed during the routine pregnancy examinations. Although the city of Shanghai is not an iodine-deficient area (45), we could not fully eliminate the influence of the iodine status. Finally, this is an observational study, and our findings are warranted to be validated by future large, multi-center randomized control trials.

In conclusion, there is a U-shaped dose-dependent relationship between maternal FT4 in the first trimester and PTD. The association between isolated hypothyroxinemia and PTD was mainly associated with spontaneous PTD while overt hyperthyroidism may be attributable to iatrogenic PTD. Therefore, the early monitoring of maternal thyroid function during pregnancy could be important to identify high-risk PTDs. Future research into early management to maintain maternal FT4 in an optimal range are warranted for the prevention of adverse pregnancy outcomes.
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Objective

Studies have shown a high incidence of subclinical hypothyroidism in pregnancy, but the adverse pregnancy outcomes caused by it are not clear. Therefore, we conducted a systematic review and meta-analysis to evaluate the relationship between subclinical hypothyroidism in pregnancy and hypertensive disorders of pregnancy(HDP) to guide clinical practice.



Method

We searched the MEDLINE (PubMed), Cochrane Central, EMBASE, Web of Science, and SCOPUS databases and screened all studies evaluating the relationship between subclinical hypothyroidism in pregnancy and hypertensive disorders of pregnancy. Two researchers independently evaluated the quality of all eligible original studies using the Newcastle-Ottawa Scale (NOS). We also performed a meta-analysis using STATA15.1. Sensitivity analyses were also performed by examining the effects of individual studies as well as using different effect models and detecting any publication bias using the harbord test.



Results

Twenty-two studies were included in the final meta-analysis. Our results indicated that pregnant women with subclinical hypothyroidism had an increased risk of HDP (OR = 1.54(95% CI: 1.21-1.96) I²=67.1%), compared with euthyroidism. Subclinical hypothyroidism in pregnancy was not associated with hypertensive disorders of pregnancy at TSH diagnostic cut-off of less than 3.0 mIU/L (P = 0.077). Curiously, the risk of HDP increases when the TSH diagnostic cut-off value is higher or lower than 4 mIU/L. Although only 9 studies were above the threshold, the risk of developing HDP was still 1.69 times, which was highest in all subgroup analyses. This is consistent with the newly recommended diagnostic cut-off value of 4 mIU/L for TSH by the ATA. Our results consider that the risk of hypertensive disorder complicating pregnancy is increased regardless of the diagnosis of subclinical hypothyroidism at any stage of pregnancy. Unfortunately, there is insufficient evidence to support that patients can benefit from treatment with levothyroxine.



Conclusion

The results of this meta-analysis indicate that subclinical hypothyroidism in pregnancy is associated with an increased risk of developing HDP, and this association exists regardless of the gestational period. However, the available evidence cannot support these patients receiving thyroxine intervention can benefit from it, so routine screening is only recommended for pregnant women with risk factors for hypothyroidism. Further research is needed to validate more scientific and rigorous clinical studies to clarify the relationship between subclinical hypothyroidism and HDP to improve patient prognosis.
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Introduction

As one of the most important endocrine diseases in pregnant women, thyroid disease during pregnancy has gradually become a hot spot in clinical and basic research in the field of maternal-fetal medicine with the publication of the results of more than ten large-sample clinical trials in recent years. Among them, subclinical hypothyroidism as a population with a large number of patients has also attracted countless attention. Subclinical hypothyroidism (SCH) refers to elevated serum TSH levels with normal fT4 or TT4 values (1). According to incomplete statistics, 10% of adults, as well as 3.47% of pregnant women are currently afflicted (2, 3). However, individual differences and the presence of other confounding factors (such as iodine intake, thyroid antibody status, etc.) make the establishment of an appropriate reference range an important challenge for researchers (1). HDP is one of the important causes of maternal and neonatal-perinatal death and other serious adverse pregnancy outcomes worldwide and has been a focus of attention for clinicians for many years because of its wide range of effects as well as high medical expenditure. A variety of studies have investigated the relationship between maternal subclinical hypothyroidism and a variety of obstetric as well as neonatal outcomes including HDP (4–7). Studies have shown impaired endothelium-associated vasodilation in patients with subclinical hypothyroidism (8), suggesting that subclinical hypothyroidism may be a risk factor for HDP. However, some existing clinical studies have conflicting conclusions and no uniform consensus has been reached.

In 2011, the American Thyroid Association (ATA) developed a unified standard for the diagnosis and treatment of thyroid disease during pregnancy (9). The guidelines recommend that every effort should be made to establish pregnancy-based reference ranges for serum TSH to accurately screen for SCH. When pregnancy and assay-specific TSH reference ranges are not available, the upper limit of 2.5 mIU/L in the first trimester and 3.0 mIU/L in the second trimester can be used. Based on the study of sample and ethnicity, the ATA guideline was revised in 2017 to include 4 mIU/L as the upper limit of normal for serum TSH values in early pregnancy (1).

Up to now, there are various studies on whether maternal subclinical hypothyroidism is associated with HDP. Some studies believe that women with subclinical hypothyroidism in pregnancy are at risk of HDP compared with euthyroid pregnant women during pregnancy (10, 11). However, the results of a META analysis showed no correlation between subclinical hypothyroidism in pregnancy and HDP (12). More importantly, since the ATA guidelines were revised in 2017, several studies have been published successively. Therefore, the purpose of this study was to systematically review the published eligible studies to determine the correlation between subclinical hypothyroidism during pregnancy and HDP, and to perform a more detailed analysis according to the difference in TSH cut-off values and different pregnancy periods, to provide a basis for clinical diagnosis and prognosis of the disease.



Materials And Methods


Search Strategy

Two reviewers were assigned to assess the eligibility of the literature search in the MEDLINE (PubMed), Cochrane Central, EMBASE, Web of Science, and SCOPUS databases between January 1949 and October 2021. Additionally, each reviewer re-assessed the relevance of the studies found for inclusion in the present study. We used the terms “pregnancy induced hypertension” [All Fields] OR “gestational hypertension” [All Fields]) OR “pregnancy transient hypertension” [All Fields]) OR “Preeclampsia” [All Fields]) OR “hypertensive disorder of pregnancy”. These previously mentioned terms were combined with AND (“subclinical hypothyroidism” [All Fields] OR “subclinical thyroid dysfunction” [All Fields]) OR “untreated subclinical hypothyroidism” [All Fields]) OR “maternal subclinical hypothyroidism” [All Fields] OR “thyrotropin “[Mesh Term]) OR “thyroid-stimulating hormone“ [All Fields]) OR “thyroid stimulating hormon” [All Fields]) OR “TSH” [All Fields]) OR ldquo; thyreotropin” [All Fields]) OR “thyrotropic hormone” [All Fields]) OR “maternal TSH level” [All Fields]). The references of all included original articles were also determined by two researchers for their eligibility. All controversial original articles were decided in consultation with a third study person.



Study Selection and Eligibility Criteria

The inclusion criteria comprised of the following conditions: 1) articles that were published in English and were clinical cohort studies were eligible 2) studies needed to describe the specific gestational age and blood sample collection information 3) studies needed to provide the normal reference range of TSH and FT4, thyroglobulin status (if tested) and the kits used for detection 4) Studies needed to offer diagnostic criteria for gestational hypertension and preeclampsia. The exclusion criteria included: 1) randomized controlled study, cross-sectional studies, case-control studies, randomized controlled study case reports or reviews 2) full text not available. Figure 1 is the flow chart of literature screening. Subclinical hypothyroidism during pregnancy was defined as serum TSH greater than the upper limit of the pregnancy-specific reference range and serum FT4 within the pregnancy-specific reference range. Gestational hypertension was defined as systolic blood pressure ≥ 140 mmhg and/or diastolic blood pressure ≥ 90 mmhg found after 20 weeks of gestation and required at least two blood pressure measurements in the same arm before diagnosis. Preeclampsia was defined as the presence of positive random urine protein or 24-hour urine protein ≥ 0.3g in addition to the above findings.




Figure 1 | Flow chart of the literature search and selection process in the MEDLINE (PubMed), EMBASE, Cochrane Central, Web of Science and SCOPUS.





Quality Assessment

The Newcastle-Ottawa Scale (NOS) was used to evaluate the quality of the literature in all finally included studies (13). The Newcastle-Ottawa Scale (NOS) mainly contains three parts, which are selectivity, comparability and outcome, with a maximum score of 9 stars. In the evaluation process, the objection shall be jointly decided by negotiation with a third party.



Statistical Analysis

All statistical analyses were performed by STATA15.1. Random effects models were applied to calculate odds ratios (ORs) and 95% confidence intervals (CIs) to determine the association between subclinical hypothyroidism during pregnancy and HDP. The I²statistic was applied to test for heterogeneity between studies (14). When I² was less than 25%, it was considered that the heterogeneity between studies was low, and when I² value was greater than 75%, it indicated that the heterogeneity between studies was high. Subgroup analysis was used to investigate the source of heterogeneity between studies. First, without considering gestational age, TSH cut-off values of 3 mIU/L, and 4 mIU/L were used for analysis, respectively. Subsequently, different pregnancy periods (first trimester(T1):≤12weeks, second trimester (T2): ≤28weeks and third trimester(T3):>28weeks) were analyzed. When the original study tested serum TSH values separately in different pregnancy periods, if the TSH diagnostic threshold used was similar (i.e., TSH diagnostic cut-off values were > 3 mIU/L or < 3 mIU/L, and TSH diagnostic threshold values were > 4 mIU/L or < 4 mIU/L), the comparisons were performed according to the individual studies, otherwise the comparisons were performed separately. Sensitivity analyses were performed by examining the effects of individual studies as well as by employing different effect models. Publication bias was detected by the harbord test (15). This study follows PRISMA2009.




Results


Search Results

The literature screening process is summarised in Figure 1. Eventually, a total of 1796 articles were retrieved in the database according to the established search strategy, 243 articles were removed due to duplication. Subsequently, during screening through the abstract, 1397 studies unrelated to subclinical hypothyroidism were found, 107 reviews, letters and abstracts were excluded, and the other 9 original studies could not be obtained in full text and were eliminated. We then further searched the full texts of 40 articles to assess their eligibility, of which 15 were case-control studies, 2 studies were poorly defined for disease, and 2 studies that did not provide HDP-related data were excluded. Eventually, we included 22 original studies to investigate the relationship between subclinical hypothyroidism in pregnancy and HDP (7, 10, 11, 16–34).



Characteristics of Qualified Literatures

Table 1 depicts the basic features of the included articles. A total of 108831 patients from 10 countries from 2005 to 2020 were finally analyzed in this study. A total of 4808 patients with subclinical hypothyroidism, 94306 with euthyroidism, and the rest with other thyroid diseases [there is a part of the repeated population because Li, M.F., et al. and his colleagues assessed the same population with different diagnostic criteria, respectively (10)].There were 15 prospective cohort studies (16–20, 22–29, 31, 32) and 7 retrospective cohort studies (4, 7, 10, 11, 21, 30, 34). In addition, due to slight differences in thyroid parameters during different pregnancy periods, there were 10, 6, and 1 studies evaluating the relationship between subclinical hypothyroidism in pregnancy and HDP in the first, second, and third trimesters, respectively. However, only 2 studies have assessed the relationship between subclinical hypothyroidism and HDP in different TPOAb status (7, 25). Only five studies provided data on the development of HDP after treatment with levothyroxine in patients with subclinical hypothyroidism (11). Due to differences in sample size and study population, the incidence of subclinical hypothyroidism varied from 2.2% to 45.4%. In this study, the incidence of clinical hypothyroidism was 4.42%, the incidence in the first trimester was 8.17%, and the incidence in the second and third trimesters was 3.27% [calculated using the data obtained according to the 2017ATA guideline as the diagnostic criteria in the study by Li, M.F., et al. and his colleagues (10)]. The upper normal cut-off for TSH in this study was between 2.5 mIU/L and 5.78 mIU/L. Curiously, TSH values between 2.5 mIU/L and 4.08 mIU/L were defined as “mildly elevated TSH” in the study by Zhang et al, so they were analyzed separately in this study (7). The results of the quality evaluation of the included studies are presented in Supplementary Table 1. The results showed that all studies achieved high scores, suggesting high confidence in the meta-analysis results.


Table 1 | The general characteristics of the 22 included studies.





Meta-Analysis

Fifty percent of the 22 studies included in this paper believed that subclinical hypothyroidism in pregnancy was associated with HDP, and the rest were considered unrelated. As shown in Figure 2, compared with euthyroidism, pregnant women with subclinical hypothyroidism had an increased risk of HDP [OR = 1.54(95% CI: 1.21-1.96) I²=67.1%]. Disappointingly, five studies further investigated these patients treated with levothyroxine did not have a reduced risk of HDP compared with patients with subclinical hypothyroidism who were not treated with levothyroxine (p = 0.241) (7, 11, 30, 35, 36), however, due to the limited number of current studies, the credibility of the conclusions is limited.




Figure 2 | Forest plot of relative risk and 95% confidence interval (CI) of pooled studies comparing pregnant women with subclinical hypothyroidism to euthyroid pregnant women for risk of HDP.





Subgroup Analysis

According to the 2017ATA guideline, 4.0 mIU/L can be used as the upper limit of TSH in the first trimester when the specific TSH reference range is not available, and 3.0 mIU/L can be used as the upper limit of TSH in the second and third trimesters according to the 2011ATA guideline. Therefore, in this study, 3.0 mIU/L and 4.0 mIU/L were used as TSH diagnostic cut-off values to complete the grouping analysis, respectively, regardless of the effect of gestational age. As shown in Figures 3, 4, when a meta-analysis was performed at a TSH diagnostic cut-off above or below 3.0 mIU/L(Because the study subjects were not clearly distinguished by a TSH diagnostic cut-off of 3 mIU/L in the study by Gupta, R (23), this study was excluded from the subgroup analysis.), SCH was not associated with HDP at TSH diagnostic cut-off of less than 3.0 (P = 0.077), and the risk of developing HDP was increased 1.67-fold (95% CI: 1.17 – 2.37) at TSH diagnostic cut-off of more than 3.0 mIU/L. Curiously, when a meta-analysis was performed using a TSH diagnostic cut-off of 4.0 mIU/L as a grouping basis, patients with subclinical hypothyroidism in pregnancy had a 1.69-fold (95% CI: 1.02 – 2.81) increased risk of HDP above this threshold compared with euthyroid pregnant women, and a 1.45-fold (95% CI: 1.12 – 1.86) increased risk below this threshold (Table 2).




Figure 3 | Forest plot of relative risk and 95% CI of pooled studies comparing pregnant women with subclinical hypothyroidism to euthyroid pregnant women for risk of HDP that used a TSH upper limit of 3.0 mIU/L. and (B) that used a TSH upper limit of 4.0 mIU/L.






Figure 4 | Forest plot of relative risk and 95% CI of pooled studies comparing pregnant women with subclinical hypothyroidism to euthyroid pregnant women for risk of HDP that used a TSH upper limit of 4.0 mIU/L.




Table 2 | Results of subgroup analysis.



However, the effect of different pregnancy periods on thyroid parameters cannot be ignored either. Therefore, we further investigated the relationship between screening diagnosis of subclinical hypothyroidism in the first or second and third trimester of pregnancy and the development of HDP(Figure 5). The results suggest that the risk of HDP is increased by 1.79-fold (95% CI: 1.04 – 3.07) after screening in the first trimester for the diagnosis of subclinical hypothyroidism and by 1.58-fold (95% CI: 1.03 – 2.42) during the second and third trimesters of pregnancy (Table 2). Only 2 studies provided data on the effect of TPOAb status on the development of HDP and were not analyzed in this meta-analysis.




Figure 5 | Forest plot of relative risk and 95% CI of pooled studies comparing pregnant women with subclinical hypothyroidism to euthyroid pregnant women for risk of HDP (A) gestational age at a screening at the first trimester and (B) gestational age at a screening at second and third trimester.





Sensitivity Analysis and Publication Bias

First, in this study, model stability was judged by different effect models. Second, the stability of the conclusions was judged by investigating the effects of individual studies one by one according to different effect scales, and the above results suggested that the conclusions of this study were stable and credible (results shown in Supplementary Figure 1 and Figure 2). We used the harbord test to detect publication bias and found no significant publication bias (P = 0.081).




Discussion

Up to now, a total of 22 articles have explored the relationship between subclinical hypothyroidism during pregnancy and HDP, but the findings are not consistent. To our knowledge, the results of a meta-analysis by Maraka, S., et al. suggested that subclinical hypothyroidism during pregnancy was not associated with gestational hypertension and preeclampsia (12). However, some relevant studies have been published recently, proposing some new conclusions. The results of two recently completed prospective cohort studies indicate that subclinical hypothyroidism in pregnancy is associated with an increased risk of developing HDP and is a risk factor for HDP (26–31). Similarly, the study by Cakmak and Wu, M.Q reached the same conclusion (4, 11). Therefore, we reviewed a total of 108831 patients involved in 10 countries in the relevant published literature to re-evaluate the correlation between subclinical hypothyroidism during pregnancy and HDP, so as to guide clinical practice and improve adverse pregnancy outcomes in perinatal pregnant women.

Due to differences in diagnostic cut-off selection, race, iodine intake, etc., the prevalence of subclinical hypothyroidism during pregnancy ranges from 1.5% to 42.9% (3), and the incidence is about 10 times that of overt hypothyroidism (37). Therefore, the huge sick population has also gained the attention of the majority of researchers and become a hot spot and frontier of current clinical and basic research. Compared with overt hypothyroidism, the effect of subclinical hypothyroidism during pregnancy on adverse pregnancy outcomes is not clear. Existing research suggests that patients with subclinical hypothyroidism in pregnancy may have an increased risk of gestational diabetes, spontaneous abortion, and preterm delivery compared with euthyroid pregnant women (38–40). In addition, short-term neurodevelopment as well as long-term mental development, and motor development may also be affected in offspring (41, 42). Previous studies have suggested that thyroid hormone has a profound effect on the cardiovascular system through cardiac contraction, systemic vascular resistance, and cholesterol metabolism (43–45), which induces the production of NO under the action of ion channels, which in turn produces impaired endothelium-dependent vasodilation and the formation of hypertensive disorders (8). However, HDP is a common complication that seriously threatens maternal and child health and safety is one of the important causes of maternal death. It has become a disease that obstetricians focus on screening and treatment. Therefore, it is of great practical significance to clarify the relationship between subclinical hypothyroidism in pregnancy and HDP to standardize pregnancy management and reduce adverse pregnancy outcomes in pregnant women.

Of the 22 articles included in this study, about 50% of the studies considered subclinical hypothyroidism in pregnancy to be unrelated to HDP. Ultimately, our findings showed a 1.54-fold increased risk of HDP in pregnant women with subclinical hypothyroidism compared to euthyroid pregnant women. Considering the heterogeneity among studies caused by different diagnostic cut-off values selected in different studies, we further used TSH diagnostic cut-off values of 3.0 mIU/L and 4.0 mIU/L as a grouping basis for analysis. The results showed that when the diagnostic cut-off value of TSH was less than 3 mIU/L, subclinical hypothyroidism in pregnancy was not associated with HDP, and when it was more than 3 mIU/L, the risk of HDP increased by 1.67 times. When the TSH diagnostic cut-off value is 4 mIU/L, above or below this threshold, the risk of developing HDP increases. Although only 9 studies were above the threshold, the risk of developing HDP was still 1.69 times, which was highest in all subgroup analyses. This is consistent with the newly recommended diagnostic cut-off value of 4 mIU/L for TSH by the ATA. This conclusion may be more supported as more clinical studies are conducted in the future.

Pregnancy status profoundly affects thyroid function as well as the metabolism of thyroid hormones, making them significantly different from non-pregnant periods. Because human chorionic gonadotropin and TSH have similar chemical structures, they have partial TSH function, which in turn directly affects the thyroid function of pregnant women and increases the complexity and heterogeneity of thyroid diseases during pregnancy. Generally, the serum HCG level increases and TSH level decreases from 8 to 14 weeks of gestation, TSH decreases to the lowest level from 10 to 12 weeks of gestation, gradually increases in the second trimester, and is even higher than that of the general population in the third trimester (1). Thus, thyroid function parameters are constantly changing in different pregnancy periods, rather than being static. Therefore, it is very necessary to observe the relationship between subclinical hypothyroidism in pregnancy and HDP based on different pregnancy periods. Our study concluded that whether subclinical hypothyroidism was diagnosed in the first or second and third trimester of pregnancy, the risk of HDP increased by more than 1.5 times in the future, but this risk did not decrease after levothyroxine treatment (OR: 1.27 95% CI: 0.85 – 1.88), probably since only five studies have provided data on the development of HDP after the application of levothyroxine for subclinical hypothyroidism. Similarly, Yamamoto’s study found that adverse pregnancy outcomes (miscarriage, gestational hypertension, preeclampsia, etc.) were not improved in pregnant women treated with thyroxine (46), so there is currently insufficient evidence to prove that patients can benefit after treatment with thyroxine. Similarly, ATA guidelines also recommend serum TSH testing only for pregnant women with risk factors for hypothyroidism, rather than universal screening (1). Of course, the conclusions of these studies are only based on a small number of original studies, and their real clinical value still needs to be proved by more subsequent clinical studies.

The main limitation of this study is that most of the studies did not describe thyroid autoantibody status, however, thyroid autoantibodies may be associated with a variety of adverse pregnancy outcomes (47), thus leading to an underestimation of the true impact of subclinical hypothyroidism on HDP. It is well-known that iodine intake is the influencing factor of subclinical hypothyroidism, but the selection of evaluation indicators of iodine nutrition status during pregnancy is still a difficult point in current clinical practice, so most studies do not provide specific iodine nutrition status of pregnant women, which may be another limitation of this study. In addition, in the studies conducted after the publication of the new guidelines in 2017, only one study included the diagnostic cut-off value of TSH recommended in the guidelines as the diagnostic criteria so that the results of this analysis were not very significant. In addition, because some studies did not describe whether the included study subjects excluded the intervention of thyroid drugs so that we could not estimate the effect caused by these confounding factors, combined with the existing study results, we do not recommend the treatment of thyroxine for pregnancy with subclinical hypothyroidism. Although geographic and ethnic diversity in TSH concentrations during pregnancy does exist, guidelines state that the availability of calculated reference ranges for specific pregnancies is limited for most ethnic and populations with adequate iodine intake and no thyroid autoantibodies (1). Therefore, in order to provide guidance to all patients and clinicians, the use of specific reference ranges and cut-off values also has important practical implications, although there may be some bias.



Conclusion

The results of this meta-analysis indicate that subclinical hypothyroidism in pregnancy is associated with an increased risk of developing HDP, and this association exists regardless of the gestational period. However, the available evidence cannot support these patients receiving thyroxine intervention can benefit from it, so routine screening is only recommended for pregnant women with risk factors for hypothyroidism. In the future, we hope to carry out more scientific and rigorous clinical studies to clarify the relationship between subclinical hypothyroidism and HDP to improve patient prognosis.
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Context

Adverse maternal outcomes and perinatal complications are associated with maternal hypothyroidism. However, the utility of levothyroxine (L-T4) in the treatment of pregnant women with hypothyroxinemia is unclear.



Objective

This study aimed to evaluate the effects of L-T4 on maternal and perinatal outcomes in pregnant women with hypothyroxinemia.



Methods

The nonrandomized interventional study was conducted at Shanghai First Maternity and Infant Hospital, Punan Hospital of Shanghai, and Beicai Community Health Center of Shanghai. The pregnant women with hypothyroxinemia from the first trimester were enrolled and divided into treatment and control groups. 463 taking L-T4 and 501 not administering L-T4 were analyzed in the study. All participants were screened for TPOAB/TGAB antibody status.



Main Outcome

The primary outcome of the study was the hypertensive disorder of pregnancy (HDP), measured as the proportion of HDP. In addition to this primary outcome, some secondary outcomes will be measured: miscarriage, gestational diabetes mellitus, premature rupture of membranes, placental abruption, intrahepatic cholestasis of pregnancy, fetal distress, macrosomia, and neonates admitted to the neonatal intensive care unit (NICU). The effects of L-T4 on the incidence of adverse pregnancy outcomes and perinatal complications were compared.



Results

Multivariate logistic regression analysis showed that L-T4 treatment (adjusted odds ratio = 1.78 [95% CI = 1.00-3.16], p = 0.04) significantly reduced the incidence of miscarriage. Otherwise, lower neonates admitted to the NICU were strongly associated with the L-T4 group (adjusted odds ratio = 1.36 [95% CI = 1.01 – 1.83], p = 0.04). There were no significant differences in the incidence rates of other adverse maternal outcomes and perinatal complications between pregnant women with hypothyroxinemia receiving and those not receiving L-T4 treatment.



Conclusion

The incidence of HDP was not significantly reduced using L-T4 in pregnant women with hypothyroxinemia. The results of this study also showed that L-T4 treatment significantly reduced the miscarriages rate and the proportion of newborns admitted to the NICU.





Keywords: levothyroxine, hypothyroxinemia, hypertensive disorder of pregnancy, maternal outcomes, miscarriage



Introduction

Hypothyroxinemia is defined as a normal maternal thyroid-stimulating hormone (TSH) concentration in conjunction with a low maternal free thyroxine (FT4) concentration. Thyroid hormones are necessary for embryo growth and development (1). Hypertensive disorder of pregnancy (HDP) is a clinically challenging complication of pregnancy, which accounts for 14% of all maternal deaths (2). HDP includes chronic hypertension, pregnancy-induced hypertension, preeclampsia, chronic hypertension with preeclampsia, and eclampsia. Pregnant women with asymptomatic subclinical hypothyroidism are at risk of severe preeclampsia (3). Buimer et al. reported that women with severe HDP may have lower transient FT4 levels, without evidence of a thyroid disorder (4). Pregnant women with preeclampsia have lower FT4 levels in early pregnancy as well as when they develop preeclampsia compared to normotensive pregnant women (5). The results of a study conducted in Chinese pregnant women showed that FT4 levels were lower in preeclamptic and gestational hypertensive women than in normotensive women (6). Our group also found an increased risk of gestational hypertension in pregnant women with isolated maternal hypothyroxinemia (IMH) (the TPOAb-negative type of hypothyroxinemia (7). Furthermore, we have recently shown that hypothyroxinemia was associated with an increased risk of preeclampsia-eclampsia in women with persistent hypothyroxinemia in the first half of pregnancy (8). Therefore, low FT4 in the first trimester may be associated with the development of HDP. However, there are few studies on the effect of L-T4 treatment on the incidence of HDP. To investigate the role of L-T4 in IMH, Gong et al. conducted a prospective study that included 225 cases of IMH in the first trimester, of which 106 received L-T4 treatment and 95 did not receive L-T4 treatment, and there was no statistically significant difference in the incidence of gestational hypertension or preeclampsia between the two groups (9). However, pregnant women in this study were included from the second trimester and the sample size was small. Moreover, this study did not include a comparative study of antibody-positive patients. Therefore, it is necessary to study the therapeutic effect of L-T4 on both antibody-positive and antibody-negative pregnant women with hypothyroxinemia.

Alternatively, hypothyroxinemia is also a risk factor for some other adverse clinical outcomes. hypothyroxinemia in the first trimester is associated with a higher risk of shortening of the head and hip length of the embryos (10), increased spontaneous abortion (11), preterm birth rate (12), and increased incidence of macrosomia (9, 12). Additionally, lower levels of FT4 during pregnancy are risk factors for gestational diabetes mellitus (GDM) (6, 13). Hypothyroxinemia can adversely affect neurodevelopment in the fetus, with the offspring showing an increased risk of autism (14, 15).

Before conducting this interventional study, we first established reference ranges for FT4 and TSH using 193 healthy pregnant women according to the method recommended by the National Academy of Clinical Biochemistry (16). These pregnant women were independent and not included in our subsequent intervention study. We then recruited women with hypothyroxinemia in the first trimester and intervened to assess the impact of L-T4 treatment on adverse maternal outcomes and perinatal complications. Furthermore, for pregnant women with hypothyroxinemia, with or without TPOAb and/or thyroglobulin antibody (TgAb) as adjustment factors to analyze the effect of L-T4 intervention from the first trimester on intrauterine growth and pregnancy outcomes.



Methods


Study Design and Ethics Approval

This nonrandomized interventional study was approved by the Ethics Committee of the Shanghai First Maternity and Infant Hospital, School of Medicine, Tongji University (Trial registration number: ChiCTR1900025560). Participants were recruited from the clinics of Shanghai First Maternity and Infant Hospital, Punan Hospital of Shanghai, and Beicai Community Health Center of Shanghai. Shanghai is in an iodine-sufficient area, and the Shanghai First Maternity and Infant Hospital is a tertiary academic medical center. Written informed consent was obtained from all the eligible participants.



Diagnosis of Hypothyroxinemia

We established a reference range for the three trimesters according to the National Academy of Clinical Biochemistry (NACB) criteria (16). We measured the levels of TSH and FT4 in 193 pregnant women. The 2.5th, 5th, 10th, 90th, 95th, and 97.5th percentiles of TSH and FT4 in the three trimesters are shown in Table S1 of Supplementary Materials. The diagnostic criteria for hypothyroxinemia were as follows: TSH range, 2.5th – 97.5th percentile; and FT4 levels in the lower 5th percentile of the reference range described above. Detailed method description was provided in the Supplementary Material.



Recruitment of Participants

The first participant enrollment started on November 1, 2019, and the final follow-up was completed on October 20, 2021, with follow-up till the postnatal period of all the participants. Routine ultrasound and blood tests for thyroid function, vitamins, liver function, lipid profile, fasting plasma glucose, blood count, and other analyses were performed in all pregnant women at the study centers. Pregnant women with hypothyroxinemia were eligible for inclusion in the trial if they met the following criteria: (1) aged 19 - 40years; (2) less than 13 + 6 weeks of gestation. Exclusion criteria were as follows: (1) multiple pregnancies; (2) conception by assisted reproductive technology; (3) chronic diseases, such as hypertension, diabetes, and systemic lupus erythematosus; (4) history of thyroid diseases or taking drugs affecting thyroid hormones. All participants answered a questionnaire on demographics. All participants underwent ultrasonography at approximately 7 weeks of gestation, and the duration of pregnancy was calculated based on the date of menstruation and confirmed by ultrasonography.



Intervention and Follow-Up

Participants were informed about the study by an investigator. At the time of the initial design of this project, it was indeed designed and registered as a randomized controlled study. However, several problems were encountered in the implementation process: first, we did not finally obtain enough samples due to patient wishes and the COVID-19 pandemic, many pregnant women chose to return to their local hospital but not in Shanghai, in addition, some participants wanted to receive the L-T4 because they were fearful of the adverse effect of hypothyroxinemia on pregnancy and some participants don’t bother to attend, so participants were enrolled according to their wishes but not randomized. To reduce the bias, we increased the sample size and controlled the age and gestational age of the subjects.

Participants in the intervention group orally received 25 μg L-T4 once daily, and those in the control group received no treatment. L-T4 was administered immediately after grouping. Participants were seen by the investigators every four weeks. All participants underwent thyroid function tests every 4 weeks until delivery, reporting adverse events and taking L-T4 for the next dose. L-T4 doses were titrated to maintain TSH levels in the 2.5th–97.5th percentile and FT4 levels within the 5th–97.5th percentile in different trimesters. Moreover, if the TSH level was higher than the 97.5th percentile or FT4 was lower than the 5th percentile, the dose of L-T4 was increased; when TSH level was lower than the 2.5th percentile or FT4 was higher than the 97.5th percentile, L-T4 was discontinued. Interviewers performed prenatal visits every 4 weeks to monitor medication adherence. Pregnancy outcome data were extracted from the electronic medical records. If participants in the control group developed subclinical hypothyroidism, hypothyroidism, or hyperthyroidism, an obstetrician managed them with usual care.



Statistical Analysis

Continuous variables are presented as mean (standard deviation [SD]), whereas categorical variables are presented as numbers (percentages). The t-test was performed to analyze normally distributed data. The chi-square test and Fisher’s exact test were used to analyze categorical variables. The primary outcome was additionally analyzed by binary logistic regression. Independent variables with a p-value of < 0.05 in the univariate analysis were selected for multivariate analysis. Multivariate logistic regression analysis was performed after adjusting for possible confounders to determine significant effects on HDP and calculated as an adjusted odds ratio (95% confidence interval [CI]). The final model retained only significant predictors.

To investigate the effect of L-T4 on secondary outcomes, univariate and multivariate logistic regression analyses were performed to examine the association of independent variables with outcome variables. TPOAB/TGAB positive or not was used as a controlling factor in all the multivariate logistic regression analyses. In addition, age was used as an adjustment factor for miscarriage; age, history of family HBP was used as an adjustment factor for HDP; BMI and history of family HBP were used as an adjustment factor for GDM; GBS positive or not was used as an adjustment factor for premature rupture of membranes (PROM); the uterine scar was used as an adjusted factor for cesarean section.

All statistical analyses were performed using R statistical software v4.0 (package stats). Two-tailed p-values < 0.05 were considered statistically significant.




Results


Characteristics of Hypothyroxinemia Participants

A total of 38,215 women were screened, and 964 pregnant women who met the eligibility criteria were included in this study (Figure 1). Of these, 463 were assigned to the L-T4 group (intervention group) and 501 to the control group. The gestational weeks of pregnant women in the intervention and control groups were 57.88 days, and 58.78 days (Table 1), respectively. The demographic characteristics of the two groups are shown in Table 1. There were significant differences in TPOAB/TGAB positive, family history of hypertension, and diastolic pressure at the first prenatal care between the intervention and control groups (p < 0.05).




Figure 1 | Flowchart of the study population.




Table 1 | Demographic characteristics of pregnant women with hypothyroxinemia.





Analysis of Risk Factors of HDP

L-T4 treatment did not reduce the incidence of HDP. Logistic regression was further used to predict factors associated with HDP. Independent variables with p < 0.05, in univariate analysis, were selected for multivariate analysis. After controlling for these factors, multivariate logistic regression analysis showed that family history of hypertension (adjusted odds ratio = 2.85 [95% CI = 1.37–6.0], p = 0.005) and pre-pregnancy BMI (adjusted odds ratio = 1.23 [95% CI = 1.11–1.37], p < 0.001) had significant effects on the incidence of HDP (Table S2).



Analysis of Miscarriages

There were 19 cases of miscarriages in the L-T4 group and 36 cases in the control group. There was a significant difference in the number of miscarriages between the two groups (p- value = 0.04). After controlling for TPOAB/TGAB positive or not and age, multivariate logistic regression analysis showed that L-T4 treatment (adjusted odds ratio = 1.78 [95% CI = 1.00–3.16], p = 0.04) significantly reduced the incidence of miscarriage (Table 2).


Table 2 | Adverse Pregnancy outcomes among pregnant women with hypothyroxinemia in the levothyroxine (L-T4) treatment group or controls.





Comparison of Incidence in Other Adverse Pregnancy Outcomes

The rates of adverse maternal outcomes and perinatal complications, including GDM, PROM, intrahepatic cholestasis, placenta praevia, placental abruption, intrauterine growth retardation, premature delivery, cesarean section, breech delivery, group B streptococcus infection, fetal distress, macrosomia, small for gestation age, postpartum hemorrhage, Apgar score at 1 min ≤7, neonates admitted to neonatal intensive care unit (NICU), were analyzed in the intervention and control groups. Since there were significant differences in the levels of autoantibodies between the intervention and control groups, and thus, we performed logistic regression analysis with TPOAB/TGAB positive or not as controlling factors. Controlling for the effect of TPOAB/TGAB positive or not, lower neonates admitted to the NICU were strongly associated with the L-T4 group (adjusted odds ratio = 1.36 [95% CI = 1.01-1.83], p = 0.04). There was no significant difference in the incidence rate of other adverse pregnancy outcomes between the intervention and control groups (p > 0.05, Table 2).




Discussion

This interventional study showed that controlling for TPOAB/TGAB positivity or not, L-T4 treatment in the first trimester significantly reduced the miscarriage rate of hypothyroxinemia pregnant women and reduced the proportion of newborns admitted to the NICU. There were no significant differences in the incidence of other adverse maternal outcomes and perinatal complications between hypothyroxinemia pregnant women with and without L-T4 treatment. Additionally, as TSH and FT4 levels vary significantly in different populations, an accurate assessment of maternal thyroid function during pregnancy remains difficult; thus, the use of population-based, trimester-specific reference ranges is the best approach to address this problem (17). Therefore, we established a reference for levels of TSH and FT4 in the three trimesters that ensured the reliability of the results of this study.

Gong et al. conducted a prospective study with 225 cases of IMH in the first trimester and found no difference in the occurrence of HDP between women treated with L-T4 (n = 106) and those not treated with L-T4 (n = 95) (9). The sample size in our study was larger, which allowed us to observe differences in spontaneous abortion and NICU in pregnancy outcomes. Moreover, the pregnant women in our study were included from the first trimester (about 58 days on average) rather than the second trimester. Starting the study in the first trimester was more conducive to our investigation of the effect of L-T4 on spontaneous abortion. Hypothyroidism with clinical symptoms is known to increase the risk of HDP, and several studies have also found low FT4 levels in pregnant women with HDP (3, 4, 6). A previous study by our group found an increased risk of HDP (OR = 2.66; 95% CI: 1.38–5.10) in pregnant women with IMH (7). In this study, we found that L-T4 treatment failed to significantly reduce the incidence of HDP. The possible reason is that L-T4 supplementation alone is not sufficient for improvement, as the causes of HDP development are complex (18).

Normal pregnant women generally have decreased TSH levels and increased FT4 levels due to the effect of human chorionic gonadotropin (hCG) in the first trimester; whereas patients with thyroid disease who are positive for thyroid autoantibodies have mild thyroid dysfunction (19). Thus, levels of FT4 and TSH do not change with hCG in the first trimester (20) and may lead to hypothyroxinemia in these patients with thyroid disease. Hypothyroxinemia in early pregnancy, especially in those with positive thyroid autoantibodies, may persist into the third trimester and adversely affect the mother and child. We also considered the therapeutic effect of LT4 on TPOAb/TgAb-positive and TPOAb/TgAb-negative pregnant women with hypothyroxinemia in the first trimester. We found no significant difference in the incidence of adverse pregnancy outcomes between the intervention and control groups (Table 2). A few clinical trials have shown that levothyroxine therapy reduces the incidence of miscarriage and/or preterm birth in TPOAb-positive pregnant women (21, 22). However, subsequent large-scale, multicenter, randomized controlled trials have shown that L-T4 treatment, in comparison to no L-T4 treatment, does not improve maternal and fetal outcomes in pregnant women with TPOAb-positive, subclinical hypothyroidism, or isolated hypothyroidism (23, 24). The findings of the present study are also consistent with the results of two recent systematic reviews of TPOAb-positive women (25, 26). Two randomized controlled trials investigated the effects of screening and treatment of hypothyroxinemia in pregnancy. In a randomized trial (27), antenatal screening and maternal treatment for hypothyroidism did not result in improved cognitive function in children at 3 years of age. Another study (28) that included subclinical hypothyroidism or hypothyroxinemia during pregnancy found no significant differences in pregnancy outcomes or incidence of adverse events. We supplemented these studies in the manuscript and made a discussion. It should be mentioned that the time at a median gestational age of 12.5 weeks was included in the study by John H. Lazaru et al. (27), while 16.7 weeks of gestation in the study by Casey B M et al. was (28). Early thyroid function plays an important role in fetal and pregnancy outcomes. Therefore, it remains unknown whether intervention in the first trimester will have a significant impact on fetal development and pregnancy outcome.

In this study, we found that L-T4 treatment of hypothyroxinemia in early pregnancy can reduce the occurrence of miscarriage. The fetus is completely dependent on maternal thyroid hormone during early pregnancy, a critical period of vulnerability to abortion. Thus, the results of this study suggested that L-T4 supplementation in early pregnancy may be associated with a reduction in the rate of miscarriage. Alternatively, the fetus’s critical neurological development occurs in the first trimester, so L-T4 supplementation in early pregnancy may be responsible for reducing neonatal admission to the NICU. Few studies have been conducted on whether L-T4 can reduce spontaneous abortion in the hypothyroxinemia population, mainly due to the late intervention. In a controlled antenatal thyroid screening study, patients were screened at 12 weeks of gestation, and the study subjects were around 8 weeks of gestation, so the outcome of abortion could be observed (29). Therefore, it may be important for the starting time of the intervention for pregnant women with hypothyroxinemia (30). Our findings further support this notion.

This study has some limitations. First, it was conducted in Shanghai, China, and thus, the results must be extrapolated with caution. Second, this study is only an intervention study, and we did not perform neonatal childhood follow-up. Third, the baseline was different between the two groups, although we performed multivariate analysis to control for the effect of confounding factors. The study also had some advantages. First, we established reference levels for TSH and FT4 in the three trimesters and focused on the therapeutic effect of L-T4 on pregnant women with hypothyroxinemia from the first trimester. Second, we considered patients with positive and negative thyroid autoantibody status. Third, the timing of the intervention in this study was in the first trimester (9 weeks), allowing us to better examine the therapeutic effect of L-T4.

In conclusion, this interventional study found no benefit of L-T4 treatment on pregnancy HDP outcomes in pregnant women with hypothyroxinemia in the first trimester. Administration of L-T4 therapy to pregnant women with hypothyroxinemia can significantly reduce the rate of miscarriage and neonatal admission to the NICU. Our results implied that the intervention time of L-T4 may have a significant impact on treatment outcomes, and further multicenter randomized controlled study is needed to investigate the value of L-T4 treatment in the first trimester.
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Aims

Thyroid hormones widely affect the cardiovascular system, but the effects of mild thyroid dysfunction on the clinical prognosis of patients with acute ST segment elevation myocardial infarction (STEMI) remains unclear. Our aims were to analyze the relations between mild thyroid dysfunction at admission and clinical outcomes in Chinese patients with STEMI.



Methods

A total of 1,176 STEMI patients with the available data of thyroid function and follow-up were analyzed, including 348 patients with mild thyroid dysfunction [subclinical hypothyroidism (n=81), hyperthyroidism (SHyper) (n=51), and low triiodothyronine syndrome (LT3S) (n=216)] and 828 patients with euthyroid function. During a median 4.4-year follow-up, in-hospital mortality, cardiac and all-cause mortalities were subsequently compared among the four groups.



Results

Compared with the euthyroid group, STEMI patients in the SHyper and LT3S groups faced obviously increased risks of in-hospital death [odds ratio (OR): 5.007, 95% confidence interval (CI): 1.246–20.124, p = 0.023 and OR: 2.491, 95% CI: 1.054–5.887, p = 0.037, respectively) even after adjustment for various confounding factors. During a median 4.4-year follow-up, STEMI patients with LT3S at baseline had higher cardiovascular mortality [hazard ratio (HR): 1.880, 95% CI: 1.178–2.998, p = 0.008] and all-cause mortality HR: 1.647, 95% CI: 1.072–2.531, p = 0.023] than those with euthyroid at baseline, whereas no significantly increased mortality was found for STEMI patients with SCH and SHyper at baseline.



Conclusions

STEMI patients with SHyper at admission had increased risk of in-hospital mortality, and STEMI patients with LT3S at baseline had worse prognosis and higher incidences of in-hospital mortality and cardiovascular and all-cause deaths compared with euthyroid patients.





Keywords: mild thyroid dysfunction, subclinical hypothyroidism, subclinical hyperthyroidism, low T3 syndrome, acute myocardial infarction, ST segment elevation myocardial infarction



Introduction

Acute myocardial infarction (AMI) is caused by a variety of factors and remains at a high rate of mortality, even though great progresses are made in pharmacotherapy and myocardial reperfusion (1, 2). In the neuroendocrine systems, thyroid hormones play fundamental roles in cardiovascular homeostasis by regulating the heart rate, cardiac contractility, and arterial peripheral resistance. Several observational studies have also shown that mild thyroid dysfunction, including subclinical hypothyroidism (SCH), subclinical hyperthyroidism (SHyper), and low T3 syndrome (LT3S), is quite common in AMI patients (3, 4). Recently, the harmful effects of overt thyroid dysfunctions on the cardiovascular system have been well established in both the general populations and cardiac patients (5, 6). However, conclusions on the associations of mild thyroid dysfunction and adverse outcomes are still controversial and related studies mainly focus on heterogeneous patients with various cardiac diseases. For example, some studies discovered that SCH/SHyper were related with higher risks of coronary heart disease (CHD) and mortality (7, 8), while others found that SCH/SHyper did not cause adverse cardiovascular outcomes (9, 10). In addition, the impacts of mild thyroid dysfunction on the mortality of AMI patients also remain unclear.

Furthermore, the studies regarding the influences of mild thyroid dysfunction on the poor prognosis in Chinese patients suffering from AMI are also extremely limited. One of our aims was to compare and assess the effects of mild thyroid dysfunction on cardiac function and in-hospital mortality in Chinese patients with acute ST segment elevation myocardial infarction (STEMI). Moreover, we also explored and evaluated the impacts of mild thyroid dysfunctional states at baseline on the cardiovascular and all-cause mortality rates during a median follow-up period of 4.4 years.



Materials and Methods


Study Population

A total of 1,847 Chinese AMI patients who were admitted to the Department of Cardiology in Shanghai Jiao Tong University Affiliated Sixth People’s Hospital during the period from September 2007 to September 2014 were enrolled in the present study. Among them, 671 candidates were successively eliminated due to the following reasons: (1) patients with non-ST-elevation AMI (NSTEMI) (n=95); (2) known or clinically thyroid disorders (n=76); (3) current or previous treatment with thyroid hormone supplementation, antithyroid medications, corticosteroids, dopamine, dobutamine, amiodarone or lithium (n=52); (4) thyroid indicators were obtained after coronary angiography or CTA (n=239); (5) unable to complete coronary examination due to end-stage diseases (n=83);and (6) a lack of clinical data or loss of follow-up (n=126). Ultimately, 1,176 participants took part in this analysis and then they were divided into four groups including euthyroidism, SCH, SHyper, and LT3S according to their thyroid hormone values. During a median 4.4-year follow-up, we subsequently made comparisons on in-hospital mortality, cardiac and all-cause mortalities among the four groups. Our study was approved by the ethics committee of the Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, and all participants signed written informed consent forms.



Physical Examination and Laboratory Measurements

The physical and laboratory examinations in this study were collected by well-trained physicians. Briefly, height, weight, blood pressure, and heart rate (HR) were recorded and detailed information on the history of diabetes, hypertension, alcohol use, and smoking habits was collected through a standard interview when the patients entered into the Department of Cardiology. Body mass index (BMI) was obtained as weight divided by the square of height. Thyroid profile including free triiodothyronine (FT3), free thyroxine (FT4), thyroid-stimulating hormone (TSH), and other blood indicators such as white blood cell (WBC), hemoglobin, C-reactive protein (CRP), serum creatinine (SCr), serum albumin, total cholesterol (TC), total triglyceride (TTG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), fasting plasma glucose (FPG), N-terminal pro-B-type natriuretic peptide (NT-proBNP), and troponin I (TnI) were obtained from blood samplings after an overnight fast within 24 h after admission and prior to coronary angiography or CTA. The thyroid function profile was gathered using a chemiluminescence technique (Cobas 6000; Roche Diagnostics GmbH, Mannheim, Germany). The estimated glomerular filtration rate (eGFR) was obtained by the simplified MDRD formula: eGFR = 186.3 × (serum creatinine)−1.154 × (age)−0.203 (× 0.742 if woman) (11).



Coronary Artery Examination and Follow-Up

All patients underwent coronary angiography or CTA to make a definitive diagnosis, and the culprit vessels were treated by oral medications, percutaneous coronary intervention, or coronary artery bypass graft (1, 12). The echocardiography was performed by experienced ultrasonographers, and left ventricular ejection fraction (LVEF) was recorded via an Acuson Sequoia 512 scanner with a probe of 5-13-MHz following a standard protocol. The data regarding Killip class, revascularization (percutaneous coronary intervention or coronary artery bypass graft), medications at discharge, and in-hospital deaths were obtained from their discharge summaries. After the discharge from hospital, a regular clinical follow-up was conducted through telephone or office visits annually.



Diagnostic Criteria and Outcomes

AMI was diagnosed when chest pain for more than 30 min with dynamic 12-lead electrocardiogram (ECG) changes or elevated troponin enzymes and STEMI were defined as AMI accompanied by ST segment elevation in ≥2 contiguous ECG leads according to the ACC/AHA guidelines (1). Severe acute heart failure was regarded as Killip class > II (13). The reference ranges of thyroid function in our hospital were as follows: FT3 3.1–6.8 pmol/L, FT4 12.0–22.0 pmol/L, and TSH 0.27–4.20 mIU/l, respectively. Euthyroidism was identified as the levels of TSH, FT4, and FT3 within their respective reference ranges. SCH was determined by a TSH level above 4.20 mIU/l with a normal FT4 level. SHyper was regarded as TSH < 0.27 mIU/l with normal FT3 and FT4 levels. LT3S was defined when FT3 < 3.1 pmol/L with normal TSH and FT4 levels.

Accidental death was excluded, and all deaths were caused by any natural factor. Cardiovascular death was defined as the mortality attributable to myocardial infarction, cardiogenic shock, significant arrhythmia, progressive heart failure, or pulmonary embolism without a precipitating factor. Sudden unexpected death outside the hospital was regarded as a cardiac death, and no autopsy was performed. In-hospital deaths were not included into all-cause mortality and cardiovascular death. All events were identified and sorted by two cardiologists. We calculated the survival times from the date of the STEMI to the date of death.



Statistical Analyses

Data were analyzed by SPSS 19.0 software. Firstly, normality was checked for continuous variables by Q-Q plots. Normally distributed variables were expressed as mean ± standard deviation and were compared using one-way ANOVA with LSD, whereas unevenly distributed variables were represented as median with interquartile range (IQR) and were compared by the Kruskal–Wallis test. Secondly, categorical variables were expressed as absolute numbers (percentages) and were compared by the χ2 test. Thirdly, three binary logistic regression models were used to assess the association of mild thyroid dysfunction and in-hospital mortality: a non-adjusted model; an age- and sex-adjusted model; and a multivariable model that included all variables with p-value < 0.05 from the univariate analyses through the forward stepwise procedure. The results were expressed as odds ratios (ORs) with associated 95% confidence intervals (CIs). Fourthly, the univariate, age-, and sex-adjusted and multivariate Cox regression analyses were performed to analyze the effects of mild thyroid dysfunction states on cardiovascular and all-cause mortality. All baseline variables with p-value <0.05 in univariate analyses were entered into the multivariate Cox regression analysis and analyzed by forward stepwise regression. Results were reported as hazard ratios (HRs) with associated 95% CIs. The cumulative survival rates were described by Kaplan–Meier curves and were compared between groups by the log rank test based on the euthyroid group as the reference group. P < 0.05 was considered as statistically significant.




Results


Baseline Characteristics of Studied Subjects

Of the 1,176 participants analyzed, 828 patients (70.4%) were euthyroid, 81 patients (6.9%) had SCH, 51 patients (4.3%) had SHyper, and 216 patients (18.4%) had LT3S. The baseline demographic and clinical characteristics of these four groups are displayed in Table 1. Individuals in the SCH and LT3S groups tended to be older and women and had lower LDL-C, hemoglobin and eGFR and less smoking and revascularization, as well as higher SCr and CRP compared with the euthyroid and SHyper groups. In addition, the prevalence of diabetes mellitus and hypertension, BMI, SBP, DBP, HR, FT3, TSH, FPG, serum albumin, WBC, and discharge medical therapy (angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker, diuretics) were also significantly different among the four groups (all p < 0.05).


Table 1 | Baseline characteristics of study population by mild thyroid dysfunctional states.





Comparison of Myocardial Injury and Cardiac Dysfunction Among the Four Groups at Baseline

A comparison of myocardial injury and cardiac dysfunction among the four groups is shown in Figure 1. Compared with the subjects in the euthyroid group, the value of TnI for STEMI patients in the SHyper and LT3S groups was significantly higher (11.50 [IQR 6.73-19.68] ug/L and 15.43 [IQR 7.28-34.30] ug/L versus 7.04 [IQR 2.93-16.89] ug/L, respectively) (Figure 1A). The LVEF for STEMI patients in the SCH, SHyper, and LT3S groups was remarkably lower than that in the euthyroid group (54 [IQR 48-59] %, 54 [IQR 49-58] %, and 50 [IQR 42-59] % vs. 57 [IQR 50-61] %, respectively) (Figure 1B). The percentage of Killip class > II for STEMI patients in the SCH and LT3S groups was also obviously higher than that in the euthyroid group (35.8% and 25% vs. 17.1%) (Figure 1D). In addition, only participants in the LT3S group had obviously higher levels of NT-proBNP (1091 [IQR 400-2,600]ng/L vs. 483.25 [IQR 169.9-1,371]ng/L, respectively) compared with those in euthyroid group (Figure 1C).




Figure 1 | Comparison of myocardial injury and cardiac dysfunction by mild thyroid dysfunction status at baseline. (A) Comparison of the TnI levels among the four groups. (B) Comparison of the LVEF among the four groups. (C) Comparison of NT-proBNP levels among the four groups. (D) Comparison of the percentage of Killip class > II among the four groups. Data are shown as the median with 10th and 90th percentiles.





Comparison of Mortality Rate Among the Four Groups

The comparison of mortality rate among the four groups is displayed in Figure 2. Compared with the subjects in the euthyroid group, the STEMI patients in SCH, SHyper, and LT3S groups successively had significantly higher in-hospital mortality rate (7.4%, 9.8%, and 14.4% vs. 3%, respectively) (Figure 2A). During a median follow-up period of 4.4 (IQR2-6.1) years, 186 deaths occurred and 114 of them were caused by cardiovascular events. Compared to the euthyroid group, STEMI patients in the LT3S group at baseline had remarkably higher cardiovascular and all-cause mortality rates (18.9% vs. 8.8%, and 28.6% vs. 14.3%, respectively), whereas those STEMI patients in the SCH and SHyper groups at baseline did not exhibit significant discrepancies on the long-term mortality rate (Figures 2B, C).




Figure 2 | Comparison of in-hospital, cardiovascular, and all-cause mortality by mild thyroid dysfunction status. (A) Comparison of in-hospital mortality among the four groups. (B) Comparison of cardiovascular mortality among the four groups. (C) Comparisons of all-cause mortality among the four groups. Cardiovascular and overall mortality did not include in-hospital mortality.





Association of Mild Thyroid Dysfunction and Short- and Long-Term Mortality Risks

Table 2 presents the comparison of in-hospital mortality among mild thyroid dysfunction via binary logistic regression analyses. The SCH group exhibited a remarkably higher risk of in-hospital death than the euthyroid group in the non-adjusted model, but the significant association disappeared after adding other confounders. Additionally, given the euthyroid group as a reference, the SHyper group and LT3S group showed an obviously increased risk for in-hospital death (OR: 5.007, 95%CI: 1.246–20.124, p = 0.023 and OR: 2.491, 95%CI: 1.054 to 5.887, p = 0.037, respectively) even after adjusting for various confounding factors.


Table 2 | Comparison of in-hospital mortality among mild thyroid dysfunction status.



Table 3 shows the comparison of long-term cardiovascular and all-cause mortality among mild thyroid dysfunction at baseline by Cox proportional hazards analyses. After adjusting for covariates, a significantly increased risk of cardiac and all-cause mortalities was found in the LT3S group at baseline but not in the SCH or SHyper group at baseline. Accordingly, the risk of cardiovascular mortality in the LT3S state at baseline remained 1.880 folds (95%CI: 1.178–2.998; p = 0.008) and the risk of all-cause mortality in the LT3S state at baseline was still 1.647 folds (95%CI: 1.072–2.531; p = 0.023) using the euthyroid state at baseline as the reference, whereas STEMI patients in SCH and SHyper groups at baseline were not associated with increased cardiac and all-cause mortalities. The Kaplan–Meier analysis also demonstrated that the cardiovascular death-free survival and overall survival of STEMI patients in the LT3S group at baseline were obviously shorter than those in the euthyroid group at baseline (Figure 3).


Table 3 | Comparison of cardiovascular and all-cause mortality among mild thyroid dysfunction status.






Figure 3 | Kaplan–Meier curves for long-term survival to demonstrate the association of mild thyroid dysfunction status with mortality. (A) Cumulative cardiovascular death-free survival among the four groups. (B) Cumulative overall survival among the four groups.






Discussion

In this prospective, single-center observational study, the impacts of mild thyroid dysfunction on in-hospital mortality, long-term cardiovascular and all-cause mortality were assessed in Chinese STEMI patients. Our results demonstrated that the STEMI patients with SHyper and LT3S faced a remarkably increased risk of in-hospital mortality in relation to euthyroid patients. During a long (median 4.4-year) follow-up, we found that LT3S at baseline was still associated with worse cardiovascular and all-cause mortality while SCH or SHyper at baseline did not affect the long-term prognosis of STEMI patients.

For AMI patients with SCH, the research on the associations of SCH and worse clinical outcomes was quite limited, although several observational studies suggested that elevated TSH beyond the normal range was a reliable marker for adverse outcome in AMI patients. For example, Zhu et al. (14) reported that increased TSH above the reference range was related to worse long-term prognosis and TSH > 3.5 mIU/L worked as an independent predictor for worse 2.5-year mortality in STEMI patients. Soeiro et al. (15) also found that acute coronary syndrome (ACS) patients with TSH > 4 mIU/L at admission had lower LVEF and faced more major adverse cardiac events but not mortality than those patients with TSH ≤ 4 mIU/L during hospitalization. However, both two studies above did not consider T3 and T4 when grouping and the elevated TSH group would have been divided into SCH and overt hypothyroidism subgroups if considered. Whether SCH and overt hypothyroidism alone are a risk factor for worse clinical outcomes in AMI patients arouses more interest, and it is also worth exploring. Recently, Seo et al. (16) showed that among AMI patients, the all-cause mortality was significantly higher in the elevated TSH group than that in the normal TSH group; whereas in the subgroup analysis, the SCH group was only remarkably correlated with all-cause mortality in model 1, but no significant differences were found in other 5 models after adding other confounding factors compared with the euthyroid group. The results of another prospective cohort study also displayed that there was no association between SCH and all-cause and cardiac mortality in Chinese patients with ACS undergoing percutaneous coronary intervention (PCI) after adjustment for confounders; however, ACS included AMI and unstable angina (17). Aligned with them, our present study found that SCH patients with STEMI exhibited significantly decreased LVEF rather than any mortality in comparison with the euthyroid patients in other models after adding other confounders, although SCH had an obviously higher risk of in-hospital death in univariate analysis. The present findings regarding LVEF were also confirmed by Pingitore and colleagues on the animal models of AMI (18), which showed the administration of thyroid hormone-enhanced myocardial remodeling and improved left ventricular function.

Different from us, a retrospective observational study by Izkhakov et al. (19) in STEMI patients undergoing PCI showed that SCH patients suffered from a higher incidence of poor in-hospital outcomes and short- and long-term mortality than euthyroid patients. The different basic characteristics of patients may help to explain the discrepancy between us, that is, the SCH patients in the study of Izkhakov et al. (19) were more likely to be men and smokers, while the SCH patients in our study were inclined to be women and non-smokers. Up to now, only a few studies assessed the specific association between SCH and mortality in patients with ischemic heart diseases and concluded contradictory results. The study of Izkhakov et al. (19) and two recent studies by Zhang et al. (20) and Lee et al. (21) reported that patients who were treated with PCI faced a higher risk of cardiovascular or all-cause mortality, while our present study and a large cohort study of older patients who were treated with PCI (22) showed that no associations were found between SCH and all-cause and cardiac deaths. The systematic review and meta-analysis of prospective cohort studies may help to explain the above difference, which showed that SCH had a stronger association with cardiovascular and all-cause mortality in individuals < 65 years than people ≥ 65 years (23). Additionally, the mean age in the studies of Izkhakov et al. (19), Zhang et al. (20), and Lee et al. (21) was successively 62, 64.6, and 66.2 years while the mean age in our present study and the cohort study of older patients (22) was 76 and 70.4 years, respectively. However, given the current few studies, the results on the prognostic significance of SCH in AMI patients need to be detailed interpretations and further verifications in the future studies.

With respect to the relations of SHyper with cardiovascular and total mortality, many studies have been made but with conflicting conclusions. For example, seven meta-analyses were found to discuss this issue so far. The third of them demonstrated that patients with SHyper faced a rising risk of total mortality and CHD mortality, particularly for those with suppressed TSH levels < 0.10 mIU/L (7, 8, 24), while other four studies did not (9, 10, 25, 26). Nevertheless, there is a lack of specific data on AMI as most of the above studies were mainly made in general population. Molinaro et al. (27) firstly found that SHyper was associated with an increased risk of cardiac and overall mortality in 1,026 patients with acute cardiac diseases during a 30-month follow-up, whereas only 285 of them were caused by AMI. In contrast, in a recent retrospective study with a median 2.5-year follow-up, no relation was observed between the decreased TSH and poor clinical outcomes in the population of STEMI; however, studied subjects were not further stratified by FT3 or FT4 in this study (14). The ThyrAMI-1 study also showed that AMI patients in the SHyper group did not alter all-cause mortality relative to those in the euthyroid group (28). Consistent with the above studies on AMI, our current study demonstrated that the SHyper group did not correlate with the risks of cardiovascular deaths and all-cause deaths compared with the euthyroid group during a median 4.4-year follow-up in patients with STEMI; however, we also found that the SHyper group had a significantly higher in-hospital mortality than the euthyroid group. Our findings suggested that SHyper patients at the early stage of AMI may tend to face the risk of short-term worse clinical implications, which should be given additional management strategy. Further, a large scale of prospective cohorts is needed to verify these findings.

Recently, a systematic review and meta-analysis discovered that the prevalence of LT3S in heart failure (24.5%), myocardial infarction (18.9%), and acute coronary syndrome (17.1%) is quite high (29). Similar to this, the rate of LT3S in our present study was 18.4% among Chinese STEMI patients. In our study, we found that STEMI patients with LT3S had more serious myocardial injury that was diagnosed by higher TnI and more severe cardiac dysfunction that was assessed by lower LVEF and higher NT-proBNP compared with the euthyroid patients, which was in line with previous studies (30, 31) and suggested that LT3S was correlated with the severity of AMI. In addition, accumulating evidence has supported the hypothesis of the role for LT3S in the prognosis of AMI patients. For example, clinical studies in some developed countries have reported that the prognosis of AMI patients with LT3S was significantly worse than those AMI patients with euthyroid functions, independent of other risk factors (32, 33). Nevertheless, thyroid dysfunction and the occurrences of heart diseases changed with ethnicities (34, 35), and the rates of reperfusion therapy in China were lower than those in western countries (36, 37). Therefore, it is extremely important to clarify the relations between LT3S and the prognosis of Chinese AMI patients as limited studies were made in Chinese AMI patients by far. Su et al. (38) explored that patients with LT3S faced a remarkably higher in-hospital cardiovascular death rate than those without LT3S; however, long-term outcomes were not conducted in their studies. Zhang et al. (31) and Song et al. (39) discovered that independent associations existed between low fT3 levels and 30-day and 1-year all-cause deaths in Chinese AMI patients; however, the TSH and FT4 were not considered when grouping and the periods of follow-up seemed to be relatively short. In line with them, our present study further displayed that STEMI patients in the LT3S group had a remarkably higher in-hospital mortality rate and obviously higher incidences of cardiovascular and all-cause deaths during a relatively long (4.4-year) follow-up compared with the euthyroid group, which was verified by the multivariate Cox proportional hazard regression analyses. The above conclusions and our results indicated that LT3S may be a reliable marker of adverse clinical results for AMI patients and may increase the predictive power of current risk core models in the future clinical practice.

Several limitations should be mentioned. Firstly, the objects who took part in our study were STEMI and from a single center of Chinese Han population, which may confine the generalizability of our results to patients with NSTEMI and other ethnic groups. Secondly, a thyroid function test was performed only before coronary angiography or CTA without tracking follow-up, but all samples were collected in the morning to avoid a circadian variation of thyroid hormones (40). Thirdly, given the primary purpose of our study and limited number of patients with mild thyroid dysfunction in our study, we think that our results would have been more valuable if the studied objects in our study were further stratified by age or revascularization. Therefore, more multicenter studies may need to validate our findings and further evaluate whether an altered thyroid function or treatment of thyroid dysfunction could help to improve the clinical outcomes.



Conclusions

Our results suggested that SHyper may be a risk factor for in-hospital deaths in STEMI patients. Furthermore, LT3S may be considered as a prognostic indicator for poor short- and long-term mortality. The current findings indicate that a routine testing of thyroid function prior to coronary angiography or CTA should be recommended and is highly valued to help identify and administer AMI patients at high risk of adverse events and deaths. Further studies are needed to evaluate the additional role of mild thyroid dysfunction in a prognostic algorithm of AMI severity and whether thyroid replacement therapy lowers mortality in AMI patients.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The studies involving human participants were reviewed and approved by Shanghai Jiao Tong University Affiliated Sixth People’s Hospital. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

Q-MF and J-BL designed the study, revised and reviewed the manuscript. M-FL, Z-TW and SL collected clinical data and follow-up. M-FL and Z-TW worked together, performed statistical analysis and wrote the manuscript. All authors edited the manuscript and approved the final manuscript.



Funding

The authors declare that this study received fundings from the National Natural Science Foundation of China (grant numbers 81502316), the Translational Medicine National Key Science and Technology Infrastructure Open Project (grant number TMSK-2021-116), and the Exploratory Clinical Research Project of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital (grant number ynts202105). The funders were not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.



References

1. Levine, GN, Bates, ER, Blankenship, JC, Bailey, SR, Bittl, JA, Cercek, B, et al. 2015 ACC/AHA/SCAI Focused Update on Primary Percutaneous Coronary Intervention for Patients With ST-Elevation Myocardial Infarction: An Update of the 2011 ACCF/AHA/SCAI Guideline for Percutaneous Coronary Intervention and the 2013 ACCF/AHA Guideline for the Management of ST-Elevation Myocardial Infarction: A Report of the American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines and the Society for Cardiovascular Angiography and Interventions. Circulation (2016) 133(11):1135–47. doi: 10.1161/CIR.0000000000000336

2. Eapen, ZJ, Tang, WH, Felker, GM, Hernandez, AF, Mahaffey, KW, Lincoff, AM, et al. Defining Heart Failure End Points in ST-Segment Elevation Myocardial Infarction Trials: Integrating Past Experiences to Chart a Path Forward. Circ Cardiovasc Qual Outcomes (2012) 5(4):594–600. doi: 10.1161/CIRCOUTCOMES.112.966150

3. Iervasi, G, Molinaro, S, Landi, P, Taddei, MC, Galli, E, Mariani, F, et al. Association Between Increased Mortality and Mild Thyroid Dysfunction in Cardiac Patients. Arch Intern Med (2007) 167(14):1526–32. doi: 10.1001/archinte.167.14.1526

4. Marraccini, P, Bianchi, M, Bottoni, A, Mazzarisi, A, Coceani, M, Molinaro, S, et al. Prevalence of Thyroid Dysfunction and Effect of Contrast Medium on Thyroid Metabolism in Cardiac Patients Undergoing Coronary Angiography. Acta Radiol (2013) 54(1):42–7. doi: 10.1258/ar.2012.120326

5. Ning, Y, Cheng, YJ, Liu, LJ, Sara, JD, Cao, ZY, Zheng, WP, et al. What is the Association of Hypothyroidism With Risks of Cardiovascular Events and Mortality? A Meta-Analysis of 55 Cohort Studies Involving 1,898,314 Participants. BMC Med (2017) 15(1):21. doi: 10.1186/s12916-017-0777-9

6. Kim, HJ, Kang, T, Kang, MJ, Ahn, HS, and Sohn, SY. Incidence and Mortality of Myocardial Infarction and Stroke in Patients With Hyperthyroidism: A Nationwide Cohort Study in Korea. Thyroid (2020) 30(7):955–65. doi: 10.1089/thy.2019.0543

7. Gencer, B, Collet, TH, Virgini, V, Auer, R, and Rodondi, N. Subclinical Thyroid Dysfunction and Cardiovascular Outcomes Among Prospective Cohort Studies. Endocr Metab Immune Disord Drug Targets (2013) 13(1):4–12. doi: 10.2174/1871530311313010003

8. Collet, TH, Gussekloo, J, Bauer, DC, den Elzen, WP, Cappola, AR, Balmer, P, et al. Subclinical Hyperthyroidism and the Risk of Coronary Heart Disease and Mortality. Arch Intern Med (2012) 172(10):799–809. doi: 10.1001/archinternmed.2012.402

9. Ochs, N, Auer, R, Bauer, DC, Nanchen, D, Gussekloo, J, Cornuz, J, et al. Meta-Analysis: Subclinical Thyroid Dysfunction and The Risk for Coronary Heart Disease and Mortality. Ann Intern Med (2008) 148(11):832–45. doi: 10.7326/0003-4819-148-11-200806030-00225

10. Singh, S, Duggal, J, Molnar, J, Maldonado, F, Barsano, CP, and Arora, R. Impact of Subclinical Thyroid Disorders on Coronary Heart Disease, Cardiovascular and All-Cause Mortality: A Meta-Analysis. Int J Cardiol (2008) 125(1):41–8. doi: 10.1016/j.ijcard.2007.02.027

11. Levey, AS, Stevens, LA, Schmid, CH, Zhang, YL, Castro, AF 3rd, Feldman, HI, et al. A New Equation to Estimate Glomerular Filtration Rate. Ann Intern Med (2009) 150(9):604–12. doi: 10.7326/0003-4819-150-9-200905050-00006

12. Ibanez, B, James, S, Agewall, S, Antunes, MJ, Bucciarelli-Ducci, C, Bueno, H, et al. 2017 ESC Guidelines for the Management of Acute Myocardial Infarction in Patients Presenting With ST-Segment Elevation: The Task Force for the Management of Acute Myocardial Infarction in Patients Presenting With ST-Segment Elevation of the European Society of Cardiology (ESC). Eur Heart J (2018) 39(2):119–77. doi: 10.1093/eurheartj/ehx393

13. Nieminen, MS, Böhm, M, Cowie, MR, Drexler, H, Filippatos, GS, Jondeau, G, et al. Executive Summary of the Guidelines on the Diagnosis and Treatment of Acute Heart Failure: The Task Force on Acute Heart Failure of the European Society of Cardiology. Eur Heart J (2005) 26(4):384–416. doi: 10.1093/eurheartj/ehi044

14. Zhu, Y, Shen, J, Xue, Y, Xiang, Z, Jiang, Y, Zhou, W, et al. The Association Between Thyroid-Stimulating Hormone and Long-Term Outcomes in Patients With ST Segment Elevation Myocardial Infarction Treated by Primary Percutaneous Coronary Intervention. Int J Gen Med (2021) 14:6295–303. doi: 10.2147/IJGM.S333322

15. Soeiro, AM, Araújo, VA, Vella, JP, Bossa, AS, Biselli, B, Leal, TCAT, et al. Is There Any Relationship Between TSH Levels and Prognosis in Acute Coronary Syndrome? Arq Bras Cardiol (2018) 110(2):113–8. doi: 10.5935/abc.20180019

16. Seo, SM, Koh, YS, Park, HJ, Kim, DB, Her, SH, Lee, JM, et al. Thyroid Stimulating Hormone Elevation as a Predictor of Long-Term Mortality in Patients With Acute Myocardial Infarction. Clin Cardiol (2018) 41(10):1367–73. doi: 10.1002/clc.23062

17. Cao, Q, Jiao, Y, Yu, T, and Sun, Z. Association Between Mild Thyroid Dysfunction and Clinical Outcome in Acute Coronary Syndrome Undergoing Percutaneous Coronary Intervention. Cardiol J (2020) 27(3):262–71. doi: 10.5603/CJ.a2018.0097

18. Pingitore, A, Chen, Y, Gerdes, AM, and Iervasi, G. Acute Myocardial Infarction and Thyroid Function: New Pathophysiological and Therapeutic Perspectives. Ann Med (2012) 44(8):745–57. doi: 10.3109/07853890.2011.573501

19. Izkhakov, E, Zahler, D, Rozenfeld, KL, Ravid, D, Banai, S, Topilsky, Y, et al. Unknown Subclinical Hypothyroidism and In-Hospital Outcomes and Short- and Long-Term All-Cause Mortality Among ST Segment Elevation Myocardial Infarction Patients Undergoing Percutaneous Coronary Intervention. J Clin Med (2020) 9(12):3829. doi: 10.3390/jcm9123829

20. Zhang, M, Sara, JD, Matsuzawa, Y, Gharib, H, Bell, MR, Gulati, R, et al. Clinical Outcomes of Patients With Hypothyroidism Undergoing Percutaneous Coronary Intervention. Eur Heart J (2016) 37(26):2055–65. doi: 10.1093/eurheartj/ehv737

21. Lee, Y, Lim, YH, Shin, JH, Park, J, and Shin, J. Impact of Subclinical Hypothyroidism on Clinical Outcomes Following Percutaneous Coronary Intervention. Int J Cardiol (2018) 253:155–60. doi: 10.1016/j.ijcard.2017.09.192

22. Liu, YS, Wei, M, Wang, L, Liu, G, Ma, GP, Ono, K, et al. The Impact of Subclinical Hypothyroidism on Long-Term Outcomes in Older Patients Undergoing Percutaneous Coronary Intervention. BMC Endocr Disord (2021) 21(1):43. doi: 10.1186/s12902-021-00702-z

23. Sun, J, Yao, L, Fang, Y, Yang, R, Chen, Y, Yang, K, et al. Relationship Between Subclinical Thyroid Dysfunction and the Risk of Cardiovascular Outcomes: A Systematic Review and Meta-Analysis of Prospective Cohort Studies. Int J Endocrinol (2017) 2017:8130796. doi: 10.1155/2017/8130796

24. Yang, LB, Jiang, DQ, Qi, WB, Zhang, T, Feng, YL, Gao, L, et al. Subclinical Hyperthyroidism and the Risk of Cardiovascular Events and All-Cause Mortality: An Updated Meta-Analysis of Cohort Studies. Eur J Endocrinol (2012) 167(1):75–84. doi: 10.1530/EJE-12-0015

25. Chaker, L, Baumgartner, C, Ikram, MA, Dehghan, A, Medici, M, Visser, WE, et al. Subclinical Thyroid Dysfunction and the Risk of Stroke: A Systematic Review and Meta-Analysis. Eur J Epidemiol (2014) 29(11):791–800. doi: 10.1007/s10654-014-9946-8

26. Sohn, SY, Lee, E, Lee, MK, and Lee, JH. The Association of Overt and Subclinical Hyperthyroidism With the Risk of Cardiovascular Events and Cardiovascular Mortality: Meta-Analysis and Systematic Review of Cohort Studies. Endocrinol Metab (Seoul) (2020) 35(4):786–800. doi: 10.3803/EnM.2020.728

27. Molinaro, S, Iervasi, G, Lorenzoni, V, Coceani, M, Landi, P, Srebot, V, et al. Persistence of Mortality Risk in Patients With Acute Cardiac Diseases and Mild Thyroid Dysfunction. Am J Med Sci (2012) 343(1):65–70. doi: 10.1097/MAJ.0b013e31822846bd

28. Jabbar, A, Ingoe, L, Thomas, H, Carey, P, Junejo, S, Addison, C, et al. Prevalence, Predictors and Outcomes of Thyroid Dysfunction in Patients With Acute Myocardial Infarction: The ThyrAMI-1 Study. J Endocrinol Invest (2021) 44(6):1209–18. doi: 10.1007/s40618-020-01408-0

29. Wang, B, Liu, S, Li, L, Yao, Q, Song, R, Shao, X, et al. Non-Thyroidal Illness Syndrome in Patients With Cardiovascular Diseases: A Systematic Review and Meta-Analysis. Int J Cardiol (2017) 226:1–10. doi: 10.1016/j.ijcard.2016.10.039

30. Wang, WY, Tang, YD, Yang, M, Cui, C, Mu, M, Qian, J, et al. Free Triiodothyronine Level Indicates the Degree of Myocardial Injury in Patients With Acute ST-Elevation Myocardial Infarction. Chin Med J (Engl) (2013) 126(20):3926–9. doi: 10.3760/cma.j.issn.0366-6999.20130087

31. Zhang, B, Peng, W, Wang, C, Li, W, and Xu, Y. A Low Ft3 Level as a Prognostic Marker in Patients With Acute Myocardial Infarctions. Intern Med (2012) 51(21):3009–15. doi: 10.2169/internalmedicine.51.7902

32. Lazzeri, C, Sori, A, Picariello, C, Chiostri, M, Gensini, GF, and Valente, S. Nonthyroidal Illness Syndrome in ST-Elevation Myocardial Infarction Treated With Mechanical Revascularization. Int J Cardiol (2012) 158(1):103–4. doi: 10.1016/j.ijcard.2012.03.100

33. Özcan, KS, Osmonov, D, Toprak, E, Güngör, B, Tatlısu, A, Ekmekçi, A, et al. Sick Euthyroid Syndrome is Associated With Poor Prognosis in Patients With ST Segment Elevation Myocardial Infarction Undergoing Primary Percutaneous Intervention. Cardiol J (2014) 21(3):238–44. doi: 10.5603/CJ.a2013.0108

34. Stoppa-Vaucher, S, Van Vliet, G, and Deladoëy, J. Variation by Ethnicity in the Prevalence of Congenital Hypothyroidism Due to Thyroid Dysgenesis. Thyroid (2011) 21(1):13–8. doi: 10.1089/thy.2010.0205

35. Korevaar, TI, Medici, M, de Rijke, YB, Visser, W, de Muinck Keizer-Schrama, SM, Jaddoe, VW, et al. Ethnic Differences in Maternal Thyroid Parameters During Pregnancy: The Generation R Study. J Clin Endocrinol Metab (2013) 98(9):3678–86. doi: 10.1210/jc.2013-2005

36. Kristensen, SD, Laut, KG, Fajadet, J, Kaifoszova, Z, Kala, P, Di Mario, C, et al. Reperfusion Therapy for ST Elevation Acute Myocardial Infarction 2010/2011: Current Status in 37 ESC Countries. Eur Heart J (2014) 35(29):1957–70. doi: 10.1093/eurheartj/eht529

37. Widimsky, P, Wijns, W, Fajadet, J, de Belder, M, Knot, J, Aaberge, L, et al. Reperfusion Therapy for ST Elevation Acute Myocardial Infarction in Europe: Description of the Current Situation in 30 Countries. Eur Heart J (2010) 31(8):943–57. doi: 10.1093/eurheartj/ehp492

38. Su, W, Zhao, XQ, Wang, M, Chen, H, and Li, HW. Low T3 Syndrome Improves Risk Prediction of in-Hospital Cardiovascular Death in Patients With Acute Myocardial Infarction. J Cardiol (2018) 72(3):215–9. doi: 10.1016/j.jjcc.2018.02.013

39. Song, Y, Li, J, Bian, S, Qin, Z, Song, Y, Jin, J, et al. Association Between Low Free Triiodothyronine Levels and Poor Prognosis in Patients With Acute ST-Elevation Myocardial Infarction. BioMed Res Int (2018) 2018:9803851. doi: 10.1155/2018/9803851

40. Andersen, S, Bruun, NH, Pedersen, KM, and Laurberg, P. Biologic Variation is Important for Interpretation of Thyroid Function Tests. Thyroid (2003) 13(11):1069–78. doi: 10.1089/105072503770867237




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.

Copyright © 2022 Li, Wei, Li, Feng and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




SYSTEMATIC REVIEW

published: 29 April 2022

doi: 10.3389/fendo.2022.861746

[image: image2]


The Effect of Subclinical Hypothyroidism on Coagulation and fibrinolysis: A Systematic Review and Meta-Analysis


Qinglei Xu 1†, Yulong Wang 2†, Xue Shen 3, Yunfeng Zhang 1, Qingyun Fan 4* and Wei Zhang 5*


1 Department of Endocrinology, Lanshan District Endocrinology Hospital of LinYi, Linyi, China, 2 Department of General Surgery, Key Laboratory of Metabolism and Gastrointestinal Tumor, Key Laboratory of Laparoscopic Technology, Shandong Medicine and Health Key Laboratory of General Surgery, The First Affiliated Hospital of Shandong First Medical University and Shandong Provincial Qianfoshan Hospital, The First Affiliated Hospital of Shandong First Medical University, Jinan, China, 3 Center for Pharmacovigilance, Luozhuang Market Supervisory Authority of LinYi, Linyi, China, 4 Department of Endocrinology, Xintai Hospital of Traditional Chinese Medicine, Tai’an, China, 5 Department of Endocrinology and Metabology, Shandong Key Laboratory of Rheumatic Disease and Translational Medicine, Shandong Institute of Nephrology, The First Affiliated Hospital of Shandong First Medical University and Shandong Provincial Qianfoshan Hospital, Jinan, China




Edited by: 
Daniel Elías-López, Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán (INCMNSZ), Mexico

Reviewed by: 

Anne H. Van Der Spek, Cornell University, United States

Eliana Piantanida, University of Insubria, Italy

*Correspondence: 

Wei Zhang
 zhw08aoyun@163.com 

Qingyun Fan
 fanqingyunxtzyy@163.com

†These authors have contributed equally to this work and share first authorship

Specialty section: 
 This article was submitted to Thyroid Endocrinology, a section of the journal Frontiers in Endocrinology


Received: 25 January 2022

Accepted: 24 March 2022

Published: 29 April 2022

Citation:
Xu Q, Wang Y, Shen X, Zhang Y, Fan Q and Zhang W (2022) The Effect of Subclinical Hypothyroidism on Coagulation and fibrinolysis: A Systematic Review and Meta-Analysis. Front. Endocrinol. 13:861746. doi: 10.3389/fendo.2022.861746




Background

Despite patients with thyroid dysfunction show obvious abnormal hemostatic indicators in the peripheral blood, the current research on whether and how subclinical hypothyroidism (SCH) influence hemostatic function (the coagulation and fibrinolytic system) still remains controversial.



Objective

We conducted this study to evaluate how SCH influence on the coagulation and fibrinolytic system in human body.



Methods

Prior to March 2022, Web of Science, Embase, PubMed, WanFang, CNKI data and reference lists were searched to identify eligible researches. Two of us independently extracted the data and evaluated study quality. The effect size is represented by standard mean difference (SMD). Both fixed and random-effects models were used where appropriate. Review Manager 5.3 and STATA 16.0 were used to analyze the eligible data.



Results

1325 patients from twelve observational studies were involved in our research. Our study revealed that SCH changed the heamostatic balance towards hypercoagulable and hypofibrinolytic conditions accompanied by an increase in tissue fibrinogen, plasminogen activator and plasminogen activator inhibitor-1. By contrast, there was no statistically difference in acivated partial thromboplastin time (APTT) and D-Dimer in SCH group compared with that in control subjects.



Conclusions

Our study confirmed that SCH is related with a prothrombotic state, as reflected by changes in both coagulation and fibrinolysis. It is highly recommended for screening cardiovascular risk factors in combination with an adequate evaluation of SCH state.



Systematic Review Registration

[https://www.crd.york.ac.uk/prospero/#recordDetails] PROSPERO [CRD42021275313]
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Introduction

Subclinical hypothyroidism (SCH) is a condition associated with an elevated thyroid stimulating hormone (TSH) level with normal levels of free thyroid hormone (1). Since advances have been made recently on assays for TSH measurement with better sensitivity and specificity, SCH is becoming more prevalent, resulting in increased attention (2). Despite the fact that most patients with SCH don’t present with classical symptoms and signs of hypothyroidism due to the abnormal thyroid hormone level, the increase in atherosclerosis and cardiovascular disease in SCH patients is similar to that in patients with clinical hypothyroidism (3, 4).

Thromboembolism and cardiovascular disease are linked to various abnormalities of the haemostatic indicators related to coagulation and the fibrinolytic system. However, the published data about the heamostatic abnormalities among SCH patients remain controversial. Accumulating evidence has shown that levels of factor VII (FVII):C, the ratio FVII:C/FVII : Ag, fibrinogen (5) and plasminogen activator inhibitor-1 (PAI-1) (6, 7) are elevated, while von-Willebrand factor (vWF), antithrombin III (AT III) concentration and factor VIII (FVIII) activities (8) are decreased in patients diagnosed with SCH. However, conflicting outcomes exist in other researches (9, 10).

In this study, we aimed to analyze systematically the impact of SCH on the coagulation-fibrinolytic system in the human body, develop well-founded hypotheses, and provide recommendations for future research.



Materials and Methods

The meta-analyses of observational researches face special challenges due to inherent biases and design differences from different studies. Hence, we conducted and detailed the analysis in accordance with the guidelines of the Meta-analysis of Observational Studies in Epidemiology Group (11).


Search Strategy

A publication search was performed for studies in the Web of Science, PubMed, Embase, CNKI and WanFang data up to March 2022 by two independent investigators. Search strategies consisted of the following: the Medical Subject Headings terms “Hypothyroidism” or “Thyroid Disease” or “Thyrotropin”; and the text word terms “subclinical hypothyroidism” or “subclinical thyroid dysfunction” or “thyroid-stimulating hormone”; and the text word terms “haemostasis” or “blood coagulation/clotting” or “blood coagulation/clotting tests” or “blood coagulation/clotting factors” or “blood coagulation/clotting disorders”. In order to avoid omitting any relevant research, we also scanned the references of the retrieved articles for more studies. Language was not restricted in the document retrieval. Unpublished researches were not included within this study. The titles and abstracts of all retrieved articles were scanned. After that, we read the full text of studies which were possibly related for further appropriateness assessments to accomplish the article. Within the meta-analysis, all researches were firstly published in the primary literature with no reproduction in other articles. The whole researches that met the inclusion criteria were retrieved for additional assessment and information extraction.



Inclusion Criteria

Principle consideration basis was that the research needed to assess the impact of SCH on the coagulation-fibrinolytic system in human. Take it one step further, a review need to meet the accompanying terms: 1) reported SCH whose TSH was high while free thyroxin within normal range; 2) reported the coagulation-fibrinolytic framework information (including tissue plasminogen activator (t-PA), plasminogen activator inhibitor type 1(PAI-1), fibrinogen, activated partial thromboplastin time (APTT) and D-Dimer) for SCH patients and that was contrasted with data of the control whose thyroid function was normal; and 3) the 95% CIs were given or we could compute the 95% CI with given data.



Exclusion Criteria

The following sorts of studies were excluded: 1) Patients who were taking drugs or received treatment which could influence TSH and free thyroxin levels; 2) Participants suffered from clinical hypothyroidism or hyperthyroidism; 3) Case series, Case reports, editorials, reviews, in vitro, and non-human researches; 4) Because tumor may influence TSH and free thyroxin levels, researches on tumor patients were likewise removed; 5) the same study published before; 6) researches without sufficient to figure out the statistic or value.



Study Selection and Data Extraction

Headlines and summary of these original studies were scanned to see whether the inclusion criteria were met by two researchers separately. When we could not remove a study just from headlines and summary, we needed to review this article thoroughly. Choices with respect to incorporation were made independently, outcomes were contrasted, and discussion was made for dispute resolution if there was any difference. If different publications came from the same research, we chose the recent article. When there was a need, information from other prior articles was used to replenish it. These data below was collected from every article: features of the research (writer, publication year, region, research design, exclusion criteria, TSH assay), particulars of member features (number of patients enrolled, mean age, sex and TSH level), coagulation and fibrinolysis indexes of the SCH groups and the control [fibrinogen, tissue plasminogen Activator (t-PA), PAI-1, D-Dimer and activated partial thromboplastin time (APTT)].



Quality Assessment

The Newcastle-Ottawa Quality Assessment Scale (NOS) for evaluating quality of observational researches was utilized as a direct to evaluate research quality of cross-sectional and intervention researches (12, 13). Three categories were hence recognized: high quality (low risk of bias), medium quality (moderate risk of bias), or low quality (high risk of bias). Quality of the included researches was evaluated by two independent analysts and any contrasts were settled by agreement or the supposition of the third analyst, when necessary.



Statistical Analysis

We drew the effect sizes that compared the experimental and non-exposure situations from each study. And then, for all eligible studies, the weighted mean difference (WMD) or Standard mean difference (SMD) and 95% CIs in coagulation and fibrinolysis indexes were calculated. Both fixed- and random-effects models were used where appropriate (14) in the meta-analysis. We examined the heterogeneity across studies through Q test and I2 statistics. If P< 0.1 or I2≥50%, when heterogeneity was thought to be obvious across these study outcomes, we chose the random-effect modeling the combinational analysis. If not, the fixed-effect model was used. We assessed the stability and reliability of our study through sensitivity analysis. The possible publication bias was evaluated through Egger’s and Begg’s test (15, 16). We performed the analysis by Review Manager 5.3 software (Cochrane Collaboration, http://www.cochrane.org) and STATA 16.0 software (Stata: Software for Statistics and Data Science | Stata https://www.stata.com/).




Results


Study Selection

Figure 1 shows a flow diagram from which we can understand the search tactics and study selection process. The initial search tactics identified 1238 articles. Two records were involved when search of reference lists and review articles were performed further. In view of the headlines and abstract, we involved 70 potentially relevant publications in all. Of these, 58 failed to match the inclusion criteria (7 case reports,16 review articles,7 duplicate data,19 articles with insufficient data,3 studies not define TSH cut-off and 6 studies on cancer patients) and a total of 12 studies (5, 6, 8–10, 17–23) with 1325 patients were involved in the final analysis (Figure 1).




Figure 1 | Study selection process.





Study and Patient Characteristics

Table 1 presents the features of the individuals in the SCH and control groups and the main characteristics of these studies, including region, study design, quality, exclusion criteria, outcome parameters, TSH assay and matched or adjusted factors. Among the final 12 articles, 4 were (19, 20, 22, 23) were reported in Chinese, 8 were in English (5, 6, 8–10, 17, 18, 21). Of these, ten were case–control studies and two prospective cohort studies. Of these involved researches, four medium quality studies were confirmed. The rest of researches were confirmed to be of inferior quality. Table 1 summed up the features of these involved researches. Moreover, Table 2 summed up information of age, sex, the sample size and numerical value of TSH, and Table 3 displayed the coagulation and fibrinolytic parameters.


Table 1 | Characteristics of included studies.




Table 2 | Patient characteristics by risk factors and outcomes by trials for SCH.




Table 3 | Coagulation and fibrinolytic changes in the two groups of each study.





Quantitative Synthesis


Tissue Plasminogen Activator (tPA)

Here, we included 8 studies (5, 6, 8, 9, 18, 19, 21, 23) (388 SCHs) for the impact of SCH on tPA. Taking the heterogeneity (heterozygosity test, Chi2 = 33.24, P <0.0001, I2 = 79%) into account, 1 study was removed at a time to identify the heterogeneous source. When the research by Y. H. Chen et al. (2009) (19) was detached, the heterogeneity decreased significantly (the I2 reduced from 79% to 44%, P increased from <0.0001 to 0.10). After a careful reading, age difference may be one of the sources of heterogeneity, but may not the only one. Therefore, SMD values was merged by means of the fixed-effect model and the pooled SMD was 0.20 (95%CI, 0.05 to 0.35; P = 0.01; Figure 2), which means that SCH patients showed higher level of tPA compared with control subjects.




Figure 2 | Comparison of tPA in subclinical hypothyroidism and euthyroidism.





Plasminogen Activator Inhibitor Type 1 (PAI-1)

A total of 8 studies were included (5, 6, 8, 9, 18, 19, 21, 23) (388 SCHs) for the effect of SCH on PAI-1. There was significant statistical heterogeneity in these studies (P<0.00001, I2 = 88%). Therefore, a random-effect model was used to pool SMD. A significant increase was represented when estimated together in PAI-1 among subjects in SCH group compared with the control (SMD,0.61, 95% CI 0.17 to 1.06; P =0.007, Figure 3).




Figure 3 | Comparison of PAI-1 in subclinical hypothyroidism and euthyroidism.





Fibrinogen

The effect of SCH on fibrinogen was favorable in 6 studies (5, 8, 9, 20, 22, 23). Overall, the alter within the SMD for fibrinogen was 0.35 (95% CI, 0.20 to 0.50, P<0.00001; Figure 4). Heterogeneity analysis shows a moderate heterogeneity (heterozygosity test, Chi2 = 8.65, P=0.12, I2 = 42%). It indicated that there was significantly higher in fibrinogen in SCH group, compared with euthyroid subjects. Further analysis based on whether TSH higher than 10uIU/mL or not (20, 23) showed higher fibrinogen levels in patients with TSH >10uIU/mL compared to those with TSH ≤ 10uIU/mL (WMD,0.43; 95%CI, 0.24 to 0.62; P<0.0001,I2 = 0%). Due to the limited numbers of article, no heterogeneity was found (heterozygosity test, Chi2 = 0.65, P=0.42, I2 = 0%).




Figure 4 | Comparison of Fibrinogen in subclinical hypothyroidism and euthyroidism.





Activated Partial Thromboplastin Time (APTT)

Six studies (5, 8–10, 20, 23) compared APTT levels between SCH patients with controls. Due to the large heterogeneity was found (heterozygosity test, Chi2 = 41.05, P<0.0001, I2 = 88%), random-effect model was used to pooled the data. In our analysis, it was of no statistically difference in APTT (WMD,0.65;95% CI, −1.22 to 2.51; P<0.00001; Figure 5). Further analysis based on difference TSH level (20, 23) did not found the effect of TSH level difference on APTT level (WMD, 2.25; 95%CI, -6.86 to 11.36; P=0.63). Also, a large heterogeneity was found (heterozygosity test, Chi2 = 28.44, P<0.0001, I2 = 96%), D-Dimer. Here, the association between D-Dimer and SCH was analyzed in 6 independent studies (8, 9, 17, 19, 21, 23) (268 SCHs). No statistically difference was found in D-Dimer between SCH group and normal thyroid function group (SMD, 0.28;95% CI, −0.28 to 0.83; P = 0.33) from analysis and the heterogeneity among trials was obvious (heterozygosity test, Chi2 = 41.14, P<0.00001, I2 = 88%; Figure 6).




Figure 5 | Comparison of APTT in subclinical hypothyroidism and euthyroidism.






Figure 6 | Comparison of D-Dimer in subclinical hypothyroidism and euthyroidism.






Sensitivity and Subgroup Analysis

We made further efforts to conduct a subgroup and sensitivity analysis on account of study heterogeneity. Subgroup analyses were conducted by ethnicity, age, gender, TSH cut-off value and study design. However, the results of PAI-1 in SCH patients were not affected. A sensitivity analysis was performed to assess the influence of each research on the final results. There was no any single study that had an impact on the total pooled effect, sensitivity analysis, which indicated that none of the studies interfered with OR or 95% CI (Figure 7).




Figure 7 | Sensitivity analysis to assess the impact of every study on the overall conclusions.





Publication Bias Evaluation

Publication bias was examined using funnel plot. There was no notable publication bias among articles included in our meta-analysis (Figure 8). Furthermore, no significant bias were found both by Egger’s and Begg’s test (both P>0.1).




Figure 8 | Funnel plot of publication bias-qualitative evaluation of publication bias, performed by Review Manager 5.3.






Discussion

Subclinical hypothyroidism (SCH) is defined when serum TSH is above the reference range but circulating thyroid hormones are still normal. In Iniodine-sufficient populations, SCH affects up to 16% of the population (24). Notably, researches have indicated that the risk of atherosclerosis and myocardial infarction increased independently in patients with SCH (4). However, it is still controversial that whether SCH influences coagulation and fibrinolysis in the human body. To reply this question, we did this systematic review and discovered that people suffered from SCH had hemostasis and fibrinolysis changes, consistently reflecting a prothrombotic condition.

Our study revealed that patients diagnosed with SCH displayed a prothrombotic tendency. It was showed that both t-PA and PAI-1 were above the normal range in these people, compared with the control, which indicated a hypercoagulable condition with a decline in fibrinolysis because of the pattern of alterations (21, 25). Especially, the equilibriums of t-PA and PAI-1 determine the total fibrinolytic potential of human blood, which has been extensively regarded as a predictive factor of venous as well as arterial thrombosis (26). In addition, increased t-PA levels could give expression to a compensatory reaction to a hypofibrinolysis as a result of an increased inhibitory effect of PAI-1 (26). Moreover, elevated PAI-1 concentrations may increase the tendency to myocardial infarction (MI), which suggests clinical significance of high PAI-1 levels (21, 27).

We analyzed the changes in various other hemostatic parameters and evaluate fibrinolytic balance in the current study. Especially, the increment of fibrinogen in SCH patients comparing to normal populations, which reflected both the human inflammatory state and the tendency of thrombosis and haemorrhage, contributes to atherosclerosis as well as thrombotic complications (28, 29). Data from clinical and epidemiological studies suggested that higher serum fibrinogen level could predict the risk of both primary cardiovascular events and secondary events (29–32).

Existing literatures that show an impaired fibrinolysis and a hypercoagulable in SCH patients agree to our observations (8, 17, 21, 33). This condition may be the precipitating factors of cardiovascular disease, as a mechanism how mild thyroid failure is associated with cardiovascular disease. Just as Chadarevian et al. observed (7), there was an overall decrease of fibrinolytic activity, manifested as lower D-Dimer levels, increased α2-antiplasmin reaction and increased numerical value of tPA and PAI-1, in SCH groups whose TSH level lies in 10 and 50 mIU/l. Meanwhile, Muller et al. (5) reported that subjects with SCH had a significant elevation in factor VII reaction. In a group of individuals with SCH, Canturk et al. (8) suggested elevated fibrinogen, factor VII and PAI-1 levels along with decreased AT III concentrations. It came to light that the condition resulted in more severe atherosclerosis. Furthermore, Lupoli et al. (21) have seen recovery improvements in these parameters after LT4 replacement therapy, such as a significant reduction in PAI-1 and tPA. It was concluded that SCH was a state of hypercoagulable and hypofibrinolytic and this can be reverted by L-T4 treatment. Above all, we propose the following recommendations: for patients with SCH, active LT4 treatment is recommended to reduce the incidence of thrombotic events, especially for patients with a personal history of coronary heart disease, cerebrovascular disease or early family history.

As with any study, there are some limitations in our research. Firstly, by the inclusion of no randomized clinical studies, trials with only data from observational researches, and studies mainly discussed the connection between SCH and the coagulation or fibrinolysis, it is necessary to cautiously interpret the results of our analysis (34). Secondly, the inconsistency of the standard TSH cut-off value and the definition of SCH in the final included studies may add the clinical heterogeneity in our study. Finally, factors including study samples, participants’ characteristics, the method used to test the coagulation and fibrinolysis indexes, and various confounding factors included for the adjustment, may all also added the clinical heterogeneity to our analysis.

In summary, we suggest that SCH is related to a prothrombotic state in our study, which may be caused by alterations in coagulation and fibrinolysis. Therefore, it is important to screen SCH dysfunction for detecting the earliest signs of cardiovascular disease. However, larger and high-quality studies are necessary to evaluate our observations. If future studies clearly revealed the casual association of prothrombotic state with SCH leading to an elevated risk of cardiovascular disease, effective treatments, such as replacement therapy with Levothyroxine (LT4), to revert the abnormalities should be recommended routinely.
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Objectives

Adequate maternal thyroid hormone availability is crucial for fetal neurodevelopment, but the role of maternal mild hypothyroidism is not clear. We aim to investigate the association of maternal mild hypothyroidism with neurodevelopment in infants at 1 year of age among TPOAb-negative women.



Methods

The present study was conducted within the Jiangsu Birth Cohort. A total of 793 mother–infant pairs were eligible for the present study. Maternal thyroid function was assessed by measuring serum thyroid-stimulating hormone, free thyroxine, and thyroid peroxidase antibodies. Neurodevelopment of infants was assessed by using the Bayley Scales of Infant and Toddler Development third edition screening test (Bayley-III screening test).



Results

In the multivariate adjusted linear regression analyses, infants of women with subclinical hypothyroidism and isolated hypothyroxinemia were associated with decreased receptive communication scores (β = −0.68, p = 0.034) and decreased gross motor scores (β = −0.83, p = 0.008), respectively. Moreover, infants of women with high-normal TSH concentrations (3.0–4.0 mIU/L) and low FT4 concentrations were significantly associated with lower gross motor scores (β = −1.19, p = 0.032), while no differences were observed in infants when the mothers had a high-normal TSH concentration and normal FT4 levels.



Conclusions

Maternal subclinical hypothyroidism is associated with decreased receptive communication scores in infants at 1 year of age. In addition, maternal TSH concentration greater than 4.0 mIU/L and maternal isolated hypothyroxinemia are associated with impaired gross motor ability of infants, especially in infants of women with high-normal TSH concentrations (3.0–4.0 mIU/L).





Keywords: thyroid hypofunction, pregnancy, neurodevelopment, infancy, cohort study



Introduction

Maternal mild hypothyroidism is a common endocrine condition and occurs in 5%–18% of all pregnancies, depending on the definition used and population studied (1–3). Thyroid hormone is essential for optimum neurodevelopment of the fetus, acting on various stages of fetal neurological development, including neuronal migration, synaptogenesis, glial cell proliferation, and glial cell myelination (4, 5). Because the fetal thyroid gland is not functional until mid-gestation, the fetus predominantly depends on the supply of maternal thyroid hormone during that period (6). Therefore, maternal mild hypothyroidism may impair the neurodevelopment in offspring.

Results from animal studies have shown that shortage of thyroid hormone is associated with impaired brain development (7). Data from a large case–control study have demonstrated reduced scores on tests of intelligence, attention, and visual-motor performance at 8 years of age among children of mothers with untreated overt hypothyroidism (OH) during pregnancy compared to euthyroid controls (8, 9). Evidence from observational studies has demonstrated that maternal isolated hypothyroxinemia (IH) is predominantly associated with various types of neurodevelopmental disorders in children (10–12). However, the detrimental effects of maternal subclinical hypothyroidism (SCH) on fetal neurodevelopment remain less well established. Some studies have demonstrated that the offspring of women with SCH have decreased intelligence and motor ability or increased risk for delay in neurodevelopment (13–15), whereas others have shown conflicting results (10, 16, 17). This variation may be attributed to the different criteria for elevated thyroid-stimulating hormone (TSH) used in different studies (18).

Previous international guidelines have recommended using fixed upper limits of 2.5 mIU/L for the first trimester and 3.0 mIU/L for the second and third trimesters (1–3). Because studies have demonstrated that using these fixed upper limits in the 2011 guidelines results in overdiagnosis of SCH (19–22), the upper limit of TSH at 4.0 mIU/L for each trimester of pregnancy was advocated by the American Thyroid Association (ATA) 2017 guidelines (18). Moreover, only a few studies have investigated infant neurodevelopment among women with TSH concentrations between 3.0 and 4.0 mIU/L. Thus, the present study aimed to examine the association of maternal mild hypothyroidism with infant neurodevelopment, especially in women with high-normal TSH concentrations (3.0–4.0 mIU/L).



Methods


Study Design and Participants

This cohort study was embedded in the Jiangsu Birth Cohort (JBC), a population-based prospective and longitudinal study recruiting women who planned to receive assisted reproductive technology (ART) and who are at their first trimester of spontaneous pregnancy (SP) at clinics in Jiangsu, China (23). When infants reached 1 year of age, they were invited to hospitals for systematic medical examination. The present study included the mother–infant pairs if the maternal TSH, free thyroxine (FT4), and thyroid peroxidase antibody (TPOAb) had been measured during pregnancy. Only mother–infant pairs with infants who had neurodevelopment data at the age of 1 year were included. We excluded pairs if the mother had a pre-existing thyroid disorder, if the mother had treatment for a thyroid disorder or the maternal TPOAb was positive, and we further exclude pairs if the mother had elevated concentrations of FT4 or suppressed TSH. The detailed cohort design and data collection have been previously published (23). This study was approved by the institutional review board of Nanjing Medical University, China NJMUIRB (2017) 002. Written informed consent was obtained from all the participants or the infants’ parents or guardians.

The participants were divided into four groups according to maternal thyroid hormone levels as follows: euthyroidism (ET, normal concentration of TSH and FT4), overt hypothyroidism (OH, elevated concentration of TSH with low concentration of FT4), subclinical hypothyroidism (SCH, elevated concentration of TSH with normal concentration of FT4), and isolated hypothyroxinemia (IH, normal concentration of TSH and low concentration of FT4).



Maternal Thyroid Parameters

Measures of thyroid functions including TSH, FT4, and TPOAb, were evaluated by electro-chemiluminescent microparticle immunoassays kits using the Architect system (Roche GmbH, Mannheim, Germany) in the Department of Clinical Laboratory in the Nanjing Maternity and Child Health Care Hospital. The intra-assay coefficients of variations were as follows: TSH < 5.3% and FT4 < 5.3%. The normal range for TSH was 0.2–4.0 mIU/L according to the ATA 2017 guidelines (18). The specific reference intervals (95% CI: 10.55–17.21 pmol/L) of FT4 for the study population were obtained according to the National Institute of Clinical Biochemistry (NACB) (24). TPOAb was considered positive at concentrations greater than 34 IU/ml.



Assessment of Neurodevelopment

When infants reached approximately 1 year of age, their neurodevelopment was assessed with the Bayley Scales of Infant and Toddler Development third edition screening test (Bayley-III screening test) by standardized trained pediatricians or occupational therapists in the presence of a primary caregiver (25). This test uses a subset of items from the full-length Bayley-III Scales, which has been widely validated and extensively used to compare developmental outcomes across individuals worldwide (25). Following standard procedures, we administered the following five subscales of the Bayley-III screen test: cognition, receptive language, expressive language, fine motor, and gross motor. Each subscale consisted of a series of developmental play tasks, and the subscale-specific raw scores of completed items were then recorded.

In the present study, a series of approaches was adopted to ensure the validity and reliability of the infant neurodevelopmental evaluation. The evaluation environment was quiet and non-interfering. One developmental neuropsychologist was appointed to provide professional training of the standardized administration before the investigation. Additionally, with the informed consent of guardians, the entire assessments of all examiners were filmed, and some of the videos were randomly selected for secondary evaluation monthly. The pediatricians and occupational therapists who performed the tests were unaware of any other test outcomes, including maternal thyroid hormone levels during pregnancy.



Covariates

Detailed information was obtained through questionnaires administered by trained interviews and comprised information on maternal and infant demographics, pregnancy-related information, and medical history. The covariates were chosen based on what was available within the data and following the literature review (18, 23). Potential confounding variables accounted for in the study were childbearing age (years) (26), maternal pre-pregnancy BMI (kg/m2) (27), parity (nulliparous/multiparous) (28), maternal education (<12/≥12 years) (29), mode of conception(spontaneous/ART) (30), diseases during pregnancy (diabetes/non-diabetes, and hypertension/non-hypertension) (31, 32), gestational age (33), and infant sex (male/female) (34).



Statistical Analyses

Continuous variables with a normal distribution were expressed as mean (standard deviation, SD) and compared using Student´s t-test. Non-normally distributed variables were expressed as median (interquartile range, IQR) and compared using the Wilcoxon rank test. Categorical variables were expressed as percentage (%) and compared by the chi-squared test. Non-response analyses were performed to compare with the characteristics of the mother–infant pairs grouped by neurodevelopment assessment data availability according to different thyroid function groups.

Multivariate linear regression models were constructed to estimate the associations of maternal SCH, IH, and OH with offspring neurodevelopment. We developed a directed acyclic graph (DAG; Figure S1) to document our assumptions about the association between the covariates, exposure, and outcome, and specifically to hypothesize which variables were confounders (preceding both exposure and outcome). The casual directed acyclic graphs (DAGs) is a useful tool for researchers to understand the potential interplay among variables and to deduce which variables require control to minimize bias and which variables could introduce bias if controlled in the analysis (35). This DAG informed our staged modeling approach: model 1 was crude (unadjusted) and model 2 was adjusted for confounders (childbearing age, pre-pregnancy BMI, parity, maternal education level, mode of conception, and sex of infants). Gestational age at birth and diseases during pregnancy were considered potential intermediates and not included in the main model.

Considering that the ATA 2011 guidelines define the upper limit for TSH at 3.0 mIU/L during mid-trimester (2), we further investigated the association of maternal mild hypothyroidism and infant neurodevelopment by different maternal TSH levels (0.2–3.0 vs. 3.0–4.0 mIU/L). The participants were divided into the following groups (Figure 1): Group ETa-ETb (0.2–3.0 mIU/L TSH and normal FT4), Group SCHa-ETb (3.0–4.0 mIU/L TSH and normal FT4), Group SCHa-SCHb (TSH > 4.0 mIU/L and normal FT4), Group IHa-IHb (0.2–3.0 mIU/L TSH and FT4 < 10.55 pmol/L), Group OHa-IHb (TSH 3.0–4.0 mIU/L and FT4 < 10.55 pmol/L), and Group OHa-OHb (TSH > 4.0 mIU/L and FT4 < 10.55 pmol/L)




Figure 1 | Thyroid function grouped on different TSH thresholds. ET, euthyroidism; SCH, subclinical hypothyroidism; OH, overt hypothyroidism; IH, isolated hypothyroxinemia. aTSH thresholds at 3.0 mIU/L (2011 ATA guidelines). bTSH thresholds at 4.0 mIU/L (2017 ATA guidelines).



We conducted two sensitivity analyses. First, we repeated our main analysis restricting to infants born at full term (37 weeks or greater), to examine whether adjusting for gestational age in our main models may have inadvertently introduced bias through unmeasured confounding between gestational age and infant neurodevelopment. Second, we repeated our main analysis in women without diseases during pregnancy, to examine whether associations differed.

Information on missing data is outlined in Table 1, and missing data on covariates were coded as a missing indicator for categorical variables and with median values for continuous variables in multivariable linear regression models. Two-sided p < 0.05 was considered statistically significant. All statistical analyses were conducted in R statistical software version 4.10.


Table 1 | Characteristics of mother–infant pairs.






Results

From December 2018 to September 2020, a total of 1,693 singleton infants born in Nanjing Maternal and Child Health Hospital had reached 1 year old. Data on TSH, FT4 and TPOAb were obtained for 1,533 mothers. In total, 178 mother–infant pairs were excluded because they met exclusion criteria, and 562 mother–infant pairs were excluded because the infants did not have neurodevelopment assessment at the age of 1 year. Thus, the final study population was composed of 793 mother–infant pairs. Of these 793 mother–infant pairs, 4.92% of the women were identified as SCH, 3.65% of the women were identified as IH, and only 0.38% of the women were identified as OH according to the 2017 ATA guidelines; 2.52% (20/793) of the women who had elevated concentrations of FT4 or suppressed TSH were excluded (Figure 2). The remaining 773 pairs had 1.0%, 1.3%, 1.3%, and 2.2% missing values of pre-pregnancy BMI, drinking during pregnancy, maternal education, and duration of breastfeeding.




Figure 2 | Flowchart of participants through the study. TSH, thyroid-stimulating hormone; FT4, free thyroxine.



Compared to euthyroid women (ET group), the SCH group was more likely to have consumed alcohol during pregnancy, and the IH group was more likely to have higher childbearing age, higher pre-pregnancy BMI, and lower educational levels (Table 1). Comparisons of the characteristics of the mother–infant pairs grouped by neurodevelopment assessment data availability according to different groups showed no differences between participants and non-participants. However, the ET group of mother–infant pairs with available neurodevelopment data had higher mean pre-pregnancy BMI, and the SCH group of mother–infant pairs had lower FT4 concentration (Table S1)

Multivariate linear regression models showed that maternal SCH during pregnancy was associated with decreased receptive communication scores at 1 year of age (β = −0.68, p = 0.034). Infants exposed to maternal IH had decreased gross motor scores (β = −0.83, p = 0.008), while no significant difference was observed in infants of mothers with OH, which may be attributed to the small sample size (Table 2). When the 2011 ATA guidelines were used, similar results were obtained, and the infants exposed to maternal OH had lower gross motor scores (β = −1.11, p = 0.021) (Table S2). The stratified analysis results revealed that there was no statistically significant association of Group SCHa-ETb (TSH 3.0–4.0 mIU/L and normal FT4) with infant neurodevelopment compared to Group ETa-ETb (TSH 0.2–3.0 mIU/L and normal FT4), but Group SCHa-SCHb (TSH >4.0 mIU/L and normal FT4) showed decreased receptive communication scores (β = −0.73, p = 0.025). Group IHa-IHb (TSH 0.2–3.0 mIU/L and FT4 < 10.55 pmol/L) was associated with lower gross motor scores, but there was no significance after adjustment for potential confounders. However, Group OHa-IHb (TSH 3.0–4.0 mIU/L and FT4 < 10.55 pmol/L) had lower gross motor scores (β = −1.19, p = 0.032) (Table 3). In the sensitivity analyses, we repeated our main analysis restricting to infants born at full term (37 weeks or greater) or in women without diseases during pregnancy, and the results were not significantly altered (Tables S3, S4).


Table 2 | Association of maternal hypothyroidism with infant Bayley-III scores by the 2017 ATA guidelines.




Table 3 | Multivariable regression analysis to demonstrate the association of maternal TSH with infant Bayley-III scores.





Discussion

In this population-based prospective cohort study, we observed impaired neurodevelopment in infants prenatally exposed to maternal mild hypothyroidism. Interestingly, associations differed in magnitude by subtype of maternal mild hypothyroidism and domains of infant neurodevelopment. Infants of women with maternal SCH were associated with decreased receptive communication scores only with maternal TSH levels greater than 4.0 mIU/L. For gross motor ability, maternal IH was predominant, and the effect was mainly attributed to mothers with high-normal TSH levels (3.0–4.0 mIU/L). To the best of our knowledge, this is the first study to evaluate the association of maternal mild hypothyroidism with offspring neurodevelopment as stratified by maternal TSH concentration.

Our findings in this prospective cohort study agreed with previous results (13, 14). A retrospective study from China has demonstrated that the offspring of women with SCH (TSH > 4.21 mIU/L) tend to have lower mental development index (MDI) and psychomotor development index (PDI) scores (14). Similarly, a meta-analysis of 39 original articles, including 909,176 individuals, has shown that maternal SCH has distinctly higher risk of intellectual disability in offspring (36). In contrast, a retrospective study of the Danish National Birth Cohort has indicated no adverse association between SCH (TSH beyond 2.5 mIU/L), and offspring verbal IQ was found (10, 16). These findings indicate that the different TSH cutoff values may be important confounders in various studies, thereby underlining the importance of performing in-depth analyses of observed associations.

Our study identified a significant association between maternal SCH (TSH > 4.0 mIU/L) and decreased receptive communication score in infants, while no significance was observed when maternal TSH levels were greater than 3.0 mIU/L but within the normal range (TSH < 4.0 mIU/L). These findings confirmed that the use of 4.0 mIU/L as the cutoff for TSH avoids the potential risk of overdiagnosis in women with SCH, thereby strengthening the association between SCH during pregnancy and adverse neurodevelopment, mainly when the TSH level is greater than 4.0 mIU/L. In summary, our results further validated and enhanced the current body of evidence suggesting that SCH diagnosed by the ATA 2017 standards is appropriate for screening high-risk women.

We also observed that maternal IH was associated with lower gross motor score in infants. Because maternal OH increases the risk of motor neurodevelopmental delay (37), most studies have shown that IH during early pregnancy is associated with an increased risk of a delay in infant motor development (10, 38). Furthermore, findings from animal studies support the observed associations. Animal studies have demonstrated that the primary brain region affected by decreased availability of maternal FT4 includes the cerebellum, which plays a critical role in motor coordination and motor activity (39). However, the present study is the first to elucidate the association of high-normal TSH levels with offspring neurodevelopment. In the present study, maternal IH with TSH levels between 3.0 and 4.0 mIU/L resulted in significantly decreased gross motor scores in infants compared to infants of mothers with TSH levels lower than 3.0 mIU/L (1.19 vs. 0.70).

Clinical guidelines clearly indicate that OH in pregnant women should be treated (18). Although the above studies have reported adverse outcomes in children born to mothers with IH, no interventional data have yet been published demonstrating the beneficial effects of levothyroxine (LT4) therapy (17, 40). Additionally, a recent guideline from the American College of Obstetrics and Gynecology (ACOG) provides a more conservative approach, essentially advocating treatment only for OH (41). In the present study, among 29 women identified as IH, 9 of them were originally diagnosed as OH according to the ATA 2011 guidelines, indicating that they were previously advised to be treated but later were not. Therefore, these women deserve more attention considering the worse effects on neurodevelopment compared to those with TSH levels below 3.0 mIU/L. Additionally, the lack of treatment effects in large randomized clinical trials (RCTs) should be reviewed. Current RCTs lack stratification of TSH concentration, which may indicate that the treatment effect on the low-risk group (e.g., TSH < 2.5 or 3.0 mIU/L) is diluted, leading to the conclusion of no benefit of treatment. Therefore, further studies should be conducted to identify the optimal treatment threshold of TSH where the benefits of LT4 administration outweigh the risks.

The strengths of the present study included its population-based prospective design, the long follow-up period, and our findings were obtained from TPOAb-negative pregnant women. We observed that maternal SCH was associated with detrimental neurodevelopment of infants, even in women with negative tests for TPOAb, which provided robust evidence to support LT4 treatment of pregnant women with TSH levels ranging from 4.0 to 10.0 mIU/L independent of their thyroid autoantibody status (42). Although the Bayley-III screening test is a validated instrument, it is not a diagnostic tool, and relying on one informant for assessment of neurodevelopment is a major limitation. We did not collect data for thyroid hormone parameters of the offspring after birth, but studies have shown that maternal thyroid function with child neurodevelopment is not mediated or modified by differences in postnatal child thyroid function (43). In addition, the present study was conducted in a single center and had a small sample size. Therefore, our conclusion needs to be further confirmed by multicenter studies with large sample sizes.



Conclusions

In summary, the present study demonstrated that maternal SCH is associated with decreased receptive communication scores in infants at 1 year of age. In addition, maternal TSH concentrations greater than 4.0 mIU/L and maternal IH are associated with impaired gross motor ability, especially in women with high-normal TSH concentrations (3.0–4.0 mIU/L). In addition, these findings suggest that clinicians should actively determine the primary cause of the decline in FT4 concentration for pregnant women in the higher end of the normal range (3.0–4.0 mIU/L) of TSH and low concentrations of FT4. Further studies are required to identify specific subgroups of women who may benefit from LT4 treatment.
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Objective

To explore the correlation between the incidence of atrial fibrillation (AF) and thyroid dysfunction in patients with hypertrophic obstructive cardiomyopathy (HOCM).



Methods

Thyroid function testing in 755 consecutive patients with HOCM were examined at the National Center for Cardiovascular Diseases (China) from October 2009 to December 2013. Patients were divided into four groups according to the TSH levels: TSH<0.55 mIU/L(n=37)、0.55~2.49 mIU/L (n=490)、2.50~9.9 mIU/L (n=211) and >10.00mIU/L(n=17).



Results

A total of 107 patients were diagnosed with AF (14%).(1) Compared to HOCM patients without AF,HOCM patients with AF have older age (P<0.001), higher NT-proBNP (P=0.002), higher Cr (P=0.005), larger left atrial diameter(P=0.001), lower FT3 (P=0.046), higher FT4 (P=0.004).(2) In the four groups according to the TSH levels: TSH<0.55 mIU/L, 0.55~2.49mIU/L, 2.50~9.9mIU/L and ≥10.00mIU/L, the incidence of AF was 27.02%(10/37),10.20%(50/490), 19.43%(41/211), and 35.29%(6/17), respectively. Both high and low TSH levels were associated with an increased incidence of AF. After adjusting for the common risk factor (age, NT-proBNP, and so on), stepwise multiple logistic regression analysis revealed that TSH levels were significantly related to AF incidence.Compared to patients with TSH 0.55~2.49 mlU/L, the adjusted odds ratio of AF for TSH<0.55, 2.50~9.99, ≥10.00 mIU/L were 1.481 (95% CI 0.485~4.518,P=0.490), 1.977 (95%CI 1.115~3.506, p=0.02), 4.301 (95%CI 1.059~17.476, P=0.041), respectively.



Conclusion

Our results suggested that thyroid dysfunction was associated with an increased risk of AF in patients with HOCM.





Keywords: thyroid dysfunction, hypertrophic obstructive cardiomyopathy, atrial fibrillation, TSH, risk factors



Introduction

More and more studies have shown that thyroid dysfunction is a significant risk factor for the progression of cardiovascular disease (1, 2). Our previous research and other clinical evidence suggest (3, 4), The level of thyroid hormone is related to the deterioration of cardiac function and the occurrence of arrhythmia. Hypertrophic cardiomyopathy (HCM) is a kind of cardiomyopathy characterized by asymmetric myocardial hypertrophy, which usually occurs at the base of the interventricular septum and the lateral wall of the left ventricle (5). HCM has a variety of clinical manifestations, can occur in all age groups and has a familial genetic tendency, which is a common cause of sudden cardiac death. Heart failure and electrophysiological disorders may occur in the later stage of the disease (6–8). Atrial fibrillation is the most common persistent arrhythmia in patients with HCM. It has been found that 2% to 3.8% of HCM patients are newly diagnosed with atrial fibrillation each year, which increases the risk of heart failure, stroke/embolism, and death, especially in patients with hypertrophic obstructive cardiomyopathy with left ventricular outflow tract obstruction (9). Left ventricular filling in patients with HCM mainly depends on atrial contraction. Atrial fibrillation will shorten the left ventricular filling time and damage the left ventricular diastolic function, resulting in frequent hospitalization and declining quality of life. Atrial fibrillation is one of the risk factors for the poor prognosis of HCM. Therefore, the clinical management of hypertrophic cardiomyopathy complicated with atrial fibrillation is a very important topic (10).

However, only a few clinical studies have shown that thyroid dysfunction is related to left ventricular diastolic dysfunction in patients with HCM (11). There is no study on the role of thyroid function in predicting atrial fibrillation in patients with HCM. This study was based on 756 patients with hypertrophic obstructive cardiomyopathy to investigate the relationship between thyroid function and atrial fibrillation in patients with hypertrophic obstructive cardiomyopathy.



Methods


Ethics Statement

The study followed the ethical guidelines of the declaration of Helsinki and China’s regulations and policies on good clinical practice. The Ethics Committee approved it of the Fuwai Hospital. Before the study, we got written informed consent from all participants.



Study Patients

All patients in this study were evaluated at the Fuwai Hospital (National Center of Cardiovascular Diseases, China). Between October 1, 2009, and December 31, 2013, a total of 824 patients (age≥16 years) were diagnosed with HOCM. Among those participants, 755 subjects, with complete information on thyroid function, clinical information, and medical history, in the absence of any other cardiac or systemic disease capable of producing the magnitude of hypertrophy evident, such as uncontrolled hypertension (home blood pressure monitoring ≥140/90 mmHg), congenital heart disease, cardiac valve disease, and amyloidosis, were selected. The diagnosis of HOCM was based on (12, 13): (1) Echocardiography showed asymmetric interventricular septal thickening > 13 mm, and interventricular septal (IVS)/left posterior ventricular wall (LVPW) > 1.3 or left ventricular apical or free wall localized thickening > 15 mm. (2) tissue Doppler echocardiography, and MRI showed hypertrophy of apical and near apical IVS, dense myocardium or disordered interstitial arrangement. (3) echocardiography showed that the pressure difference of the left ventricular outflow tract was ≥ 30mmHg.

This study passed the review of the Medical Ethics Committee of Fuwai Hospital of the Chinese Academy of Medical Sciences, and all the subjects signed informed consent forms.



Collect Clinical Data

The demographic data (age, sex, weight, height), lifestyle (smoking history, drinking history), basic heart disease history, concomitant diseases (hypertension, diabetes, stroke, ventricular arrhythmia), (NYHA) cardiac function classification of New York Cardiology Association, electrocardiogram (admission ECG, postoperative ECG) and echocardiography were collected through the electronic medical record system of Fuwai Hospital. Thyroid hormone determination equipment adopts ADVIA immune detection system produced by Siemens. The levels of serum thyrotropin (TSH), free triiodothyronine (FT3), free thyroid hormone (FT4), total triiodothyronine (TT3), and total thyroid hormone (TT4) were detected by the Immunochemical luminescence method. The kit used was a Siemens kit. The normal reference values of thyroid hormones are as follows: TSH:0.55~4.78mIU/L, FT3:2.76~6.30 pmol/L.FT4:1.23~2.90pmoL/L,TT3:1.00~2.94nmol/L.TT4:55.34~160.86nmol/L.All subjects received a full set of laboratory tests simultaneously, including blood lipids, liver and kidney function, blood glucose, NT-proBNP, and so on.



Definition of Thyroid Function and Diagnosis of Atrial Fibrillation

TSH, FT3, FT4, TT3, and TT4 are all defined as normal thyroid function in the normal reference range. Hypothyroidism (hypothyroidism) is elevated TSH levels, with FT3, FT4, TT3, and TT4 levels within or below the normal reference range. In contrast, hyperthyroidism (hyperthyroidism) decreases TSH levels, with FT3, FT4, TT3, and TT4 levels in or above the normal reference range. In addition to the routine grouping methods (clinical and subclinical hyperthyroidism, clinical and subclinical hypothyroidism, and normal thyroid function), some researchers carry out grouping analysis according to TSH level, based on these previous literature reports and expert consensus (14). In this study, TSH, the most sensitive indicator of thyroid function, was divided into three groups: TSH < 0.55, 0.55 ± 2.49, 2.50 ± 9.99, and > 10.00mIU/L. The diagnosis of paroxysmal atrial fibrillation and persistent atrial fibrillation was based on the 2010 European ESC guidelines for diagnosing and treating atrial fibrillation (15).



Data Analysis

Statistical analysis was assessed with SPSS 21.0 statistical package for Windows. All continuous variables are presented as means ± SD, and analysis of variance was used to compare means across multiple groups. The relationships between parametric variables were assessed by multiple linear regression analysis. Initial differences in baseline characteristics between achieved treatment groups were sought in a bivariable investigation using χ2 tests, Fisher exact tests, and Student t-tests. Univariate and multivariate logistic regression analysis was used to explore the relationship between thyroid function and atrial fibrillation in patients with hypertrophic cardiomyopathy.




Results


Study Population and Baseline Clinical Characteristics

Seven hundred fifty-six people were included in this study, including 456 males and 300 females. Table 1 summarizes all the selected subjects’ general clinical data, thyroid hormone levels, and echocardiography. The patients were divided into two groups according to whether they had atrial fibrillation or not: hypertrophic obstructive cardiomyopathy with atrial fibrillation (n=107) and hypertrophic obstructive cardiomyopathy without atrial fibrillation (n = 649). The incidence of atrial fibrillation in this study population was 14%. Patients with hypertrophic obstructive cardiomyopathy with atrial fibrillation were older than patients with simple hypertrophic obstructive cardiomyopathy (p<0.001). The levels of serum creatinine, NT-proBNP, and FT4 were higher (p<0.05), but the level of FT3 was lower (p=0.046) (Table 1).


Table 1 | Clinical baseline characteristics of patients with hypertrophic obstructive cardiomyopathy with or without atrial fibrillation.





Baseline Data and Indicators of Patients Grouped by Different TSH Levels

According to the plasma TSH level, the patients were divided into four groups: TSH < 0.55,0.55 ~ 2.49,2.50 ~ 9.99and ≥ 10.00 mIU/L groups. There were significant differences in sex, smoking history, TC, LDL-C, TSH, FT3, FF4, left ventricular end-diastolic diameter, LVEF, and the incidence of atrial fibrillation among different TSH levels groups. The incidence of atrial fibrillation in the TSH (0.55~2.49mlU/L) group was the lowest (10.20%), while TSH(> 10.00 mIU/L) group was the highest (35.29%). In TSH (< 0.55 mlU/L) group and TSH(2.50 ~ 9.99 mIU/L) group, the incidence of atrial fibrillation was 27.02% and 19.43%, respectively. There was a significant difference between those four groups (P < 0.001). In addition, compared with the TSH (0.55 ~ 2.49 mIU/L) group (normal control group), the average level of total cholesterol and LDL-C in the abnormal TSH group was higher (p<0.05), but there was no significant difference in NT-proBNP, creatine kinase isoenzyme (CK-MB), uric acid, LAEDD and LVEDD (P > 0.05) (Table 2).


Table 2 | General clinical data of patients with different TSH levels.





Univariate Logistic Regression Analysis of Thyroid Hormone Level and Atrial Fibrillation in Patients With Hypertrophic Obstructive Cardiomyopathy

Age: (OR: 1.045, 95%CI: 1.027~1.063,p<0.001), NT-proBNP(Per 100 fmol/mL):(OR: 1.017,95%CI:1.006~1.029,p=0.003),serum-creatinine:(OR:1.013, 95%CI:1.004~1.022,p=0.006),FT3:(OR:0.616,95%CI:0.392~0.968,p=0.035),FT4:(OR: 3.336, 95%CI:1.483~7.503,p=0.004) (Table 3).


Table 3 | Univariate logistic regression analysis of atrial fibrillation in patients with HOCM.





Multivariate Logistic Regression Analysis of TSH Level and the Risk of Atrial Fibrillation

After adjusting for the common risk factor (age, NT-proBNP, serum creatinine, FT3, and FT4), stepwise multiple logistic regression analysis revealed that TSH levels were significantly related to AF incidence.Compared to patients with TSH (0.55 ~ 2.49 mIU/L) group, the adjusted odds ratio of AF for TSH(<0.55) group, TSH (2.50~9.99) group, TSH (≥10.00 mIU/L) group were 1.481 (95% CI 0.485~4.518,P=0.490), 1.977 (95%CI 1.115~3.506, p=0.02), 4.301 (95%CI 1.059~17.476, P=0.041), respectively (Figure 1).




Figure 1 | Multivariate logistic regression analysis of atrial fibrillation in patients with HOCM.






Discussion

This study explored the relationship between thyroid function and atrial fibrillation in patients with hypertrophic obstructive cardiomyopathy. In this study, the incidence of hypertrophic obstructive cardiomyopathy complicated with atrial fibrillation was about 14%, which was significantly higher than that of 2% - 4% in the general population (16), but lower than the previous hypertrophic cardiomyopathy in which the incidence rate of atrial fibrillation is 18-32% (17). Previous studies have shown that the prevalence and incidence rate of atrial fibrillation are different in different regions. The incidence rate of atrial fibrillation in the Asian population is lower than that in North America or Europe (18). This difference may be related to the underestimation of the prevalence of atrial fibrillation in the Asia Pacific region. At the same time, it also suggests that we should pay attention to the screening of atrial fibrillation in patients with hypertrophic cardiomyopathy.

This study found that the increase or decrease of TSH as a sensitive indicator of thyroid function can increase the occurrence of atrial fibrillation. In patients with hypertrophic obstructive cardiomyopathy complicated with abnormal TSH, the high incidence of atrial fibrillation may be due to the local or systemic effect of inflammatory mediators. At the same time, in univariate logistic regression analysis, it was found that the increase in age, the rise of NT-proBNP level, the rise in serum creatinine level, and the abnormality of FT3 and FT4 were significantly related to AF incidence. After adjusting for age, NT-proBNP, serum creatinine, FT3, FT4, and other risk factors, multivariate logistic regression analysis showed that the increase of TSH was an independent risk factor for atrial fibrillation in patients with hypertrophic obstructive cardiomyopathy and had predictive value for the prognosis of hypertrophic obstructive cardiomyopathy. This study further supports the hypothesis of thyroid hormone levels on hypertrophic cardiomyopathy.

In this study,the incidence of atrial fibrillation in TSH (0.55~2.49mlU/L) group was the lowest (10.20%), while TSH(> 10.00 mIU/L) group was the highest (35.29%). In TSH (< 0.55 mlU/L) group and TSH(2.50 ~ 9.99 mIU/L) group, the incidence of atrial fibrillation was 27.02% and 19.43%, respectively. It seemed that the incidence of atrial fibrillation in patients with hypothyroidism was higher than in patients with hyperthyroidism. The trend of my research results is similar to some previous studies. In a cohort study of 18021 patients with atrial fibrillation, 89% had normal thyroid function, 9% had hypothyroidism, and 2% had hyperthyroidism, suggesting that many patients with hypothyroidism also develop atrial fibrillation (19). Patients with hypothyroidism have abnormally high TSH levels and often insufficient T4 levels. Hypothyroidism also increases the risk of atrial fibrillation. With the deepening of research, researchers also realized that both hyperthyroidism and hypothyroidism will increase the risk of atrial fibrillation. This evidence involves thyroid hormone-induced changes in autoantibodies, inflammation, and ion channels. However, the mechanism of atrial fibrillation in patients with hyperthyroidism or hypothyroidism is very different. The arrhythmia of hyperthyroidism may be mainly due to the up-regulation of hyperdynamic circulation, cardiac structural and functional proteins, ion channels, and gap junction proteins (20–22). Hypothyroidism is associated with a variety of cardiovascular risk factors, such as metabolic syndrome, obesity, hypertensive heart disease, diabetes, and oxidative stress, which in turn can lead to atrial fibrillation (23–25). Hypothyroidism can reduce heart rate, prolong the atrial effective refractory period, increase atrial collagen in hypothyroid animals, and promote myocardial fibrosis. This leads to conduction heterogeneity and QT dispersion, which increases the risk of atrial fibrillation (26).

Some studies of non hypertrophic cardiomyopathy found that there is a certain relationship between TSH and the prevalence of atrial fibrillation. A previous study showed that (27), an apparent linear relationship between levels of thyroid dysfunction and atrial fibrillation risk—that is, a low atrial fibrillation risk in hypothyroid patients, a high risk in hyperthyroidism, and a TSH level-dependent (a dose-response relation) increased risk of atrial fibrillation in all levels of hyperthyroid disease, even in high normal euthyroid subjects. Notably, in subjects with reduced serum TSH levels but normal free thyroid hormone levels the risk of developing atrial fibrillation was increased by approximately 10% in individuals with high normal thyroid function and increased about 40% in those with subclinical hyperthyroidism with suppressed TSH levels. Another study shows that (28), the risk of AF increased with low normal TSH levels and slightly decreased with higher TSH levels (but remaining close to a hazard ratio [HR] of 1.0) compared to the reference level of 3.5mIU/l.

Previous studies have confirmed that different types of hypothyroidism, including subclinical hypothyroidism, low T3 syndrome, and clinical hypothyroidism, can affect the long-term prognosis of cardiovascular disease (29, 30). Animal experiments have confirmed that thyroid hormone has many effects on the cardiovascular system (31). Thyroid hormone can directly affect the metabolism and functional protein expression of cardiomyocytes and the remodeling of myocardial interstitium and microcirculation and electrophysiological disorders (32). In the state of hyperthyroidism, myocardial hypertrophy and a decrease of collagen fibers in the myocardial interstitium can be observed, which is related to the increase of matrix metalloproteinase-1 by thyroid hormone (33). Under the condition of hypothyroidism, collagen accumulation occurred in myocardial tissue. Thyroid hormone must affect the role of myocardial matrix collagen (34). In animal experiments, hypothyroidism has been shown to contribute to myocardial fibrosis and cause electrophysiological disorders (35). In 1992, Yao J et al. first reported that thyroid hormone could induce cardiac hypertrophy. This pathological change was characterized by reduced biosynthesis at type I collagen’s mRNA and protein levels (32). In vitro experiments conducted by Chen WJ et, al. showed that hypothyroidism could lead to an increase in the concentration of mRNA expressing pro-α1 (I) collagen, and this response can be inhibited by thyroid hormone receptors (TR-β1) (34). The conclusion of our study is consistent with that of the above basic research. It is well known that T3 is important for cardiac remodeling. In our study, for patients with obstructive hypertrophic cardiomyopathy complicated with atrial fibrillation, the FT4 value is high, but the FT3 value is low, and the possible mechanisms are diverse. Previous studies have shown that there may be obstacles in the process of T4 to T3 in the state of heart failure (36), We speculate that a similar mechanism may exist in patients with hypertrophic cardiomyopathy complicated with atrial fibrillation.

In this study, elevated TSH was an independent risk factor for atrial fibrillation in patients with HOCM. Therefore, the level of thyroid function should be regarded as an essential factor in evaluating the prognosis of HOCM. In addition, animal studies have shown that thyroid hormone replacement therapy can inhibit or even reverse cardiac cardiomyocyte fibrosis, which provides a further reference for the Future Treatment of hypertrophic cardiomyopathy, prevention of atrial fibrillation, and improvement of its prognosis (37, 38).

This study is a cross-sectional study; the sample size is limited, and there are some limitations. A large cohort study needs to verify further the correlation between thyroid hormone levels and survival and myocardial injury in patients with hypertrophic cardiomyopathy. However, this study found that abnormal TSH can predict the risk of atrial fibrillation in patients with hypertrophic obstructive cardiomyopathy, which can provide a reference for clinicians in the prognosis and treatment of patients with hypertrophic cardiomyopathy.



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 human participants were reviewed and approved by The Ethics Committee approved it of the Fuwai Hospital. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

Study concept and design: Y-DT, W-YW, XM, X-LW. Acquisition, analysis, or interpretation of data: Y-DT, XM, W-YW, KZ, JG, J-LZ, Z-YZ. Drafting of the manuscript: XM, X-LW, W-YW, KZ, CS, Y-DT, Z-YZ. Critical revision of the manuscript for important intellectual content: all authors. English language editing: KZ. Statistical analysis: XM, W-YW, X-LW, Y-PL, J-JW. Obtained funding: Y-DT. Study supervision: Y-DT.



Funding

This work was supported by the National Key Research and Development Program of China (2020YFC2004700, 2020YFC2004705), National Natural Science Foundation of China (81800327, 81900272,81825003, 91957123), Beijing Municipal Commission of Science and Technology (Z181100006318005), and the Chinese Academy of Medical Sciences Innovation Fund for Medical Sciences (CIFMS 2016-I2M-1-009), Project of Henan Medical Science and Technology Research Program 2019 (LHGJ20190781), Beijing Municipal Commission of Science and Technology (Z171100000417021).



References

1. Cappola, AR, Fried, LP, Arnold, AM, Danese, MD, Kuller, LH, Burke, GL, et al. Thyroid Status, Cardiovascular Risk, and Mortality in Older Adults. JAMA (2006) 295(9):1033–41. doi: 10.1001/jama.295.9.1033

2. Walsh, JP, Bremner, AP, Bulsara, MK, O'Leary, P, Leedman, PJ, Feddema, P, et al. Subclinical Thyroid Dysfunction as a Risk Factor for Cardiovascular Disease. Arch Intern Med (2005) 165(21):2467–72. doi: 10.1001/archinte.165.21.2467

3. Wang, WY, Tang, YD, Yang, M, Cui, C, Mu, M, Qian, J, et al. Free Triiodothyronine Level Indicates the Degree of Myocardial Injury in Patients With Acute ST-Elevation Myocardial Infarction. Chin Med J (Engl) (2013) 126(20):3926–9. doi: 10.3760/cma.j.issn.0366-6999.20130087

4. Xu, Y, Guo, Y, Wang, WY, Xun, Y, Kuo, Z, Min, Y, et al. Thyroid Dysfunction is Associated With Atrial Fibrillation in Patients With Stable Angina Pectoris. Chin J Cardiovasc Dis (2014) 42(5):374–8. doi: 10.3760/cmiLj.issn.0253-3758.2014.05.005

5. Liu, YI, Zou, Y-B, Sun, K, Wang, JZ, Wang, XJ, Yuan, JQ, et al. Comparison of Clinical Characteristics Between Apical Hypertrophic Cardiomyopathy and Typical Hypertrophic Cardiomyopathy. Chin J Cardiovasc Dis (2011) 39(3):228–32. doi: 10.3760/cma.j.issn.0253-3758.2011.03.013

6. Tang, Y, Tang, B, Fang, Q, and Xiaowei, Y. Retrospective Analysis of Clinical Characteristics and Long-Term Prognosis of Hypertrophic Cardiomyopathy. Chin J Geriatric Cardiovasc Cerebrovascular Dis (2008) 10(3):170–2. doi: 10.3969/j.issn.1009-0126.2008.03.004

7. Meng, X, Liang, M, Shi, Y, Zhang, W, Zhou, S, and Gao, C. Effects of Surgical Septal Myectomy on Survival in Patients With Hypertrophic Obstructive Cardiomyopathy[J]. Anatol J Cardiol (2020) 23(6):342–8. doi: 10.14744/AnatolJCardiol.2020.05043

8. Meng, X, Wang, WY, Gao, J, Zhang, K, Zheng, J, Wang, JJ, et al. Hypertrophic Obstructive Cardiomyopathy: Comparison of Outcomes After Myectomy or Alcohol Ablation. Front Cardiovasc Med (2022) 9:755376. doi: 10.3389/fcvm.2022.755376

9. Olivotto, I, Cecchi, F, Casey, SA, Dolara, A, Traverse, JH, and Maron, BJ. Impact of Atrial Fibrillation on the Clinical Course of Hypertrophic Cardiomyopathy. Circulation (2001) 104(21):2517–24. doi: 10.1161/hc4601.097997

10. Xu, Z, Zhu, W, Ma, J, Hu, J, and Honeysuckle. Hypertrophic Cardiomyopathy Complicated With Atrial Fibrillation. Chin J Cardiovasc Dis (2017) 45(Issue 9):743–37. doi: 10.3760/cma.j.issn.0253-3758.2017.09.00

11. Chen, S, Yuan, J, Qiao, S, Tian, Y, Duan, F, Hu, F, et al. A High-Normal Thyrotropin Level is Associated With the Severity of Left Ventricular Diastolic Dysfunction in Patients With Hypertrophic Cardiomyopathy. Kardiol Pol (2013) 71(2):143–51. doi: 10.5603/KP.2013.0007

12. Cardiovascular Society of Chinese Medical Association, Cardiomyopathy CwGodato. Diagnosis and Treatment of Cardiomyopathy. Chin J Cardiovasc Dis (2007) 35:5–16. doi: 10.3760/j:issn:0253-3758.2007.01.003

13. Gersh, BJ, Maron, BJ, Bonow, RO, Dearani, JA, Fifer, MA, Link, MS, et al. 2011 ACCF/AHA Guideline for the Diagnosis and Treatment of Hypertrophic Cardiomyopathy: A Report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines. Circulation (2011) 124(24):e783–831. doi: 10.1161/CIR.0b013e318223e2bd

14. Rodondi, N, Den Elzen, WP, Bauer, DC, Cappola, AR, Razvi, S, Walsh, JP, et al. Subclinical Hypothyroidism and the Risk of Coronary Heart Disease and Mortality. JAMA (2010) 304(12):1365–74. doi: 10.1001/jama.2010.1361

15. Lip, GYH, Halperin, JL, and Tse, HF. The 2010 European Society of Cardiology Guidelines on the Management of Atrial Fibrillation: An Evolution or Revolution? Chest (2011) 139(4):738–41. doi: 10.1378/chest.10-2763

16. Benjamin, EJ, Muntner, P, Alonso, A, Bittencourt, MS, Callaway, CW, Carson, AP, et al. Heart Disease and Stroke Statistics-2019 Update: A Report From the American Heart Association. Circulation (2019) 139(10):e56–e528. doi: 10.1161/cir.0000000000000659

17. Macintyre, C, and Lakdawala, NK. Management of Atrial Fibrillation in Hypertrophic Cardiomyopathy. Circulation (2016) 133(19):1901–5. doi: 10.1161/circulationaha.115.015085

18. Chugh, SS, Havmoeller, R, Narayanan, K, Singh, D, Rienstra, M, Benjamin, EJ, et al. Worldwide Epidemiology of Atrial Fibrillation: A Global Burden of Disease 2010 Study. Circulation (2014) 129(8):837–47. doi: 10.1161/circulationaha.113.005119

19. Goldstein, SA, Green, J, Huber, K, Wojdyla, DM, Lopes, RD, Alexander, JH, et al. Characteristics and Outcomes of Atrial Fibrillation in Patients With Thyroid Disease (From the ARISTOTLE Trial). Am J Cardiol (2019) 124(9):1406–12. doi: 10.1016/j.amjcard.2019.07.046

20. Jia, G, and Sowers, JR. Autoantibodies of β-Adrenergic and M2 Cholinergic Receptors: Atrial Fibrillation in Hyperthyroidism. Endocrine (2015) 49(2):301–3. doi: 10.1007/s12020-015-0556-3

21. Kahaly, GJ, Bartalena, L, Hegedüs, L, Leenhardt, L, Poppe, K, and Pearce, SH. 2018 European Thyroid Association Guideline for the Management of Graves' Hyperthyroidism. Eur Thyroid J (2018) 7(4):167–86. doi: 10.1159/000490384

22. Kahaly, GJ, and Dillmann, WH. Thyroid Hormone Action in the Heart. Endocr Rev (2005) 26(5):704–28. doi: 10.1210/er.2003-0033

23. Ogbera, AO, Kuku, S, and Dada, O. The Metabolic Syndrome in Thyroid Disease: A Report From Nigeria. Indian J Endocrinol Metab (2012) 16(3):417–22. doi: 10.4103/2230-8210.95688

24. Benjamin, EJ, Levy, D, Vaziri, SM, D'Agostino, RB, Belanger, AJ, and Wolf, PA. Independent Risk Factors for Atrial Fibrillation in a Population-Based Cohort. The Framingham Heart Study. JAMA (1994) 271(11):840–4. doi: 10.1001/jama.271.11.840

25. Wang, JJ, Zhuang, ZH, Shao, CL, Yu, CQ, Wang, WY, Zhang, K, et al. Assessment of Causal Association Between Thyroid Function and Lipid Metabolism: A Mendelian Randomization Study. Chin Med J (Engl) (2021) 134(9):1064–9. doi: 10.1097/cm9.0000000000001505

26. Zhang, Y, Dedkov, EI, Teplitsky, D, Weltman, NY, Pol, CJ, Rajagopalan, V, et al. Both Hypothyroidism and Hyperthyroidism Increase Atrial Fibrillation Inducibility in Rats. Circ Arrhythm Electrophysiol (2013) 6(5):952–9. doi: 10.1161/circep.113.000502

27. Selmer, C, Olesen, JB, Hansen, ML, Lindhardsen, J, Olsen, AM, Madsen, JC, et al. The Spectrum of Thyroid Disease and Risk of New Onset Atrial Fibrillation: A Large Population Cohort Study. Bmj (2012) 345:e7895. doi: 10.1136/bmj.e7895

28. Baumgartner, C, Da Costa, BR, Collet, TH, Feller, M, Floriani, C, Bauer, DC, et al. Thyroid Function Within the Normal Range, Subclinical Hypothyroidism, and the Risk of Atrial Fibrillation. Circulation (2017) 136(22):2100–16. doi: 10.1161/circulationaha.117.028753

29. Wang, W, Guan, H, Gerdes, AM, Iervasi, G, Yang, Y, and Tang, YD. Thyroid Status, Cardiac Function, and Mortality in Patients With Idiopathic Dilated Cardiomyopathy. J Clin Endocrinol Metab (2015) 100(8):3210–8. doi: 10.1210/jc.2014-4159

30. Zhang, K, Meng, X, Wang, W, Zheng, J, An, S, Wang, S, et al. Prognostic Value of Free Triiodothyronine Level in Patients With Hypertrophic Obstructive Cardiomyopathy. J Clin Endocrinol Metab (2018) 103(3):1198–205. doi: 10.1210/jc.2017-02386

31. Gerdes, AM, and Ojamaa, K. Thyroid Hormone and Cardioprotection. Compr Physiol (2016) 6(3):1199–219. doi: 10.1002/cphy.c150012

32. Yao, J, and Eghbali, M. Decreased Collagen Gene Expression and Absence of Fibrosis in Thyroid Hormone-Induced Myocardial Hypertrophy. Response of Cardiac Fibroblasts to Thyroid Hormone In Vitro. Circ Res (1992) 71(4):831–9. doi: 10.1161/01.res.71.4.831

33. Ghose Roy, S, Mishra, S, Ghosh, G, and Bandyopadhyay, A. Thyroid Hormone Induces Myocardial Matrix Degradation by Activating Matrix Metalloproteinase-1. Matrix Biol (2007) 26(4):269–79. doi: 10.1016/j.matbio.2006.12.005

34. Chen, WJ, Lin, KH, and Lee, YS. Molecular Characterization of Myocardial Fibrosis During Hypothyroidism: Evidence for Negative Regulation of the Pro-Alpha1(I) Collagen Gene Expression by Thyroid Hormone Receptor. Mol Cell Endocrinol (2000) 162(1-2):45–55. doi: 10.1016/S0303-7207(00)00203-3

35. Tang, YD, Kuzman, JA, Said, S, Anderson, BE, Wang, X, and Gerdes, AM. Low Thyroid Function Leads to Cardiac Atrophy With Chamber Dilatation, Impaired Myocardial Blood Flow, Loss of Arterioles, and Severe Systolic Dysfunction. Circulation (2005) 112(20):3122–30. doi: 10.1161/CIRCULATIONAHA.105.572883

36. Olivares, EL, Marassi, MP, Fortunato, RS, da Silva, AC, Costa-e-Sousa, RH, Araujo, IG, et al. Thyroid Function Disturbance and Type 3 Iodothyronine Deiodinase Induction After Myocardial Infarction in Rats a Time Course Study. Endocrinology (2007) 148(10):4786–92. doi: 10.1210/en.2007-0043

37. Chen, J, Ortmeier, SB, Savinova, OV, Nareddy, VB, Beyer, AJ, Wang, D, et al. Thyroid Hormone Induces Sprouting Angiogenesis in Adult Heart of Hypothyroid Mice Through the PDGF-Akt Pathway. J Cell Mol Med (2012) 16(11):2726–35. doi: 10.1111/j.1582-4934.2012.01593.x

38. Khalife, WI, Tang, YD, Kuzman, JA, Thomas, TA, Anderson, BE, Said, S, et al. Treatment of Subclinical Hypothyroidism Reverses Ischemia and Prevents Myocyte Loss and Progressive LV Dysfunction in Hamsters With Dilated Cardiomyopathy. Am J Physiol Heart Circ Physiol (2005) 289(6):H2409–2415. doi: 10.1152/ajpheart.00483.2005




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.

Copyright © 2022 Meng, Wang, Zhang, Zhang, Gao, Zheng, Wang, Liu, Yang, Li, Zheng, Shao, Wang and Tang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




[image: image]


OPS/images/fendo.2022.817595/fendo-13-817595-g001.jpg
Pregnant women included
6129

Excluded
Fetal chromosome.
abnormalty (N=47)
~Miscarriage or fetaldeath
(N=119)

~Muliple pregnancy
(N=2049)

-In vitro fertiization
P (N=3935)

~Diabees or hypertension
before pregnancy (N=951)
~History of thyroid disease.
or thyroid treatment
(N=2306)

~Missing key values.
(N=1157)

v

Included women i the final anayses.
5,565






OPS/images/fendo.2022.817595/fendo-13-817595-g002.jpg
A B

»a Preterm delivery
o

: .
€ wo 2
: £
s z
5 2.
£ s 3
3 T

w00, o

T % B & LI S T
FT4, pmoll. FT4, pmoll.

G Spontaneous Preterm delivery  ©_latrogenic Preterm delivery

s o

\__.-

T " % & & L ]
FT4. pmoliL. T4, pmollL





OPS/images/fendo.2022.817595/fendo-13-817595-g003.jpg
Gestational age at birth, wk

Preterm delivery

395- ®
o

P — £
3,
s i
K

w ,

Spontaneous preterm delivery

TSH, mUIL
latrogenic preterm delivery

Probability of PTD, %

|

0 25__ 50 75
TSH. miUL

G0 25 s 75

TSH, miUL






OPS/images/fendo.2022.820414/table3.jpg
Variables Total Female (n=17,158) Male (n=43,357) Female vs Male
Age (yrs) 45.37 £ 9.23 44.15 +10.25 45.86 + 8.75 z =18.60, P = 0.009
BMI (kg/m?) 24.98 + 3.54 22.83 + 3.31 2583 + 3.25 z=97.08, P <0.001
SBP (mmHg) 120.44 + 16.59 112.81 + 16.55 123.45 + 15.61 z 1.94, P <0.001
DBP (mmHg) 79.78 + 11.69 75.44 £10.48 82.07 + 11.43 z=88.89, P <0.001
Hb (g/L) 149.22 + 15.31 183219+ 11.77 166.47 £ 10.72 z=232.75, P <0.001
AST(U/L) 21.04 + 13.62 18.57 + 8.76 21.79 + 13.96 z=73.70, P <0.001
TC (mmol/L) 4.76 + 0.91 4.75 £ 0.91 4.76 +0.93 z=4.42, P <0.001
TG (mmol/L) 1.82 + 1.54 1.27 +0.89 2.04 +1.64 z=113.03, P <0.001
HDL-C(mmol/L) 1.26+0.34 1.46 £ 0.35 116 +0.28 z=134.31, P <0.001
LDL-C(mmol/L) 3.03 £ 0.80 2.99 £ 0.81 3.07 £0.81 7.82, P <0.001
FBG (mmol/L) 5.68 + 1.35 5.39 £1.07 5.89 + 1.51 z=176.30, P <0.001
Smoke %2 = 12,000, P <0.001

No 34,248 15,851 (92.38%) 18,397 (42.43%)

yes 26,267 1,307 (7.62%) 24,960 (57.57%)
Hypertension %2 = 3,200, P <0.001

No 40,748 14,472 (84.35%) 26,276 (60.60%)

yes 19,767 2686 (15.65%) 17,081 (39.40%)

BMI, Body mass index; SBP, systolic blood pressure; DBP, Diastolic pressure; TC, Total cholesterol; TG, Triglyceride; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; FBG, Fasting

blood glucose.





OPS/images/fendo.2022.820414/table4.jpg
N Median TSH (mIU/L)  TSH (mIU/L) (Pso-Poso Cls)  TSH (mIU/L) (P2.5-Pe7.5 Cls)
age stratification
<20yrs 115 247, 0.98-5.37 0.65-6.01 %2 = 62.42, P <0.001
20-29yrs 3,465 2.15 0.92-4.76 0.61-6.69
30-39yrs 10,554 1.98 0.87-4.49 0.55-6.34
40-49yrs 27,049 2.03 0.85-4.73 0.47-6.90
50-59yrs 15,862 2.05 0.81-4.96 0.41-7.39
60-69yrs 3,030 211 0.78-5.35 0.43-8.56
70-79yrs 421 211 0.76-6.29 0.44-9.28
>80yrs 19 219 0.75-12.26 0.76-12.26
Age subgroups x2 = 15.56, P <0.001
Young subjects (<40yrs) 14,134 2.04 0.88-4.55 0.57-6.49
Middle-aged subjects (40-59yrs) 42,911 2.03" 0.83-4.82 0.45-7.09
Elderly subjects (>60yrs) 3470 211+ 0.78-5.44 0.43-8.96
Sex stratification Z =28.44, P <0.001
males 43,357 1.97 0.83-4.51 0.51-6.54
females 17,158 2.26 0.88-5.44 0.37-8.09
Total 60,515 2.04 0.84-4.79 0.48-7.03

*Compared with young subjects; *Compared with middle-aged subjects.
TSH, thyroid-stimulating hormone; Cis, confidence intervals.
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Diagnosed SCH cases (%) TG-Ab TG-Ab

Negative (%) Positive (%)
Criterion 1 3,466 (2.31) 2,421 (69.85) 1,045 (30.15)"
Criterion 2 3,444 (2.30) 2,405 (69.83) 1,039 (30.17)"
Criterion 3 3,594 (2.4) 2,380 (66.22) 1,214 (33.78)"
Criterion 4 3,367 (2.24) 2,354 (69.91) 1,013 (30.09)"
Criterion 5 3,132 (2.09) 2,075 (66.25) 1057 (33.75)"*

*Significantly different relative to a TSH concentration threshold of 4.5 miU/L (P<0.01).
*Significantly different relative to the other diagnostic criteria (P<0.05).
*Significantly different relative to the other diagnostic criteria (P<0.001).

TPO-Ab
Negative (%)

2,387 (68.87)
2,371 (68.84)
2,471 (68.75)
2,321 (68.99)
2,034 (64.94)

TPO-Ab
Positive (%)
1,079 (31.13)*
1,073 (31.16)
1,123 (31.25)
1,046 (31.07)
1098 (35.06)*

SCH, subclinical hypothyroidism; TSH, thyroid-stimulating hormone; TG-Ab, thyroglobulin antibodies; TPO-Ab, thyroid peroxidase antibodies; Criteria 1, an elevated TSH concentration
with a normal FT4 concentration; Criteria 2, an elevated TSH concentration with normal concentrations of FT3 and FT4; Criteria 3, an elevated TSH concentration with normal
concentrations of TT3 and TT4; Criteria 4, an elevated TSH concentration with normal concentrations of FT4 and TT4; Criteria 5, an elevated TSH concentration with normal concentrations

of TT3, TT4, FT3, and FT4.
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Variables*

Median value (P, 5-Poy 5 Cis)

Below the normal range (%)

In the normal range (%)

Above the normal range (%)

TT3 (nmol/L)
FT3 (pmol/L)
TT4 (nmol/L)
FT4 (pmol/L)
TSH (mIU/L)
TG-Ab (IU/mL)
TPO-A b (IU/mL)

1.71 (1.11-2.60)
4.90 (3.48-6.67)
97.63 (60.47-149.60)
16.21 (11.43-22.59)
2.05 (0.21-9.35)
14.60 (10.00-789.10)
9.80 (5.00-543.00)

8,408 (5.80)
327 (0.29)
3,276 (2.26)
2,533 (1.75)
2,205 (1.52)

136,201 (93.92)
143,553 (98.99)
141,454 (97.54)
140,526 (96.90)
130,210 (89.79)
130,822 (90.21)
131,000 (90.34)

406 (0.28)
1,135 (0.78)
285 (0.20)
1,956 (1.35)
12,600 (8.69)
14,198 (9.79)
14,015 (9.66)

*All indiices are presented as the median (interquartile range); Normal range: referred by the Roche diagnostic reagents instructions.
TT4, total thyroxine; TT3, total triodothyronine; FT4, free thyroxine; FT3, free triodothyronine; TSH, thyroid-stimulating hormone; TG-Ab, thyroglobulin antibodies; TPO-Ab, thyroid

peroxidase antibodies.
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Diagnosed SCH cases (%) TG-Ab TG-Ab TPO-Ab TPO-Ab

Negative (%) Positive (%) Negative (%) Positive (%)
Criterion 1 11,880 (7.92) 9,257 (77.92) 2,623 (22.08)" 9,214 (77.56) 2,666 (22.44)"
Criterion 2 11,814 (7.87) 9,204 (77.91) 2,610 (22.09)* 9,162 (77.55) 2,652 (22.45)"
Criterion 3 11,715 (7.81) 9,083 (77.11) 2,682 (22.89) 9,068 (77.41) 2,647 (22.59)"
Criterion 4 11,622 (7.75) 9056 (77.92) 2,566 (22. 08)' 9,021 (77.62) 2,601 (22.38)"
Criterion 5 10,948 (7.30)* 8,354 (76.31) 2,594 (23.69)* 8,313 (75.93) 2,635 (24.07)1

*Significantly higher proportion of TG-Ab positivity relative to the normal reference range criteria (9.79%), (P<0.01).

Tsfgniﬁcant/y higher proportion of TPO-Ab positivity relative to the normal reference range criteria (9.66%), (P<0.01).

*Significantly different relative to the other diagnostic criteria (P<0.05).

SCH, subclinical hypothyroidism; TSH, thyroid-stimulating hormone; TG-Ab, thyroglobulin antibodies; TPO-Ab, thyroid peroxidase antibodies; Criteria 1, an elevated TSH concentration
with a normal FT4 concentration; Criteria 2, an elevated TSH concentration with normal concentrations of FT3 and FT4; Criteria 3, an elevated TSH concentration with normal
concentrations of TT3 and TT4; Criteria 4, an elevated TSH concentration with normal concentrations of FT4 and TT4; Criteria 5, an elevated TSH concentration with normal concentrations
of TT3, TT4, FT3, and FT4.
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Characteristics Full-term delivery(n=43,333) Premature delivery(n=2,134) HR (95% CI) P value
R il ddéAd i AA A i i ki ;i e idi d it A A A A s e s e s e e e e e s R ———

Age (Mean+SD),year 30.01 + 3.56 30.68 + 3.82 1.052(1.040-1.064) |. <0.001
Pre-pregnancy BMI (Mean+SD),kg/m2 20.99+2.72 21.18 £2.98 1.024(1.005-1.043) :0 0.023
Preeclampsia (n,%) : <0.001
1
No 42,530 (98.1) 1,961 (91.9) Ref. :
1
Yes 803 (1.9) 173 (8.1) 4.672(3.940-5.541) : o
1
GDM (n,%) : <0.001
No 39,384 (90.9) 1,870 (87.6) Ref. E
Yes 3,949 (9.1) 264 (12.4) 1.408(1.233-1.608) EI
FT4 (Median[IQR]),pmol/I 14.8 [13.7, 16.1] 14.6 [13.6,15.9] 0.968(0.947-0.989) 0: 0.003
TSH (Median[IQR]),mU/L 1.17 [0.67,1.80] 1.26 [0.73,1.93] 1.124(1.077-1.173) 1S <0.001
1
TPOAb(Median[IQR]),IU/ml 0.50 [0.50,0.55] 0.50 [0.50,1.40] 1.002(1.001,1.002) ¢ <0.001
1
Parity (n,%) : 0.001
<1 35,406 (81.7) 1,685 (79.0) Ref. E
21 7,927 (18.3) 449 (21.0) 1.190(1.070-1.324) :l
History of premature delivery (n,%) E <0.001
No 43,212 (99.7) 2,097 (98.3) Ref. |
1
Yes 121 (0.3) 37 (1.7) 6.307(4.353-9.168) : —
1
Smoking (n,%) : 0.651
1
No 43,301 (99.9) 2,133 (100.0) Ref. :
Yes 32(0.1) 1(0.0) 0.634(0.087-4.645) I-Qi—l
Education level (n,%) E 0.063
Bachelor degree and below 35,331 (81.5) 1,774 (83.1) Ref. E
Master degree and above 8,002 (18.5) 360 (16.9) 0.896(0.798-1.006) QI
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Hypertrophic obstructive cardiomyopathy with atrial ~ Hypertrophic obstructive cardiomyopathy without atrial P-

fibrillation (n= 107) fibrillation (n=648) value
Age (years) 56.99+11.73 50.18+12.81 <0.001
Female (n, %) 43 (40.19) 257 (39.60) 0.908
BMI (kg/m2) 26.00+£5.10 25.73+5.94 0.688
Hypertension disease (n, %) 41(38.32) 221 (34.05) 0.403
Diabetes history (n, %) 6 (5.61) 42 (6.47) 0.729
History of hyperiipidemia (n, %) 32 (29.90) 191 (29.43) 0.935
A clear family history of HCM 9(8.41) 40 (6.16) 0.396
(n, %)
Drinking history (n, %) 33 (30.84) 186 (28.66) 0.680
Smoking history (n, %) 48 (44.86) 294 (45.30) 0.879
Systolic blood pressure 122.10+18.00 120.98+5.94 0.563
(mmHg)
Diastolic pressure (mmHg) 74.59+11.47 73.90+£11.43 0.560
Heart rate (b.p.m.) 71.50+£13.13 71.69+27.59 0.944
LDL-C (mmol/L,x+s) 2.48+0.89 2.35+0.93 0.186
HDL-C (mmol/L,xzs) 0.96+0.30 0.97+0.33 0.809
Triglyceride (mmol/L,x+s) 1.59+0.88 1.68+0.98 0.354
Total cholesterol (mmol/L,x+s) 4.12+1.11 4.02£1.11 0.428
NT-proBNP (fmol/mL) 2476.08+1808.93 1814.85+1712.95 0.002
Serum creatinine (umol/L) 82.77+23.73 76.56+20.05 0.005
TSH (miIU/L) 3.02+3.82 2.45£4.10 0.180
FT4 (ng/dL) 1.26+0.26 1.18+0.23 0.002
FT3 (pg/mL) 2.88+0.59 2.99:0.54 0.046
TT4 (ng/mL) 8.00+1.93 7.81£1.79 0.322
TT3 (ug/dL) 1.02+0.33 1.08+0.29 0.092
Echocardiography
RV end-diastolic diameter (mm) 21.74+5.77 20.28+4.38 0.003
LA diameter (mm) 44.82+8.04 39.25+13.28 0.001
Interventricular septal 19.79+4.52 20.27+5.68 0.415
thickness (mm)
LV end-diastolic diameter (mm) 42.65+6.21 42.49+6.02 0.801
LV posterior wall thickness 11.86x2.77 11.94+2.90 0.780
(mm)
LV ejection fraction (%) 67.07+8.52 68.14+8.91 0.248
LV outflow tract gradient, at 63.42+32.70 74.56+33.42 0.002

rest (mmHg)

The data in the table is expressed in the form of 'mean +SD" or 'n (%)". BMI, body mass index; NT-proBNP, amino terminal pro-brain natriuretic peptide; TSH, thyrotropin; FT3, free

triiodothyronine; FT4, free thyroxine; TT3, serum total triiodothyronine; TT4, serum total thyroxine.
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TSH level (mIU/L) P-value
<0.55 (n=37) 0.55~2.49 (n=490) 2.50~9.99 (n=211) >10.00 (n=17)

Age (years) 53.79+15.78 50.95+£12.26 50.86+13.82 53.31£10.26 0.522
Female (n, %) 20 (54.05)* 162 (33.06) 100 (47.39)% 7(41.18) <0.001
BMI (kg/m2) 25.15+4.44 26.16+6.68 24.94+3.64% 26.38+3.19 0.099
Hypertension disease (n, %) 14 (37.84) 173 (35.31) 70(33.18) 4 (23.53) 0.699
Diabetes history (n, %) 1 (2.70) 32 (6.53) 13 (6.16) 2(11.76) 0.637
History of hyperlipidernia (n, %) 9(24.32) 142 (28.98) 68 (32.23) 4(23.53) 0672
A clear family history of HCM (n, %) 2 (5.40) 32 (6.53) 13 (6.16) 2(11.76) 0.836
Drinking history (n, %) 11 (20.73) 150 (30.61) 55 (26.07) 3(17.65) 0.450
Smoking history (n, %) 18 (48.65) 249 (50.82) 68 (13.88)% 7(41.18) <0.001
Systolic blood pressure (mmHg) 122.03+19.83 121.43+18.38 120.70+18.51 117.24+17.94 0.803
Diastolic pressure (mmHg) 72.58+10.36 74.17+11.37 73.70+11.65 75.29+13.40 0.797
Heart rate (b.p.m.) 71.97+£13.47 72.24+31.11 69.92+10.06 75.65+22.61 0.667
LDL-C (mmol/L,x+s) 2.09+0.76 2.38+0.92 2.33+0.92 3.10+£1.20 0.002
HDL-C (mmol/L,x+s) 0.93+0.32 0.97+0.35 0.97+0.29 1.09+0.33 0.415
Triglyceride (mmol/L,x+s) 1.83+1.41 1.66+0.95 1.66+0.95 1.65+0.43 0.792
Total cholesterol (mmol/L,xs) 3.80+0.86 4.04£1.10 3.99x1.11 4.84+1.38% 0.012
NT-proBNP (fmol/mL) 2265.36+1910.45 1802.25+1625.36 2008.33+1841.96 2326.71+2364.00 0.264
Serum creatinine (umol/L) 78.34+28.65 77.47+18.88 75.92+20.54 83.18+19.56 0.466
TSH (mlIU/L) 0.29+0.19% 1.45+0.51 3.73+1.15% 23.56+14.68% <0.001
FT4 (ng/dL) 1.38+0.58% 1.20+0.18 1.16+0.20% 0.96+0.26% <0.001
FT3 (pg/mL) 3.25+1.77° 3.00+0.38 2.91£0.40* 2.61+0.45% <0.001
TT4 (ng/mL) 8.22+2.91 7.93+1.71 7.70+1.54 6.32+2.95% 0.001
TT3 (ug/dL) 1.12+0.68 1.07+0.26 1.05+0.26 1.05+0.28 0.566
Echocardiography

RV end-diastolic diameter (mm) 21.00+4.83 20.61+4.74 20.07+4.42 20.94+3.42 0.457
LA diameter (mm) (mm) 38.69+9.07 39.79+6.66 40.67+21.63 41.76+5.79 0.706
Interventricular septal 20.54+7.36 20.17+5.29 20.16+5.76 20.88+5.76 0.934
thickness (mm)

LV end-diastolic diameter (mm) 45.32+7.20 42.87+5.92 41.13+5.55% 41.88+7.01% <0.001
LV posterior wall thickness (mm) 11.60+2.88 11.96+2.83 11.93+2.91 11.58+3.63 0.864
LV ejection fraction (%) 62.99+14.24% 68.36+8.54 67.97+7.93 70.69+5.28 0.002
LV outflow tract gradient, at rest (mmHg) 71.37+42.35 72.886+33.62 73.94+32.22 71.70+27.65 0.968
AF (n, %) 10 (27.02%)* 50 (10.20%) 41 (19.43%)* 6 (35.29%)* <0.001

%s compared with TSH 0.55~2.49mIU/L group (normal control group).
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Total women eligible for analysis

Subsequent exclusions(total N = 582)

Lack of measurement for either (n=582)
Follow - *
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Final study population (N = 45,467)
e Premature delivery group: n=2,134
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Characteristics

Number (%)

Age® (vears)

Pre-pregnancy BMI® (kg/m?)
Parity® (n, %)

Primiparous

Multiparous

Smoking® (n, %)

No

Yes

Education level® (n, %)
Bachelor degree and below
Master degree and above

History of premature delivery® (n, %)

No
Yes

Full-term delivery

43,333 (95.3)
30.01 + 3.56
20.99 +2.72

35,406 (81.7)
7,927 (18.3)

43,301 (99.9)
32(0.1)

35,331 (81.5)
8,002 (18.5)

43,212 (99.7)
121(03)

Premature delivery

2,134 (4.7)
30.68 + 3.82
2118 £2.98

1,685 (79.0
449 (21.0)

2,133 (100.0)
1(0.0)

1,774 (83.1)
360 (16.9)

2,097 (98.9)
37 (1.7)

P-value

< 0.001
0.023
0.001

0.651

0.063

< 0.001

*Mean + SD, compared by independent-samples t-test.
bCompared by the chi-squared test.

BMI, body mass index.
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Scores N Mean (SD) Model 1 Model 2

B (95% CI) P B (95% CI) P

Cognition

ET 702 15.78 (2.09) Ref Ref

SCH 39 15.74 (1.29) -0.04 (-0.70, 0.62) 0912 -0.09 (-0.75, 0.57) 0.788

IH 29 15.03 (1.97) -0.75 (-1.51, 0.01) 0.055 ~0.65 (~1.43, 0.12) 0.096

OH 3 16.33 (0.58) 0.55 (~1.77, 2.87) 0.641 0.51 (-1.82, 2.83) 0670
Receptive communication

ET 702 11.34 (2.01) Ref Ref

SCH 39 10.74 (1.09) -0.60 (-1.23, 0.03) 0.063 -0.68 (-1.31, -0.05) 0.034*

H 29 10.83 (1.49) -0.51(-1.24,0.21) 0.165 -0.35 (-1.09, 0.38) 0.347

OH 3 9.67 (1.53) -1.68 (-3.89, 0.54) 0.139 -1.60 (-3.81, 0.62) 0.157
Expressive communication

ET 702 12.09 (2.13) Ref Ref

SCH 39 12.21 (1.98) 0.12 (-0.57, 0.80) 0.737 0.11 (-0.57, 0.80) 0.746

H 29 11.97 (1.95) -0.12(-0.91, 0.66) 0.760 0.02 (-0.77,0.82) 0.955

OH 3 12.33 (2.08) 0.25 (-2.16, 2.65) 0.842 0.41 (-1.99, 2.81) 0.739
Fine motor

ET 702 13.11 (1.54) Ref Ref

SCH 39 13.31 (1.56) 0.20 (-0.30, 0.69) 0.440 0.13 (-0.37, 0.62) 0615

H 29 12.86 (1.60) -0.25 (-0.82, 0.33) 0.395 -0.09 (-0.67, 0.49) 0.760

OH 3 13.00 (1.00) -0.11(-1.86, 1.64) 0.901 0.01 (-1.74, 1.75) 0.993
Gross motor

ET 702 14.56 (1.62) Ref Ref

SCH 39 14.62 (1.68) 0.05 (-0.47, 0.58) 0.844 0.01 (-0.52, 0.53) 0977

H 29 13.25 (1.62) -0.91 (-1.51, -0.30) 0.003** -0.83 (-1.44, -0.22) 0.008*

OH 3 13.67 (2.89) -0.90 (-2.74, 0.95) 0.341 -0.86 (-2.71, 0.98) 0.359

Model 1: crude. Model 2: adjusted for childbearing age, pre-pregnancy BMI, parity, mode of conception, matemal education, and sex of infants. Cl, confidence interval; ET, euthyroidism;
SCH, subcilinical hypothyroidism; OH, overt hypothyroidism; IH, isolated hypothyroxinemia. *p-value <0.05; **p-value <0.01.
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Characteristic B

Maternal age, year 0.022
Pre-pregnancy BMI, kg/m? 0.017
Preeclampisa 1.176
GDM 0.279
FT42, pmol/L -0.001
TSH?, mU/L 0.127
TPOAD?, IU/mL 0.576
History of premature delivery 1.425

SE

0.008
0.012
0.088
0.093
0.017
0.046
0.055
0.192

Wald

13.447
2129
179.190
8.971
0.002
7.707
15.900
54.924

P

< 0.001*
0.145
< 0.001*
0.003*
0.996
0.006*
<0.001*
< 0.001*

OR

1.022
1.017
3.241
1.321
0.999
1.135
1.001
4.157

95%Cl

1.010 - 1.034
0.994 - 1.040
2.728 - 3.850
1.101 - 1.585
0.966 - 1.034
1.038 - 1.242
1.001 - 1.002
2.852 - 6.060

*Significant variables.
*the value was measured in the first trimester.

BMI, body mass index; GDM, gestational diabetes melitus; FT4, free thyroxine; TSH, thyroid-stimulating hormone; TPOAb, thyroid peroxidase antibody; OR, odds ratio; Cl, confidence

Interval: SE, standard error.
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Scores N

Cognition
ET®-ET® 596
SCH-ET® 106
SCH2-SCH® 39
IH2-IH® 20
OH-IH° 9
OH-OH® 3
Receptive communication
ET®-ET® 596
SCH2-ET® 106
SCH2-SCH® 39
IH2-IH° 20
OH-IH° 9
OH-OH® 3
Expressive communication
ET®-ET® 596
SCH-ET® 106
SCH®-SCH® 39
IH2-IH® 20
OH-IH° 9
OH?-OH® 3
Fine motor
ET-ET® 596
SCH2-ET® 106
SCH®-SCH® 39
IH-1H° 20
OH-IH° 9
OH?-OH® 3
Gross motor
ETe-ET® 596
SCH-ET® 106
SCH?-SCH® 39
IH2-IH? 20
OH?-IH° 9
OH?-OH® 3

Mean (SD)

15.77 (2.10)
15.82 (2.02)
15.74 (1.29)
15.30 (1.66)
14.44 (2.55)
16.33 (0.58)

11.39 (1.98)
11.00 (2.14)
10.74 (1.09)
10.85 (1.57)
10.78 (1.39)
9.67 (1.53)

12.09 (2.14)
12.07 (2.10
12.21(1.98)

(

(:

(:

12.30 (1.78)
11.22 (2.22)
12.33 (2.08)

13.09 (1.53)
13.25 (1.62)
13.31 (1.56)
13.15 (1.79)
12.22 (0.89)
13.00 (1.00)
14.58 (1.58)
14.45 (1.86)
14.62 (1.68)
13.80 (1.47)
13.33 (1.32)
13.67 (2.89)

Model 1

B (95% CI)

Ref
0.05 (-0.38, 0.47)
~0.03 (-0.69, 0.63)
~0.47 (-1.39, 0.44)
-1.33 (-2.68, 0.02)
0.56 (-1.76, 2.88)

Ref
-0.29 (-0.70, 0.11)
~0.64 (~1.28, -0.01)
~0.54 (-1.41, 0.33)
~0.61 (-1.89, 0.68)
-1.72 (-3.94, 0.50)

Ref
-0.03 (-0.46, 0.41)
0.11 (-0.57, 0.80)
0.21 (-0.74, 1.15)
~0.87 (-2.26, 0.52)
0.24 (-2.16, 2.64)

Ref
0.16 (-0.16, 0.48)
0.22 (-0.28,0.72)
0.06 (-0.68, 0.75)
~0.87 (-1.88, 0.15)
~0.09 (-1.84, 1.66)

Ref
-0.13 (-047, 0.21)
0.08 (-0.49, 0.56)

-0.78 (151, -0.06)

-1.25 (-2.32,-0.18)
-0.92 (-2.76, 0.99)

0.827
0.930
0.309
0.054
0.637

0.157
0.047*
0.228
0.354
0.129

0.906
0.747
0.666
0.222
0.844

0.332
0.388
0.858
0.096
0.922

0.450
0.902
0.035*
0.022*
0.331

Model 2

B (95% CI)

Ref
0.06 (-0.36, 0.48)
-0.08 (-0.75, 0.58)
-0.35 (-1.27, 0.57)
-1.32 (-2.69, 0.05)
0.51(-1.82, 2.84)

Ref
-0.29 (-0.70, 0.11)
-0.73 (~1.36, -0.09)
~0.43 (-1.31, 0.44)
-0.32 (-1.62, 0.98)
—-1.64 (-3.86, 0.57)

Ref
~0.08 (-0.47, 0.40)
0.11 (-0.58, 0.80)
0.35 (-0.60, 1.29)
~0.73 (-2.14, 0.69)
4(-2.01, 2.80)

Ref
0.16 (-0.15, 0.48)
0.15 (-0.35, 0.65)
0.23 (-0.46, 0.92)
~0.74 (-1.77, 0.28)
0.08 (-1.72,1.77)

Ref
-0.12 (-0.46, 0.21)
-0.01 (-0.54, 0.52)
~0.70 (-1.43, 0.09)
-1.19 (-2.28, -0.10)
-0.89 (-2.73, 0.96)

0.786
0.810
0.456
0.060
0.668

0.154
0.025*
0.335
0.631
0.147

0.883
0.757
0.476
0.314
0.746

0.315
0.549
0.509
0.156
0.977

0.467
0.969
0.061
0.032 *
0.348

Model 1: crude. Model 2: adjusted for childbearing age, pre-pregnancy BMI, parity, mode of conception, materal education, and sex of infants. Cl, confidence interval; ET, euthyroidism;
SCH, subclinical hypothyroidism; OH, overt hypothyroidism; IH, isolated hypothyroxinemia. # TSH thresholds at 3.0 mIU/L (2011 ATA guidelines). ® TSH thresholds at 4.0 mIU/L (2017 ATA

quidelines). *p-value <0.05.
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NT-proBNP(per 100 fmol/mL)

Serum creatinine (pmol/L)
FT3(pg/mL) H——

FT4(ng/dL)

TSH 0.55~2.49 mIU/L

TSH <0.55 mIU/L

TSH 2.50~9.99mIU/L —t

TSH 210.00 miU/L _—

OR

1.041
1.009
1.011
0.541
10.646

1.481
1.977
4.301

95%CI

1.018-1.065
0.996-1.022
0.998-1.023
0.328-0.890
3.093-36.644

0.490-4.518
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1.059-17.476

P-valie

<0.001
0.175
0.092
0.541
<0.001
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1693 singleton infants born in Nanjing Maternal and Child Health Hospital

have reached 1 year of age between December 2018 and September 2020

*
-
.
]
-
-

160 mothers had no Thyroid function (TSH, FT4) or
Thyroid peroxidase antibody (TPOADb) analyses
—>: 144 mothers with TPOAb positive
i 34 mothers had pre-existing thyroid disorder or
treatment for thyroid disorder

A4 .
----------------------------------------------------------------------------

1355 mother with thyroid function available, TPOAb negative and without

overt thyroid diseases

---------------------------------------------------------------------------------

---------------------------------------------------------------------------------

793 mother—infant pairs had neurodevelopmental assessment available

--------------------------------------------------------------------------------

20 mothers had elevated concentrations of FT4 or
suppressed TSH

--------------------------------------------------------------------------------

773 mother—infant pairs included in analysis
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Characteristics ET (n = 702) SCH (n = 39) IH (n=29) OH (n=3)

TSH (mIU/L) 2.01 (1.43-2.60) 4.72 (4.26-5.45)" 2.07 (1.47-3.31) 5.48 (4.86-5.77)"
FT4 (pmol/L) 13.34 (12.30-14.40) 12.42 (11.81-13.94)" 10.15 (9.68-10.35)™ 9.58 (9.54-10.01)"
Gestational age at blood sampling (weeks) 23.87 (0.67) 23.85 (0.50) 24.04 (0.56) 23.76 (0.59)
Childbearing age (years) 30.64 (3.89) 29.83 (4.49) 33.14 (4.00)* 31.40 (2.11)
Pre-pregnancy BMI (kg/m?), n (%) 21.63 (2.92) 20.79 (2.63) 22.94 2.91)" 22.30 (3.55)

<18.5 76 (10.8) 7(17.9) 13.4) 0(0.0

18.5-23.9 487 (69.4) 24 (61.5) 17 (58.6) 2(66.7)

24-27.9 110 (15.7) 6(15.4) 10 (34.5) 1(33.9)

>28 23 (3.3) 0(0.0) 1(3.4) 0(0.0)
Missing 6(0.8) 2(5.1) 0(0.0) 0(0.0)
Spontaneous conception, n (%) 559 (79.6) 30 (76.9) 17 (58.6)" 1(33.3
Primiparous, n (%) 546 (77.8) 30 (76.9) 21(79.3) 3 (100.0)
Smoking during pregnancy, n (%) 0(0.0) 0(0.0) 1(3.4)7 0(0.0
Drinking during pregnancy, n (%)

Yes 4(06) 261y 0(0.0) 0(0.0)

Missing 10 (1.4) 0(0.0) 0.0 0(0.0
Maternal education (years), n (%)

>12 614 (87.5) 30 (76.9) 20 (69.0)* 3(100.0)

Missing 9(1.3) 0(0.0) 1(3.4) 0(0.0)
Diseases during pregnancy?®

Diabetes, n (%) 191 (27.2) 6(15.4) 13 (44.8) 3 (100.0)"

Hypertension, n (%) 41 (6.8) 1(2.6) 4(13.8) 0(0.0)
Vaginal delivery, n (%) 384 (54.7) 23 (59.0) 9(31) 1(33.3)
Infant sex (female), n (%) 340 (48.4) 23 (59.0) 13 (44.8) 1(33.3
Birthweight (g) 3,411 (456) 3,407 (343) 3,365 (421) 4,107 (189)
Gestational age (weeks) 39.46 (1.34) 39.72 (1.13) 39.26 (1.20) 39.48 (0.21)
Prematurity, n (%) 27 (3.8) 1(2.6) 1(3.4) 0(0.0)
Duration of breastfeeding (months), n (%)

>6 423 (60.3) 18 (46.2) 19 (65.5) 3 (100.0)

Missing 17 (2.4) 0(0.0) 0.0 0(0.0
Age at Bayley-Ill screening test (days) 365.62 (6.56) 366.38 (6.67) 365.90 (6.99) 361.33 (0.58)

TSH, thyroid stimulation hormone; FT4, free thyroxine; ET, euthyroidism; SCH, subclinical hypothyroidism; OH, overt hypothyroidism; IH, isolated hypothyroxinemia; BMI, body mass
index. Continuous variables are expressed as mean (SD) or median (IQR), whereas categorical variables are expressed as percentages. *p-value <0.05; “p-value <0.01. ®Diabetes
includes chronic and gestational diabetes mellitus; hypertension includes chronic and pregnancy-induced hypertension.
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OR

95%Cl P-value
Female 1.025 0.675-1.555 0.908
Age (years) 1.045 1.027-1.063 <0.001
NT-proBNP (per 100 fmol/mL) 1.017 1.006-1.029 0.003
Serum creatinine (umol/L) 1.013 1.004-1.022 0.006
FT3 (pg/mL) 0616 0.392-0.968 0.035
FT4 (ng/dL) 3.336 1.483-7.503 0.004
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Mortality Univariate model Age- and sex-adjusted model Multivariate model*

n (%) OR 95%Cl p-value OR 95%Cl p-value OR 95%Cl p-value
Euthyroid 25 (3%) 1 [reference] 1 [reference] 1 [reference]
SCH 6 (7.4%) 2570 1.022-6.460 0.045 1.978 0.772-5.072 0.155 2.086 0.540-8.057 0.286
SHyper 5 (9.8%) 3.491 1.278-9.539 0.015 3.928 1.407-10.969 0.009 5.007 1.246-20.124 0.023
LT3S 31(14.4%) 5.382 3.104-9.334 <0.001 4.083 2.309-7.221 <0.001 2.491 1.054-5.887 0.037

*Variables with p < 0.05 in univariate analysis [age, SBP, WBC, hemoglobin, serum albumin, FPG, eGFR, LVEF, NT-proBNP, and revascularization (PCl, CABG)] were included in the

multivariate model.
NT-proBNP, N-terminal pro-B-type natriuretic peptide; LVEF, left ventricular ejection fraction.
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Mortality
n (%)

Cardiovascular mortality

Euthyroid 71 (8.8%)
SCH 4(5.3%)
SHyper 4 (8.7%)
LT3S 35 (18.9%)

All-cause mortality
Euthyroid 115 (14.3%)

SCH 12 (16%)
SHyper 6 (13%)
LT3S 53 (28.6%)

OR

0.723
0.897
2.688

1.344
0.842
2519

Univariate model

95%Cl

1 [reference]
0.264-1.981
0.327-2.459
1.791-4.035

1 [reference]
0.741-2.438
0.370-1.914
1.817-3.491

p-value

0.528
0.833
<0.001

0.330
0.681
<0.001

Age- and sex-adjusted model

OR

0.564
1.286
2118

1.049
1.146
2.006

95%Cl

1 [reference]
0.205-1.551
0.467-3.539
1.395-3.217

1 [reference]
0.576-1.909
0.503-2.613
1.437-2.800

p-value

0.267
0.626
<0.001

0.876
0.745
<0.001

OR

0.277
0.871
1.880

0.485
0.973
1.647

Multivariate model

95%Cl

1 [reference]®
0.067-1.150
0.270-2.808
1.178-2.998

1 [reference]®
0.176-1.336
0.388-2.438
1.072-2.531

p-value

0.077
0.817
0.008

0.162
0.954
0.023

Variables with p < 0.05 in univariate analysis [age, smoking, WBC, Hb, TC, TG, LDL-c, eGFR, CRP, LVEF, Killip class, and revascularization (PCI, CABG)] were entered into the multivariate

model for cardiovascular mortality.

“Variables with p < 0.05 in univariate analysis [age, sex, smoking, diabetes, TnTl, WBC, Hb, Alb, TC, TG, LDL-c, €GFR, CRP, NT-proBNP, LVEF, Killp class, and revascularization (PCI,
CABG)] were included in the multivariate model for all-cause mortality.
Tnl, troponin I: NT-proBNP, N-terminal pro-B-type natriuretic peptide; LVEF, left ventricular ejection fraction.
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1238 records identified through database 2 records identified through searching of reference lists

930 records after duplicates removed.
860 records excluded based on title or abstract

70 full text articles found 58 publications excluded:

7 case reports;
16review articles;
7 duplicate data;
19 articles with insufficient data;
3 studies not define TSH.cut-off,
6 studies on cancer patients.

12 publications included in the final meta-analysis
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Variables Euthyroid (n=828) SCH group (n=81) SHyper group (n=51) LT3S group(n=216) p-value

°Age (years) 70 (57-78) 76 (69-82) 63 (54-73) 76 (66-82) <0.001
Male (n,%) 573 (69.2%) 42 (51.9%) 4 (86.3%) 130 (60.2%) <0.001
Diabetes meliitus (n,%) 244 (29.5%) 7 (33.3%) 4 (7.8%) 83 (38.4%) <0.001
Hypertension (n,%) 533 (64.4%) 3 (65.4%) 18 (35.3%) 141 (65.3%) <0.001
Prior PCl or CABG (n,%) 24 (2.9%) 1(1.2%) 2 (3.9%) 5 (2.3%) 0.756
Smoking (n,%) 505 (61%) 5 (43.2%) 39 (76.5%) 120 (85.6%) 0.001
Alcohol (n,%) 48 (5.8%) 3(3.7%) 3 (5.9%) 8(3.7%) 0.571
BMI (kg/m?) 2410 +2.19 23.52 + 2.60 23.93 + 1.49 23.41 £2.54 <0.001
Vital signs and laboratory tests at admission

SBP (mmHg) 130 £ 22 130 £ 23 119+19 125 £25 0.002
DBP (mmHg) 75+13 73+13 72 £13 71+14 0.005
*HR  (beats/min) 75 (60-82) 82 (65-89) 83 (62-92) 80 (61-89) <0.001
*FT3 (pmol/L) 3.92 (3.60-4.37) 3.80 (3.35-4.18) 3.80 (3.50-4.10) 2.70 (2.36-2.90) <0.001
FT4 (pmol/L) 16.07 +2.27 16.06 + 2.40 156.78 + 2.30 15.81 +2.36 0.429
°TSH (mIU/L) 1.32 (0.78-2.04) 5.53 (4.66-6.89) 0.21 (0.15-0.23) 1.11 (0.61-1.82) <0.001
*FPG (mmol/L) 5.99 (5.28-7.48) 6.35 (5.39-7.84) 6.54 (5.71-7.78) 6.69 (5.60-8.76) 0.001
TC (mmol/L) 4.55 £1.15 4.26 +£1.10 4.64 £1.27 4.43 £1.19 0.111
TTG (mmol/L) 1.561 +0.89 1.65 +0.83 1.42 £ 0.53 1.34 £ 0.99 0.095
HDL-C (mmol/L) 113 +0.24 1.05 +0.30 1.10+0.32 1.08 +0.28 0.861
LDL-C (mmol/L) 2.96 +1.03 2.67 £ 0.96 313111 278 £1.00 0.011
°SCr (umol/L) 83 (69-101) 99 (75-130) 83 (72-93) 98 (75-136) <0.001
eGFR (m/min/1.73 m?) 76.78 + 33.79 60.93 + 29.12 82.97 + 32.72 61.31 + 30.97 <0.001
Serum albumin (g/L) 41 +6 40+ 5 40+ 4 38+6 <0.001
"WBC (x10%L) 7.8(6.1-10.2) 7.2 (65.6:9.1) 8.4 (65-11.9) 9.4 (6.8-12.5) <0.001
“Hemoglobin (/L) 139 (126-143) 123 (115-138) 141 (136-143) 126 (114-133) <0.001
“CRP (mg/L) 3.4 (1.8-7.2) 4.9 (2.6-12.4) 3.4 (2.8-20.7) 11.6 (5.8-29.7) <0.001
Revascularization (n,%) 587 (70.9%) 43 (53.1%) 42 (82.4%) 119 (65.1%) <0.001
Discharge medical therapy

Aspirin (n,%) 801 (99.9%) 75 (100%) 46 (100%) 185 (100%) 0.858
Clopidogrel/Ticagrelor (n,%) 796 (99.1%) 75 (100%) 46 (100%) 185 (100%) 0.443
Statin (n,%) 799 (99.5%) 75 (100%) 46 (100%) 185 (100%) 0.675
B-receptor blocker (n,%) 471 (68.7%) 54 (72%) 7 (68.7%) 110 (59.5%) 0.173
ACEVARB (n,%) 413 (51.4%) 31 (41.3%) 30 (65.2%) 104 (56.2%) 0.034
Diuretic (n,%) 564 (70.2%) 45 (60%) 8 (82.6%) 147 (79.5%) 0.002

PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; FT3,
free triodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hormone; FPG, fasting plasma glucose; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-
density lipoprotein cholesterol; TTG, total Triglyceride; SCr, serum creatinine; eGFR, estimated glomerular filtration rate; WBC, white blood cell; CRP, C-reactive protein; ACE, angiotensin-
converting enzyme inhibitor; ARB, angiotensin Il receptor blocker.

Continuous variables were expressed as mean + standard deviation or median with interquartile range, while categorical variables were expressed as percentages.

aNon-normal distribution of continuous variables.
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NoL-T4 N=501 L-T4 N=463 Unadjusted Adjusted model

n (%) n (%) cOR 95%CI P aOR 95%Cl p
value value
Miscarriage 36(7.2) 19 (4.1) 1.81 1.02-3.20 0.04 1.78 1.00-3.16 0.04*
Hypertension disorder of 16 (3.2) 24 (5.2) 0.61 0.32-1.15 0.13 0.63 0.32-1.21 0.16
pregnancy
Gestational diabetes mellitus 49 (9.8) 59 (12.7) 0.74 0.50-1.11 0.15 0.76 0.46-1.24 0.27
Premature rupture of membranes 78 (15.6) 82 (17.7) 0.86 0.61-1.20 0.37 0.86 0.61-1.22 041
Intrahepatic Cholestasis 6(1.2) 6 (1.3) 0.92 0.30-2.88 0.89 0.98 0.31-3.09 0.97
Placenta praevia 16 (3.2 12(2.6) 1.24 0.58-2.65 0.58 1.20 0.56-2.58 0.64
Placental abruption 3(0.6) 1(02) 2.78 0.29- 0.38 3.12 0.32- 0.33
26.85 30.43
Intrauterine growth retardation 6 (1.6) 4(0.9) 1.39 0.39-4.96 0.61 1.41 0.39-5.05 0.60
Premature delivery 21 (4.2 20 (4.3) 0.97 0.52-1.81 0.92 0.87 1.06-1.99 0.87
Cesarean section 208 (41.5) 174 (37.6) 0.80 0.61-1.04 0.10 0.75 0.55-1.01 0.06
Breech delivery 17 (3.4) 10 2.2) 159 0.72-3.51 0.25 167 0.75-3.69 0.21
Group B streptococcus infection® 22 (4.4) 27 (5.8) 0.74 0.42-1.32 0.31 0.68 0.38-1.22 0.20
Fetal distress* 34 (7.8) 23 (5.6) 1.44 0.83-2.49 0.19 1.40 0.81-2.44 0.23
Macrosomia® 25(5.7) 33 (8.0 0.70 0.41-1.20 0.20 0.72 0.42-1.24 0.23
Small for gestation age* 43 (9.9) 34 (8.2 1.22 0.76-1.96 0.40 1.23 0.77-1.98 0.39
Postpartum hemorrhage* 9(2.1) 133.1) 0.65 0.28-1.54 0.33 0.71 0.30-1.69 0.43
Apgar score at 1 min < 7* 4(0.9) 2(0.5) 1.91 0.35- 0.46 2.39 0.43- 0.32
10.47 13.34

Neonates admitted to NICU* 148 (33.9) 114 (27.5) 1.35 1.01-1.81 0.04 1.36 1.01-1.83 0.04*

Prematurity” 9(1.8) 14 (3.0)

Fetal distress” 50 (10.0) 21 (4.5)

Infection suspected or confimed* 75 (15.0) 60 (13.0)

Other” 14 (2.8) 19 (4.1)

cOR, crude odds ratio; Cl, confidence interval; aOR, adjusted odds ratio; NICU, neonatal intensive care unit. *L-T4 n = 414 NoL-T4 n = 436. TPOAB/TGAB positive or not was used as a
controlling factor in all the multivariate logistic regression analyses. In addition, age was used as an adjustment factor for miscarriage; age, history offamily HBP was used as an adjustment
factor for HDP; BMI and history of family HBP were used as an adjustment factor for GDM; GBS positive or not was used as an adjustment factor for premature rupture of membranes
(PROM); the uterine scar was used as an adjusted factor for cesarean section. *Reasons for admission to the NICU.
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First Region Study Quality Exclusion criteria Outcome TSH assay Matched

author and design parameters or
year of adjusted
publication factors
B. Muiller (5) Switzerland Case- Medium 1) male, 2) nonthyroid illnesses, 3) on medication affecting ~ APTT, By an immunoradiometric  Age and
control thyroid function fibrinogen, assay (h-TSH, RIA gnost,  gender
study tPAPAI-1 Behring).
Z. Cantirk  Turkey Case- Low 1) received LT4 replacement therapy, 2) had previous APTT, tPA, By chemiluminescence Age
(5] control history of external radiation, radioiodine treatment, and/or ~ PAI-1, D- immunoassay method with
study drug therapy that would cause SH, 3) with severe obesity,  dimer, Immulite 2000 (DPC, Los
alcohol consumers, patients receiving drugs such as fibrinogen Angeles, CA) kits

diuretics and b-blockers, 4) with diabetes mellitus, impaired
glucose tolerance, coronary hearth disease, familial or
secondary dyslipidemia, and hepatic, renal, or other
systemic diseases

M.A. Ozcan Turkey Case- Low 1) had atrial fibrillation, collagen disease, diabetes mellitus,  t-PA,PAI-1 By non-isotopic automated  Age and
6) control liver or renal diseases, 2) taking any drugs effecting the immunochemiluminometric  gender
study levels of serum thyroid hormones system (ACS:180, Chiron
Daignostics, UK).
S. Guldiken  Turkey Case- Low 1) received thyroid hormone replacement therapy, 2) overt  D-dimer By immunometric assay Age and
(17 control obesity (230kg/m2), 3) smoking, 4) alcohol consumption, method(DPC, Immulite BMI
study 5) diabetes mellitus, 6) cardiac,renal,and other systemic 2000, Los Angeles, CA)
diseases, 7) on drugs affecting haemostasis and thyroid
function
S. Gullu Turkey Prospective  Medium 1) past or current serious medical diseases including APTT By commercially available  Age,BMI,
(10) cohort diabetes melitus and coronary heart disease, 2) using any automated gender,
study medication, including aspirin or diuretics, that might affect chemiluminescence system smoking
the study parameters, 3) had symptoms and signs of kits (ACS: 180, Chiron status
clinical bleeding, 4) current smokers Diagnostics, East Walpole, and blood
MA, USA) pressure
R. Jorde Norway Case- Medium 1) a history of coronary infarction, angina pectoris or stroke  tPA,PAI-1 _ Age,BMI,
(18) control in the questionnaire, 2) using thyroid medication gender,
study and
smoking
status
C. Erem (9) Turkey Case- Low taking drugs or had diseases (e.g.diabetes meliitus, overt APTT, D- By automated Age and
control obesity, coronary heart disease, collagen disease, liver dimer, chemiluminescence (Bayer gender
study cirrhosis, atrial fibrillation or renal disease) known to affect fibrinogen, t-  Corporation, Tarrytown,
blood coagulation or fibrinolysis PA, PAI-1 NY, USA)
YH.Chen  China Case- Low 1) Taking estrogen, glucocorticoids, iodine, lipid-lowering D-dimert- ECLIA by Beckman Age, BMI
(19) control drugs or B- Receptor blockers, 2) with diabetes, nephrotic ~ PA,PAI-1 Coulter and
study syndrome, liver disease, chronic pancreatitis or familial Chemiluminescence gender
hyperlipidemia immunoassay analyzer and
kit
S.C. Zhong China Case- Low TSH greater than 20 ulU/mL APTT, By automated Age and
(20) control fibrinogen Electrochemiluminescence  gender
study immunoassay (COBAS,
E411,Roche,Switzerland)
R. Lupoli Italy Prospective  Medium 1) known inherited alterations in primary and/or secondary ~ PAI-1, t-PA, By chemiluminiscent Age,
21) cohort hemostasis, 2) treatment with anticoagulant or antiplatelet D-Dimer enzyme immunoassay gender
study drugs, 3) personal and/or family history of arterial or venous (Elecsys E170, Roche
thrombosis, 4) other conditions known to impact on Diagnostics, Mannheim)

hemostatic variables levels (iver disease, active
inflammatory processes, pregnancy, malignancy,
hematologic diseases, puerperium, oral contraceptive (OC)
intake and hormone replacement therapy), 5) history of
chronic infectious disease (including hepatitis B and C),

6) unstable medical conditions

Y.X. Ren China Case- Low 1) Hyperthyroidism and hypothyroidism, 2) Other heart fibrinogen By automated Age,
(22) control diseases other than coronary heart disease, 3) Adrenal electrochemiluminescence  gender
study insufficiency, 4) Malignant tumor, acute cerebrovascular immunoassay
disease or hereditary hyperlipidemia, 5) In recent 3 months, (COBAS8000,Roche,
taking drugs that affect thyroid function (such as Switzerland)

amiodarone, thyroxine preparation, dopamine and
hormone, etc.)

F. Gao (23) China Case- Medium 1) Age< 18 years old, 2) Taking drugs that affect thyroid D-dimer, By automated Age,blood
control function and hypolipidemic drugs, 3) with coronary heart APTT, electrochemiluminescence  pressure
study disease, diabetes,hypertension, hyperlipidemia, chronic liver  fibrinogen, immunoassay (COBAS and BMI

disease, chronic kidney disease, acute and chronic t-PA, PAI-1 e601,Roche,Switzerland)
inflammation or connective tissue disease, 4) Postpartum or
pregnancy

APTT, activated partial thromboplastin time; t-PA, tissuetype-plasminogen activator: PAI-1, plasminogen activator inhibitor type 1; BMI, body mass index.
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First author and year of publication

B. Miller (5)

Z. Cantiirk (8)
M.A. Ozcan (6)
S. Guldiken (17)
S. Gullu (10)

R. Jorde (18)
C. Erem (9)
Y.H. Chen (19)
S.C. Zhong (20)
R. Lupoli (21)
Y.X. Ren (22)

F. Gao (23)

TSH cutoff value T4 measured?

26 miuA

>5 ulU/ml
>4 ulU/ml
>5miU/
>3.5 miuA
>5 miu/l

> 4.8mlU/
>4.3 ulU/ml
>4.5 ulU/ml

>4.2 ulU/ml

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Age (year)

SCH EU
59.0+13.0 49.0 £13.0
422+11.6 443 £6.7
39.3+139 46.4 £ 5.7
31076 31.2+6.4
47.6 (21-68)  49.2 (25-61)
62.2+11.8 60.8 + 12.6
41.0+£135 41.7£12.8
67.9+48 67.8 4.2

55 (35-75) 55 (36-73)
41.4+£138.0 422119

64.21 +10.38 60.92 + 10.3
55.7+7.78 5211873

Gender

(female %)

SCH EU
100 100
100 100
200 313
100 100
100 100
51.8 539
76.7 80

100 100
517 533
80.5 80.5
485 231
100 100

TSH

SCH

16.0 + 16.9
8.69 + 5.40
13.74 + 4.85
73+21
7.1 (5.2-10)
528 +1.42
10.3+5.03
9.38 + 2.55

73+48

7.22 £3.75

EU

20£10
1.47 £ 104
2.09 + 169
14208
1.3(0.6-1.9)
1.54 + 063
1.69 + 1.06

2109

1.656+0.71

Sample
size
SCH EU
42 66
3 30
10 16
15 15
15 15
83 141
30 20
52 50
60 30
41 a1
101 268
95 54
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First author and year APTT D-Dimer Fibrinogen t-PA PAI-1
of publication
SCH EU SCH EU SCH EU SCH EU SCH EU
B. Miller (5) 26+3 27 £8 = — 25+05 24+04 6+4 6+4 56 + 35 52 £ 38
Z. Cantlirk (8) 296+34 283+18 052+075 0.39+0.27 329.0 + 314.5 + 3.60 + 4.05 £ 19.78 £+6.20 10.18 + 3.61
51.2 271 1.70 1.76
M.A. Ozcan (6) — — — — — - 6.05 + 6.27 5111 + 46.03 +
261 221 20.97 27.24
S. Guldiken (17) — = 029 +022 0.18+0.11 = — - = — —
S. Gullu (10) 269+85 25776 = = = = = - — —
R. Jorde (18) — = == =5 D == 11.1+43 105+51 153+103 144131
C. Erem (9) 31.5+£31 300+24 041+03 024x£0.15 291.9 = 309.6 + 11.0+85 86+25 264+102 271 £81
50.5 69.8
Y.H. Chen (19) = = 0.29+0.16 0.15+0.08 = — 0.27 + 042 + 0.78+0.33 0.40 +0.19
0.16 0.19
S.C. Zhong (20) 34.38 + 30.41 = — — 2.83+060 264+035 ] = = =
6.56 277
R. Lupoli (21) — = 220.3 + 2521 - - 5.56 + 475 + 33.6+139 225+5.74
67.1 72.4 222 1.61
Y.X. Ren (22) — = =3 — 393+091 3.61+089 = = = =
F. Gao (23) 23.88 + 26.19 £ 0.62+028 073+029 3.11+069 267+0.59 6.60 + 543 + 2874 £7.35 2577 £8.17
4.46 297 210 1.99

APTT, activated partial thromboplastin time; t-PA, tissue type-plasminogen activator; PAI-1, plasminogen activator inhibitor 1; —, undescribed.
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FT4 No. of events/Total No. (%) HR 95% CI P-Value
Exclude history of preterm delivery
Normal 2,746/61,516 (4.46) 1 [Reference]
Low 135/2,019 (6.69) 1.35 (1.13 to 1.60) <0.001
High 73/1,259 (5.8) 1.37 (1.09 to 1.73) 0.008
Exclude thyroid medication during pregnancy
Normal 2,893/61,201 (4.73) 1 [Reference]
Low 138/1,975 (6.99) 1.32 (1.1 t0 157) 0.002
High 72/1,224 (5.88) 1.32 (1.04 to 1.67) 0.02
Exclude HDP and GDM
Normal 2,227/52,534 (4.24) 1 [Reference]
Low 93/1,525 (6.1) 1.34 (1.09 to 1.66) 0.006
High 62/1,084 (5.72) 1.41(1.10t0 1.82) 0.007

Models were adjusted for age, fetal sex, pre-pregnancy BMI, parity, education levels, TPO-Ab status and insurance.

FT4, free thyroxine; HR, hazard ratio; Cl, confidence intervals; PTD, preterm delivery; HDP, hypertensive disorders during pregnancy; GDM, gestational diabetes mellitus.
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Characteristics

Participants, No. (%)

Maternal characteristics
Age, mean (SD), y
Prepregnant BMI*
<18.5
18.56-23.9
>24
Primiparous
Education Level
High school and below
College
Postgraduate
Missing
Insurance
History of preterm delivery
Hypertensive disorders in pregnancy
Gestational diabetes
FT4, median (IQR), pmol/Lb
TSH, median (IQR), miU/L
TPOADb positive
Gestational age for thyroid function test,
median (IQR), wk
Fetal characteristics

Gestational age at birth, median (IQR), wk

Preterm birth (gestational age <37 wk)
Spontaneous preterm birth
latrogenic preterm birth
Birth weight, mean (SD), g
Male sex
Female sex

30.5 (3.77)

9,794 (14.9%)
47,833 (73.0%)
7,988 (12.1%)
48,383 (73.8%)

4,445 (6.8%)
47,882 (73.0%)
12,710 (19.4%)

528 (0.8%)
51,202 (78.1%)

771 (1.18%)

2,961 (4.5%)
8,004 (12.2%)
143 (133, 15.5)
1.18 (0.65, 1.84)
7,097 (10.8%)
121 (11.7, 12.6)

39.1 (38.4, 40.0)
3176 (4.8%)
2,127 (3.2%)
1,049 (1.6%)

3,340 (431)
33,826 (51.6%)
31,739 (48.4%)

Gestational weeks for TBA/thyroid function screening were 9-13 weeks in early
pregnancy. BMI, body mass index; IQR, interquartile range; TSH, thyroid-stimulating
hormone or thyrotropin; FT4, free thyroxine; TPO-Ab, thyroid peroxidase antibodly; SD,

Standard deviation.

4Calculated as weight in kilograms divided by height in meters squared.
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Total effect (95% CI) ADE (95% Cl)

High FT4, HDP and iatrogenic PTD

0.0169 (0.0063, 0.0300)"** 0.0152 (0.0048, 0.0275)"**
Overt hyperthyroidism, HDP and iatrogenic PTD

0.0177 (0.0077, 0.0325)"** 0.0156 (0.0061, 0.0300)***
Low FT4, HDP, and spontaneous PTD

0.0127 (0.0049, 0.0200)"** 0.0128 (0.005 0.0200)**
Isolated hypothyroxinemia, HDP and spontaneous PTD

0.0137 (0.0051, 0.0200)"** 0.0138 (0.0053, 0.0200)***

ACME (95% CI)

0.0017 (0.0005, 0.0031)***
0.0021 (0.0006, 0.0038)***
-0.0001 (~0.0008, 0.00)

0.0001 (0.0003, 0.00)

FT4, free thyroxine; PTD, preterm delivery; ACME, average causal mediation effects; ADE, average direct effects.
FT4 >19.7 pmol/L was categorized as high FT4 and low FT4 was diagnosed with <11.7 pmol/L. Multivariable logistic models were adjusted for maternal age, fetal sex, pre-pregnancy BMI,

parity, education levels, TPO-Ab status and insurance.
***n-value <0.001.

Proportion of Mediation (%)

10.71 (3.72,19.58)™
11.80 (3.98,25.89)"**
-0.74 (-2.35,0.00)

-0.90 (-3.44,0.00)
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Variables

Maternal age, y
<85

>35

Pre-pregnancy BMI
<18.5

18.523.9

>24

TPO-Ab
Negative

Positive

Parity
nulliparity

multiparity

FT4 categories

Normal
Low

High

Normal
Low

High
Normal
Low
High

Normal
Low

High

Normal
Low

High
Normal
Low
High

Normal
Low

High
Normal
Low
High

Normal
Low

High

No. of Events/Total No. (%)

2,378/52,957 (4.49)
97/1,452 (6.68)

63/1,119 (5.63)

571/9,270 (6.16)
50/612 (8.17)

17/156 (10.97)
437/9,329 (4.68)
8/159 (5.08)
24/306 (7.84)

2,072/45,551 (4.55)
91/1,371 (6.64)

49/911 (5.38)

440/7,347 (5.99)
48/534 (8.99)

7/57 (12.28)
2,633/55,597 (4.74)
129/1,787 (7.49)
66/1,116 (5.91)

316/6,613 (4.78)
18/327 (5.5)

14/157 (8.92)
2,088/46,170 (4.52)
84/1,214 (6.92)
57/999 (5.71)

861/16,057 (5.36)
63/850 (7.41)

23/275 (8.36)

HR (95% CI)?

1 (reference)
142 (1.15to
1.74)
1.32 (1.03 to
1.69)
1 (reference)
1.29 (0.96 to
1.73)
1.86 (1.15to
3.02)

1 (reference)
0.99 (0.49 to
2.01)
1.75(1.16 to
2.64)
1 (reference)
1.33(1.08 to
1.65)
1.23 (0.93 to
1.64)
1 (reference)
1.46 (1.08 to
1.98)
2.02 (0.96 to
4.27)

1 (reference)
1.40 (117 to
1.67)
1.32 (1.03 to
1.69)
1 (reference)
1.07 (0.66 to
1.73)
1.97 (1.15 to
3.38)

1 (reference)
1.39 (1.11 to
1.74)
1.33(1.02 to
1.78)
1 (reference)
1.28 (0.99 to
1.66)
1.65 (1.09 to
2.51)

value

<0.001

0.03

0.09

0.01

0.99

0.008

0.008

0.15

0.01

0.06

<0.001

0.03

0.79

0.01

0.003

0.04

0.06

0.02

Gestational weeks for thyroid function screening were 9-13 weeks in early pregnancy. Low matemal FT4 defined as FT4 <11.7 pmol/L, normal maternal FT4 as FT4 between 11.7-19.7

pmol/L and high matemal FT4 as FT4 >19.7 pmol/L. Model adjusted for age, fetal sex, pre-pregnancy BMI, parity, education status, TPO-Ab status and insurance.

FT4, free thyroxine; TPO-Ab, thyroid peroxidase antibody; HR, hazard ratio, Cl, confidence interval; BMI, body mass index (calculated as weight in kilograms divided by height in

meters squared).
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Overt hyperthyroidism latrogenic PTD

JE=-0.0021
(95%Cl: 0.0006 t0 0.0038, **)

HDP

Proportion
mediated:
11.80%

Overt hyperthyroidism H latrogenic PTD

DE=0.0156
(95%CI: 0.0061 to 0.00300, **)
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NoL-T4 N=501 L-T4 N=463 P value
Duration of pregnancy at enroliment (day) 57.88 £ 12.20 58.78 + 10.08 0.22
TPOAB or TGAB 121 (24.2%) 155 (33.5%) 0.01
Age (year) 30.48 + 3.89 30.31 + 3.84 0.64
History of term delivery 139 (27.7%) 135 (29.2%) 0.63
History of spontaneous abortion 73 (14.6%) 51(11.0) 0.10
History of induced abortion 113 (22.6%) 106 (22.9) 0.90
Family history of hypertension 112 (22.4%) 131 (28.3) 0.03
Family history of diabetes 37 (7.4%) 38 (8.2%) 0.63
Systolic pressure at the first prenatal care 105.41 £ 23.02 106 + 18.25 0.30
Diastolic pressure at the first prenatal care 66.51 + 15.80 66.77 £ 12.79 0.01
Pre-pregnancy BMI (kg/m?) 21.44 +2.68 21.60 + 302 0.78
Uterine scar 64 (12.8%) 59 (12.7%) 0.99

501 subjects did not treat with L-T4 and 463 subjects treated with L-T4 are presented in this table. For continuous variables, mean + standard deviation (SD) are presented!; for categorical
variables, absolute numbers and percentage of the total are presented. Systolic and diastolic blood pressure at first prenatal care. TPOAB, thyroid peroxidase antibody; TGAB,

thyroglobulin antibody.
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