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Editorial on the Research Topic: 
 

Thyroid hormones and cardiac arrhythmia



The thyro-cardiac axis: Growing attention to a long-known connection

Among the premier effects of thyroid hormones in vertebrates are actions on the cardiovascular system (1–5). Cardiovascular complications rank among the key causes of death in thyroid emergencies (6).

While our knowledge of the link between thyroid disease and cardiac arrhythmia dates back more than two centuries, attention to this connection continues to rise. The number of publications meeting the search formula “thyroid AND heart” is approaching the mark of 10,000 results (Figure 1), and it is still exponentially growing. A considerable proportion of these publications covers cardiac arrhythmia.




Figure 1 | Yearly number of publications meeting the search term “thyroid AND heart” from 1854 to August 2022 in PubMed.



Therapeutic algorithms protocolized by cardiovascular medicine benefitted the prognosis of patients with chronic heart disease, and preventive programs have reduced cardiovascular morbidity at the population level. However, a substantial residual hazard persists. Therefore, the rediscovery of thyroid function as a major determinant of cardiovascular health is timely to address this gap of fundamental significance.

This Research Topic was initiated to provide a forum on recent developments in the thyro-cardiac nexus and to foster a deeper physiological understanding of this vitally important intersection. A series of articles summarising the state of current evidence deliver new perspectives on recent developments.



Thyroid dysfunction and supraventricular arrhythmia

The resting heart rate is strongly modulated by thyroid hormone. This is the reason, why it became integral to established scoring systems for the diagnosis of myxoedema coma and thyroid storm (7–10). Thyrotoxicosis may also potentiate ectopic beats and atrial fibrillation (AF) (11–14). In adults, AF is a common condition conveying significant health hazard. Current guidelines recommend assessing the thyroid status in subjects with AF and, vice versa, screening for AF in hyperthyroid patients (15).

Subclinical hyperthyroidism and even FT4 concentration in its highest quartile in persons with normal TSH are associated with increased incidence of AF (16). Gencer et al. review this observation and provide recommendations for the management of new-onset thyroid-related AF.

Unlike in adults, AF is exceedingly rare in children and adolescents. Subramonian et al. describe the case of a 15-year-old female with AF and thyrotoxic tachymyopathy due to Graves’ disease, being reverted after successful treatment of the thyroid condition.

Subclinical hyperthyroidism is also associated with an increased risk for the recurrence of AF after catheter ablation, as demonstrated in the retrospective cohort study by Li et al.



Thyroid function and ventricular arrhythmic events

In the ventricles, thyrotoxicosis promotes triggered activity and the formation of re-entry circuits giving rise to ventricular tachycardia, flutter and fibrillation (17, 18). These forms of malignant arrhythmia contribute to the high fatality rate of untreated thyroid storm.

This is exemplified by the case of a young woman with Graves’ disease and overt hyperthyroidism described by Fu et al. She suffered a cardiac arrest due to ventricular fibrillation but ultimately recovered following multimodal intensive care treatment including targeted temperature management with an intravascular cooling system.



Allostatic load – confounder or mediator of risk?

The hypothalamus-pituitary-thyroid axis can dynamically adapt to physiological requirements. In type 1 allostatic load (e.g. in starvation or critical illness) the set point of the feedback loop is lowered, so that the concentrations of T3 (and occasionally TSH and T4) are down-regulated (19). A largely opposite endocrine pattern is observed in type 2 allostatic load (e. g. in psychosocial stress or certain psychiatric diseases) (19, 20).

Allostatic responses may raise considerable problems in the differential diagnosis of thyroid function. We (Dietrich et al.) demonstrated this for TSH, which correlates to a marker of type 2 allostatic load. Therefore, the prevalence of subclinical hypothyroidism may be overestimated in chronic psychosocial stress (21–24).

Low-T3 syndrome as the key component of thyroid allostasis in critical illness, tumours, uraemia and starvation (TACITUS) or non-thyroidal illness syndrome (NTIS) can be maladaptive and heralds a poor prognosis in severe illnesses. Two independent studies (Gao et al. and Abdu et al.) could demonstrate that this also applies to myocardial infarction with nonobstructive coronary arteries (MINOCA), a major subtype of type 2 myocardial infarction.



Clinical evidence from prospective studies

Overt thyroid dysfunction is an established risk factor for mortality and major adverse cardiovascular events (MACE) (25–29). For minor disorders of thyroid function (e.g. subclinical hypo- and hyperthyroidism and within-reference range variations of thyroid hormones), the evidence was less clear. A systematic review including 32 studies covering more than 1.3 million subjects and a subsequent meta-analysis (Müller et al.) found cardiovascular death (CVD) to be predicted by both subclinical hypo- and hyperthyroidism. Circulating FT4 concentration was positively associated with the hazard ratio for CVD and MACE. The results suggest a monotonic association of FT4 to cardiovascular risk, but a complex U-shaped pattern linking TSH to cardiovascular endpoints, supporting the assumption of heterogeneous pathophysiological mechanisms.



Physiological evidence and molecular mechanisms

In the clinical setting, the risk for malignant arrhythmia can be estimated e.g. by measuring certain time intervals in the electrocardiogram (ECG). In addition to the QT interval, an established biomarker of thyroid function (30), we could show that the Tp-e and JT intervals, which are not affected by QRS duration, correlate to TSH, FT4 and FT3 concentration (Aweimer et al.).

The impact of thyroid hormones on cardiac electrophysiology is mediated by a plethora of mechanisms (31). This applies to normal automaticity, triggered activity, disorders of impulse conduction and re-entry mechanisms. At a molecular level, thyroid hormones act via four distinct signalling types involving different time scales ranging from minutes to hours, where the expression of multiple genes is profoundly modulated (Müller et al).



Aspects of therapy and prevention

Given the risk conferred by even slight deviations of thyroid hormones from an individual optimum, it is of paramount importance to restore euthyroidism as fast as possible in the case of thyroid emergencies (6). For thyroid storm, Lim et al. describe several options like pharmacotherapy and therapeutic plasma exchange, supported by adjuvant extra-corporal systems, including continuous renal replacement therapy (CRRT) and extracorporeal membrane oxygenation (ECMO). Irreversible brain damage in thyroid storm may be prevented by intravascular cooling devices, as demonstrated by Fu et al. For thyroid-related AF, Gencer et al. provide a comprehensive flow chart focussing on adjuvant non-endocrine treatment modalities.

Special caveats apply to substitution therapy with levothyroxine in hypothyroidism. In certain stages of thyroid cancer, TSH-suppressive therapy is recommended by current guidelines (32), but it may confer increased cardiovascular risk, as reviewed by Gluvic et al., thereby implying the need to evaluate its benefit:risk ratio and hence individualize the degree of TSH suppression that optimizes the health outcome.



Prospectus

This collection of articles provides a current overview of the interface between thyroid function and cardiac rhythmology from different perspectives. According to the available evidence, even slight deviations of thyroid hormones confer significant risks for MACE, including malignant arrhythmia. Advanced diagnostical strategies should address the whole feedback loop to avoid misinterpretation by allostatic load, hysteresis and other effects, and modern therapeutic measures should involve multimodal approaches (21–23, 33–37). This is of particular importance due to the biological potency and relatively long plasma half-life of thyroid hormones.

The findings presented in this Research Topic also affect the ongoing debate about cardiometabolic medicine (38–40), strongly supporting the integration of thyroidology and cardiovascular rhythmology in this emerging subspecialty.
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Elevated concentrations of free thyroid hormones are established cardiovascular risk factors, but the association of thyrotropin (TSH) levels to hard endpoints is less clear. This may, at least in part, ensue from the fact that TSH secretion depends not only on the supply with thyroid hormones but on multiple confounders including genetic traits, medication and allostatic load. Especially psychosocial stress is a still underappreciated factor that is able to adjust the set point of thyroid function. In order to improve our understanding of thyroid allostasis, we undertook a systematic meta-analysis of published studies on thyroid function in post-traumatic stress disorder (PTSD). Studies were identified via MEDLINE/PubMed search and available references, and eligible were reports that included TSH or free thyroid hormone measurements in subjects with and without PTSD. Additionally, we re-analyzed data from the NHANES 2007/2008 cohort for a potential correlation of allostatic load and thyroid homeostasis. The available evidence from 13 included studies and 3386 euthyroid subjects supports a strong association of both PTSD and allostatic load to markers of thyroid function. Therefore, psychosocial stress may contribute to cardiovascular risk via an increased set point of thyroid homeostasis, so that TSH concentrations may be increased for reasons other than subclinical hypothyroidism. This provides a strong perspective for a previously understudied psychoendocrine axis, and future studies should address this connection by incorporating indices of allostatic load, peripheral thyroid hormones and calculated parameters of thyroid homeostasis.




Keywords: allostatic load, subclinical hypothyroidism, thyroid homeostasis, thyrotropin, malignant arrhythmia, sudden cardiac death, post-traumatic stress disorder (PTSD)



Introduction

The prognostic and therapeutic implications of subclinical hypothyroidism remain to be debated (1–4). At least in elderly subjects, the benefits of levothyroxine substitution are questionable (5). While increased and high-normal free thyroxine (FT4) concentration is a well-established risk factor for malignant arrhythmia and sudden cardiac death (6, 7), the association between thyrotropin (TSH) concentration and cardiovascular mortality is less well understood (8–11). Studies reported either no relation at all (12, 13) or a rather complex U-shaped association (14, 15), as has been shown in a recent population study based on the large NHANES datasets (16). Likewise, a recent study observed elevated FT4 concentration in stress cardiomyopathy or Takotsubo syndrome (17). In the same cohort, the distribution of TSH levels was complex and ambiguous, however.

The conclusion by Inoue et al. that subclinical hypothyroidism is a risk factor for cardiovascular death (16) may be premature. High-normal or elevated TSH concentrations do not unequivocally indicate early thyroid failure but may also be reflective of an increased homeostatic set point of the hypothalamus-pituitary-thyroid axis (18). Apart from genetic traits manifestation of a high set point may ensue from chronic psychosocial stress. This is termed type 2 allostatic load and a well-recognized cardiovascular risk indicator (19–24). Set point alterations have been linked to acute and chronic stress situations including psychosis, alcohol withdrawal and post-traumatic stress disorder (PTSD), all of which are known risk factors for cardiovascular mortality (25–30). Here, we present a brief evaluation of the stress-thyroid axis and discuss an alternative explanation.



Methods

Based on previous reports on a possible association of PTSD to thyroid function (19, 31–36) we performed a systematic meta-analysis summarizing the available evidence. Up to July 4th, 2020, a systematic search was executed of PubMed/MEDLINE by using the following search formula: “post-traumatic stress disorder AND (thyroid OR triiodothyronine OR thyrotropin OR TSH OR thyroxine)”. Additionally, we screened the references of the retrieved publications for additional suitable publications. Studies were eligible if they compared TSH, FT4 or free T3 (FT3) concentration in subjects with and without PTSD, and if the definition of the disease was compatible with the criteria provided by the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5). Summary measures were included in random effects meta-analysis. Between-study variance was assessed with the DerSimonian-Laird estimator, Cochran’s Q and tau squared, and heterogeneity with Higgins’ and Thompson’s I squared. Small study effects were estimated with funnel plots and three tests statistics (Egger, Begg and Mazumdar, and Thompson and Sharp) with the null hypothesis of no bias in the meta-analysis. The quality of the studies was assessed with a Newcastle-Ottawa score. Calculations were supported by the packages meta and metaphor (37, 38) for the statistical environment R (39).

Additionally, we analyzed publicly available data from the NHANES 2007/2008 dataset (40) in order to re-assess the association between thyroid function and type 2 allostasis. A summative quantitative allostatic load score (SIQALS 2) was derived from the sum of sub-scores for pulse rate, systolic and diastolic blood pressure, total cholesterol, high density lipoprotein (HDL), body mass index (BMI), HbA1c and c-reactive protein (CRP) concentration according to the procedure of the Scottish Health Survey (20). Each sub-score was graded as 1 if the results were in the upper quartile of the respective population distribution or 0 if they were in any of the lower quartiles, except for HDL, which was scaled in the opposite direction (20). Hence, the possible range for SIQALS is between 0 and 8, where a larger value indicates a higher amount of allostatic load. Analysis was restricted to euthyroid subjects (as defined by TSH and FT4 concentrations within their respective laboratory-defined reference ranges) without known thyroid disease, pregnancy or any major comorbidity potentially leading to non-thyroidal illness syndrome. We relied on Jostel’s TSH index (JTI) as a marker for the location of the pituitary-thyroid set point (41). Additionally, estimates for thyroid’s secretory capacity (SPINA-GT) and total deiodinase activity (SPINA-GD) were calculated in order to provide further insights into the physiological roots of potential variations in hormone levels (41).

We tested for associations between allostatic load and markers of thyroid function with unadjusted ordinary least squares (OLS) regression. In these univariate analyses, the multiple components contributing to type 2 allostatic load were expressed as an equally weighted summary score (SIQALS 2) in order to avoid potential issues with collinearity in multivariable analysis. To statistically account for direction of causality and derive more robust estimators in the possible presence of endogenous regressors and feedback (reversed causality), we relied on instrumental variables estimation (IV regression) (42), using the R package AER (43). We selected parameters from the somatic, psychological and social domain as candidates for instrumental variables. Eligible as instruments were parameters that correlated with both SIQALS 2 and JTI, and whose influence could be assumed to be mediated via allostatic load only (Supplementary Tables 3 and 4). The Durbin-Wu-Hausmann test was used to detect potential endogeneity and to decide if OLS and IV regressions are equally consistent or if IV are to be preferred over OLS models. The Sargan test was performed to test for over-identification, when multiple IVs were used. Additionally, a test for “weak instruments” was performed to decide about the validity of IVs.



Results

We identified 16 studies investigating TSH and/or thyroid hormone concentrations in subjects with and without PTSD. Two older studies were excluded, since they reported a time interval between trauma and evaluation of thyroid function of a month or less, rendering them incompatible with current definitions of PTSD, and one study was excluded, because only total thyroid hormones but neither TSH nor free thyroid hormones were determined. The remaining 13 studies could be included in the meta-analysis (Supplementary Figure 1) (25–27, 44–53).

With respect to TSH and FT3 concentrations the studies were highly heterogeneous, but the findings were unanimous for FT4 concentrations. Combining the results yields a positive association of PTSD with TSH levels in the random effects model, but unchanged FT4 concentrations (Figure 1). FT3 concentration tended to be higher in PTSD.




Figure 1 | Forest plots showing differences in TSH, FT4, and FT3 concentration between subjects with and without PTSD. See Supplementary Figures 3–5 for results in chronic PTSD and for total T3 (TT3) and total T4 (TT4) concentration.



Meta-regression between concentration differences and time of the exposure to the triggering event revealed a significant correlation for TSH levels (Supplementary Figure 2). Accordingly, the observed pooled study effects were even more pronounced in a subset of results with chronic PTSD (24 months or more since the occurrence of the triggering event, Supplementary Figure 3). Total T3 concentrations were significantly higher in PTSD compared to controls (Supplementary Figures 4 and 5).

Funnel plots (Supplementary Figure 6) and tests for small study effects demonstrated that publication bias resulting from less frequent publication of non-significant results does not play a decisive role.

From the NHANES dataset records of 3386 euthyroid subjects (1579 female, mean ± SD of age 44.0 ± 14.0 years) were eligible. Median and interquartile range (IQR) of SIQALS 2 results were both 2 with a total range between 0 and 7. In the majority of subjects, Jostel’s TSH index was in the reported reference range (1.3 to 4.1) (41, 54) with a mean of 1.75 and SD of 0.57. Allostatic load was significantly positively associated with both TSH concentration and JTI, and negatively with SPINA-GT, as shown in Figure 2 and Supplementary Table 2. JTI weakly, but significantly increased with age, beta coefficient per year ± SE = 3.8e–4 ± 5.9e–5, p < 1e–9. It was also slightly elevated in diabetes and prediabetes (mean ± SEM 1.85 ± 0.03 and 1.88 ± 0.06, resp., vs. 1.74 ± 0.01 and 1.73 ± 0.01, respective p < 0.001 and < 0.02).




Figure 2 | Regression models between type 2 allostatic load (SIQALS 2) and parameters of thyroid homeostasis in 3386 euthyroid subjects. Data were obtained from the National Health and Nutrition Examination Survey (NHANES), 2007 to 2008 (40). Shown is the regression line with 95% confidence bands. In each panel, the first p value refers to unadjusted OLS regression and the second p value to estimates derived from instrumental variable (IV) regression. For regression details, see Supplementary Tables 2 and 6.



Poor socio-economic status (assessed with the family monthly poverty level index) (40, 55), sleep disorder (snoring) and illicit drug usage (cannabis), as reported in the NHANES survey, met above eligibility criteria (Supplementary Tables 3 and 4) and were added as instrumental variables. Since in the multivariable model with 3 IVs the Durbin-Wu-Hausmann test did not reveal an advantage of IV over OLS models and the Sargan test suggested over-identification we simplified the model to two predictors (cannabis and snoring, Supplementary Figure 7). This model with two IVs confirmed the significant relationship between SIQALS 2 and JTI (beta ± SE = 0.09 ± 0.03, p < 0.01), TSH concentration (beta ± SE = 0.13 ± 0.05, p < 0.01) and SPINA-GT (beta ± SE = –0.16 ± 0.06, p < 0.01). No correlations were observed for FT4 or FT3 concentrations and deiodinase activity (SPINA-GD).



Discussion

A high-normal or moderately elevated TSH concentration may arise from different causes including setpoint alterations of the homeostatic system in response to PTSD or other causes of allostatic load, as demonstrated here. High SIQALS 2 scores may raise the TSH concentration by 1.04 mIU/L and Jostel’s TSH index by 0.72, compared to low allostatic load. Given the small dispersion of intra-individual variation in TSH concentration this influence is substantial (56). Therefore, the width of the observed broad interindividual reference ranges for TSH and thyroid hormones in population studies may at least partly result from inter-personal differences in allostatic load, age and other cardiovascular risk factors.

In this secondary analysis, we found allostatic load to be unrelated to FT4 or FT3 concentration, but to negatively correlate with maximum thyroid capacity (SPINA-GT). Likewise, PTSD was accompanied by increased TSH concentration, but did not show a clear association to FT4 levels. Interestingly, the association to TSH even grew stronger with a rising time interval since the traumatic event, possibly due to therapeutic interventions addressing a depression-related component of PTSD.

In summary, high-normal or slightly increased TSH concentration, as typically observed in patients with subclinical hypothyroidism, may ensue from two different etiologies, i.e. very early forms of primary hypothyroidism and set point elevation of the otherwise normal feedback control system. At the population level these two mechanisms may be conflated, so that mean concentrations of peripheral thyroid hormones may remain unaltered, although the underlying causal relationships differ.

Our analysis suggests a possible mechanism linking TSH to cardiovascular complications, which is a sensible alternative to the thyroid failure hypothesis by other authors (16). It also well accounts for the U-shaped relationship between TSH concentration and cardiovascular risk, as elsewhere described (14, 15). Hence, a dual etiology may explain the findings of previous studies. To resolve this ambiguity, measurements of peripheral thyroid hormones are required (11) and should be integrated into future studies—not only for the selection of subjects but also for functional assessment (10, 57, 58). Calculated parameters providing biomarkers for the set point of thyroid homeostasis and peripheral hormone metabolism may provide additional insights, especially in the setting of clinical trials (41). This should avoid ambiguities in the interpretation and provide further direction on potential therapeutic intervention (59).

In conclusion, the link between the central stress response and cardiovascular risk is empirically well established (24, 60, 61). Apparently, as demonstrated here, it also involves the central control of thyroid function. Since thyroid hormones have a profound effect on cardiovascular physiology (62–64), the set point of thyroid homeostasis appears to play a more important role than previously assumed.
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Background

Low free triiodothyronine (fT3) level is strongly associated with poor prognosis in various patient populations. However, the role of fT3 in the risk of clinical outcomes in myocardial infarction with non-obstructive coronary arteries (MINOCA) has not been studied. Our study aimed to evaluate the association between low fT3 levels and the clinical outcomes of MINOCA patients.



Methods

A total of 218 MINOCA patients without a history of thyroid disease were enrolled in the study. Demographic, baseline clinical data, thyroid hormones, and other biochemical parameters were assessed in all patients. According to the fT3 levels, the present study was classified into two groups: the low fT3 group (fT3<3.5 pmol/L) and the normal fT3 group (fT3 3.5-6.5 pmol/L). The endpoint of the study was major adverse cardiac events (MACE).



Results

Fifty-nine patients were in the low fT3 group and 159 patients were in the normal fT3 group. Over the two years of follow-up, 36 MACE have occurred. The occurrence of MACE was higher in the low fT3 group compared with normal fT3 group (25.4% vs 13.2%; P=0.031). Kaplan-Meier survival curves showed a significantly increased risk of MACE in patients with low fT3 (log-rank P=0.027). Multivariable logistic regression analysis stated that high fT3 was independently associated with lower risk of MACE after two years of follow up (OR, 0.623; 95% CI, 0.399- 0.972; P=0.037).



Conclusion

Low fT3 levels were significantly associated with increased risk of MACE in patients with MINOCA. This finding suggests that the fT3 levels may serve as a potential biomarker in risk stratification of MINOCA patients.
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Introduction

With the continuous improvement in understanding of acute myocardial infarction (AMI), a group of AMI patients with no angiographic obstructive CAD (stenosis<50%) were gradually discovered, and the term myocardial infarction with non-obstructive coronary arteries (MINOCA) was given for this illness (1, 2). MINOCA represents a group of heterogeneous disorder with various pathological mechanisms (3, 4), and it is not a benign disease, the one-year mortality rate is 4.7% (5), however, the five-year mortality exceeds 10.9% (6), as well as a major adverse cardiac event (MACE) occurs in one in five patients with MINOCA over one year (7). Considering the heterogeneity and poor prognosis of MINOCA patients, it might be necessary to accurately use clinical predictors to stratify patients with varying risks of new cardiovascular events to help clinicians to develop adequate management strategies and to reduce the occurrence of MACE in such patient population.

There is a strong relation between thyroid hormones (THs) especially the active hormone triiodothyronine (T3) and cardiovascular system (8, 9). T3 plays a significant role in modulating cardiac contractility, increasing heart rate, and decreasing arterial resistance (9, 10). Low levels of free triiodothyronine (fT3) are correlated with worse prognosis in various patient populations such as cardiac patients (10), heart failure (11–13), AMI (14, 15), acute myocarditis (16), coronary artery bypass grafting (CABG) (17), acute ischaemic stroke (18), and in other groups of patients (19–24), however, the role of fT3 in the risk of clinical outcomes in MINOCA population and whether fT3 can improve risk prediction of MACE in such patients group has not been evaluated.

Therefore, the purpose of this study was to evaluate the association between low fT3 levels and the clinical outcomes of MINOCA patients.



Methods


Study Population and Participants

This was an observational study of 218 consecutive patients from 2014 to 2018 diagnosed with MINOCA and undergoing coronary angiography (CAG) at the department of cardiology, Shanghai Tenth People’s Hospital.

The inclusion criterion of the present study was (1): A diagnosis of MINOCA according to the ESC guidelines (2) and the fourth universal definition of myocardial infarction guidelines (1), which include: complies with the AMI’s diagnostic criteria (1); CAG showed non-obstructive coronary disease (< 50% stenosis) in any infarct related coronary artery; there is no other obvious clinically evident explanation which may explain the acute presentation such as myocarditis or pulmonary embolism (2); Age >18 years old.

The exclusion criteria were (1) Patients with thrombolytic therapy given before CAG, patients with a history of MI or coronary intervention (2), Patients with severe liver, kidney disorders and had a malignant tumor (3), Patients with thyroid disorder history, such as hyperthyroidism, hypothyroidism, or thyroiditis (4), Patients who are receiving thyroid-related medications, or (5) Patients without THs baseline data.

Our study complied with the Helsinki Declaration and was approved by the hospital’s ethical review board (Shanghai Tenth People’s Hospital, Tongji University, Shanghai, China). Informed written consent was received from all patients participating in this study.



Data Collection

Demographic and baseline clinical information (such as age, sex, smoking history, hypertension, diabetes mellitus, body mass index, hyperlipidemia, heart failure, atrial fibrillation, heart rate, and blood pressure) were meticulously documented after admission. The electrocardiogram (ECG) and echocardiography (Echo) were performed in all the patients. All participants were undergoing the CAG procedure after admission.



Biochemical Assessment

Fasting blood was obtained within 24 hours of admission to analyze biochemical parameters. The serum levels of THs [including fT3, total triiodothyronine (TT3), free tetraiodothyronine (fT4), total tetraiodothyronine (TT4), and thyroid stimulating hormone (TSH)], and serum cardiac biomarkers [including troponin-T (cTnT), myoglobin, creatine kinase-MB (CK-MB), and N-terminal pro-brain natriuretic peptide (NT-proBNP)] were measured in all patients. As described previously (25), the serum levels of THs in our department were measured using chemiluminescence (Automatic Chemiluminescence Immune Assay System ACS 180 with related kits; Bayer, Berlin, Germany). The levels of NT-ProBNP were measured using the Eleusis electro-chemiluminescent immunoassay (Roche Diagnostics Ltd. Rotkreuz, Switzerland).

The normal ranges for fT3, TT3, fT4, TT4, and TSH uses in our department are 3.5-6.5 pmol/L, 1.2-3.4 nmol/L,10.2-31 pmol/L, 4-174 nmol/L, and 0.35-5.5 mIU/L, respectively (25).

According to fT3 level at admission, the present study was classified into two groups: low fT3 group (fT3 < 3.5 pmol/L) and normal fT3 group (fT3 3.5-6.5 pmol/L).



Follow-Up and Endpoints

Follow-up started from the day of admission and was performed at 3, 6, 12 months, and 2 years after discharge by interviewing the patients by trained cardiologists at the Shanghai Tenth People’s Hospital. Follow-up information was carried out through outpatient visits, telephone calls, reviewing electronic medical records, and clinical notes.

The primary endpoint of our study was MACE, described as cardiovascular death, heart failure, nonfatal MI, stroke, and angina rehospitalization. The definitions of concepts in the primary endpoint have been described in our previous study (26). Death from ACS, severe cardiac arrhythmia, or refractory congestive heart failure was defined as cardiovascular death. The diagnosis of nonfatal MI was based on the established guidelines for myocardial infarction (1). Stroke was defined as an ischemic cerebral infarction caused by embolic or thrombotic occlusion of a major intracranial artery. Heart failure is a progressive disorder identified by severe forms, which might be followed by symptoms of structural and/or functional cardiac abnormality, culminating in decreased cardiac output and/or increased intracardiac pressure during rest or stress.



Statistical Analysis

The data in this study were analyzed using the Statistical Package for Social Sciences (SPSS) v.22. Figures were formed by using GraphPad softwarev.8.0.1. For numerical variables, the mean ± SE with a normal distribution was used, and percentages (%) were used for categorical variables. The chi-square test and Fisher’s exact tests were used to compare categorical variables. An independent sample t-test was used to compare numerical variables between groups. Logistic regression analysis was used to determine the adjusted odds ratio (OR) for MACE to evaluate predictors of clinical endpoints. Sex, age, traditional cardiovascular risk factors (BMI, smoking history, diabetes, hypertension, hyperlipidaemia, atrial fibrillation, heart failure and alcohol), systolic and diastolic blood pressure, heart rate, left ventricular ejection fraction (LVEF), ECG findings, angiographic characteristics, and biochemical parameters (cTnT, CK-MB, myoglobin, NT-proBNP, and THs) were considered as covariates in the univariate models. For the multivariable models, clinical risk factors and biochemical parameters which were univariate predictors (at P < 0.10) were considered as covariates. Further subgroup analysis was performed to determine the interactions between fT3 levels and clinically associated variables using Cox proportional hazards analysis. The Kaplan-Meier analysis was used to evaluate MACE-free survival rates, and the differences between the two groups were determined using the log-rank test. The ability of fT3 to predict MACE in MINOCA patients was displayed using receiver operating characteristic (ROC) curves analysis. All analysis was conducted two-sided and identified statistically significant at P-value < 0.05.




Results


Baseline Characteristics

A total of 218 patients who met the diagnostic criteria of MINOCA were enrolled in the present study. Among these, 59 (27.1%) were in the low fT3 group and 159 (72.9%) were in the normal fT3 group. Baseline characteristics, laboratory findings, and angiographic data of low and normal fT3 are summarized in Tables 1, 2. Patients with low fT3 levels were older (70.18 ± 12.96 vs. 60.77 ± 13.01, p < 0.001), whereas systolic and diastolic blood pressure in normal fT3 was higher (P < 0.05). Echocardiography data showed that the LVEF in the normal fT3 group was higher than the low fT3 group (56.49% vs. 48.75%, P < 0.001). The serum levels of fT3, TT3, fT4, and TT4 in the low fT3 group were lower (P < 0.05); by comparison, the levels of cardiac cTnT, CK-MB, myoglobin, and NT-proBNP in the low fT3 group were significantly higher than normal fT3 group. According to CAG results, patients with 3 vessels disease were more common in the low fT3 group (16.9% vs. 3.8%, P = 0.002). There were no significant differences in sex, smoking history, diabetes, hypertension, hyperlipidemia, atrial fibrillation, previous heart failure, alcohol use, and body mass index between the two groups (P > 0.05).


Table 1 | Baseline characteristics of the study population.




Table 2 | Laboratory findings and angiographic data of the study population.





Association Between fT3 and the Primary Endpoints

No patients were excluded because of missing data. Over the two years of follow-up, a total of 36 MACE have occurred. MACE occurred in 15 patients (6 cardiovascular deaths, 1 heart failure, 1 stroke, and 7 angina rehospitalization) in the low fT3 group, and 21 patients (3 cardiovascular deaths, 2 nonfatal MI, 1 heart failure, 2 strokes, and 13 angina rehospitalization) in the normal fT3 group. The occurrence of MACE and cardiovascular deaths were substantially more frequent in the low fT3 group compared with the normal fT3 group (25.4% vs 13.2% and 10.2% vs. 1.9%, respectively; all P < 0.05) (Figure 1). Two years Kaplan-Meier survival curves for cardiovascular deaths and total MACE in patients with low and normal fT3 levels are displayed in Figures 2, 3, which showed a significantly increased risk of cardiovascular deaths in patients with low fT3 (log-rank P = 0.007). Similarly, when total MACE was analyzed, the Kaplan-Meier analysis demonstrated a higher risk of total MACE in low fT3 (log-rank P = 0.027). The ROC curve of fT3 was shown in Figure 4 for the prediction of clinical MACE, which showed that the fT3 has moderate significance in predicting MACE in MINOCA patients, with an AUC of 0.690 (95% CI, 0.583-0.798; P = 0.002).




Figure 1 | Rate of adverse events in MINOCA patients with low fT3 versus normal fT3 levels. fT3, free triiodothyronine; MACE, major adverse cardiovascular events.






Figure 2 | Kaplan-Meier survival curves for cardiovascular deaths in MINOCA patients with low fT3 versus normal fT3 levels. fT3, free triiodothyronine.






Figure 3 | Kaplan-Meier survival curves for MACE in MINOCA patients with low fT3 versus normal fT3 levels. fT3, free triiodothyronine; MACE, major adverse cardiovascular events.






Figure 4 | Receiver operating characteristic (ROC) curve of the ability of fT3 to predict MACE in MINOCA patients.





Predictive Factors of MACE

The univariable and multivariable predictors of MACE are included in Table 3. Logistic regression analysis demonstrates that high fT3 in univariate analysis was independently associated with lower risk of MACE (OR, 0.647; 95% CI, 0.422- 0.991; P = 0.045). After excluding confounding factors, multivariable logistic regression analysis still stated that high fT3 was strongly associated with lower risk of MACE after two years of follow up (OR, 0.623; 95% CI, 0.399- 0.972; P = 0.037), followed by LVEF (OR, 0.957; 95% CI, 0.928- 0.986; P = 0.004).


Table 3 | Univariate and Multivariable analysis of predictors of MACE within 2 years.





Subgroup Analysis

Further subgroup analyses for associations of fT3 levels with MACE stratified by age, sex, traditional cardiovascular risk factors, LVEF, cTnT, NT-proBNP levels, and the number of vessel diseases are shown in supplemental Table 1. Subgroup analysis showed that there was no significant interaction between fT3 levels and age (<65 years or ≥65 years), sex, traditional cardiovascular risk factors (hypertension, diabetes mellitus, smoking, BMI, and atrial fibrillation), LVEF, cTnT, NT-proBNP levels, and the number of vessel diseases (all P for interaction > 0.05).




Discussions

The aim of this study was to evaluate the association between low fT3 levels and the clinical outcomes of MINOCA patients. The main findings of our study were (1); Low fT3 levels were frequently found in MINOCA patients (2), Low fT3 levels were strongly associated with increased risk of MACE in MINOCA patients. The findings of this study suggest that measuring fT3 levels may be a useful tool for clinicians to stratify patients at risk of poor outcomes following MINOCA.

The importance of MINOCA has attracted much attention and has been recently introduced in the European Society of Cardiology (ESC) (2) and the Fourth Universal Definition of Myocardial Infarction guidelines (1) as a special type of myocardial infarction (MI). Early large cohort studies indicated that the prognosis of MINOCA patients is not favorable. A large cohort study of 16849 MINOCA patients reported that one in every five MINOCA patients experienced a major adverse event over one year (7). Furthermore, Lindahl et al. concluded that 23.9% of MINOCA patients suffered MACE over a four-year follow-up period in a study of 9466 MINOCA patients (27). Consequently, MINOCA remains a particularly challenging illness due to numerous pathophysiological mechanisms with different causes and unclear management therapy. Thus, clinical predictors can be used to guide the medical triage process and to quantify the risk of major cardiovascular events in the MINOCA population, which may be beneficial to improve treatment options.

Low T3 levels are often seen in severe non-thyroidal diseases, such as cardiovascular disorders (10). According to a recent systemic review, the incidence of low T3 syndrome was 18.9%, 24.5%, and 17.1% in patients with MI, heart failure, and acute coronary syndrome (ACS), respectively (28). In the present study, the prevalence of low fT3 in MINOCA patients was 27.1%, which is relatively high. Interestingly, the level of myocardial injury markers (cTnT, CK-MB, and myoglobin) and NT-proBNP were higher in the low fT3 group. Moreover, LVEF in the low fT3 group was lower, besides, patients with the three-vessel disease were more common in the low fT3 group, suggesting that fT3 level is associated with the degree of myocardial injury and severity in MINOCA patients. Similar findings were observed in a study by Yuan et al, which indicates that a low level of fT3 was linked with an increased incidence of long-term cardiovascular mortality and composite MACE in euthyroid patients with the three-vessel disease (29). Thus, low fT3 could possibly relate to sicker patients and reflect non-thyroidal illness.

Previous studies have demonstrated that low fT3 levels were associated with a worse short and long-term prognosis in various patient groups. A study by Iervasi et al. showed that low fT3 is a strong predictor of mortality in 573 patients with different cardiac diseases (10). Accordingly, another study of 699 STEMI patients showed low fT3 levels were significantly associated with increased risks of mortality and MACE (14). Low fT3 was also found to be a significant predictor of poor prognosis in a recent Chinese study in adult patients with acute myocarditis (16). In 2459 AMI patients, Wen Su et al. also found a strong link between poor prognosis and low fT3 syndrome (15). Another study observed that low T3 is a powerful factor of mortality and low cardiac output in CABG patients (17). A recent Japanese study demonstrated low fT3 to be a predictor of MACE and all-cause mortality in hemodialysis patients (30). Multiple studies have reported low T3 levels to be a predictor of poor prognosis in acute and chronic heart failure (12, 13, 31, 32). In patients with acute ischaemic stroke, low T3 syndrome was associated with hemorrhagic transformation (18). Low T3 was found to be correlated with poor prognosis in some cancer diseases such as chronic lymphocytic leukemia (20), brain tumor (33), and diffuse large B cell lymphoma (21). Besides, Low T3 was also reported to be a useful predictor of poor clinical outcomes in patients with pyogenic liver abscess (19), chronic fatigue syndrome (22), community-acquired pneumonia (23), secondary hemophagocytic lymph histiocytosis (24), and respiratory failure (34). In a community dwelling elderly population, low fT3 was linked to low muscle mass and poor physical ability (35). In MINOCA patients, two recent case studies have shown that thyroid diseases such as thyrotoxicosis may be a potential cause for MINOCA, suggesting that thyroid hormones may play an important role in the pathogenesis of MINOCA and may have an impact on the prognosis of such patients group (36, 37). To the best of our knowledge, this is the first study to demonstrate a relationship between lower fT3 levels and increased risk of MACE and cardiovascular deaths in the MINOCA population. In the present study, the occurrence of MACE and cardiovascular deaths were more frequent in the low fT3 group compared to the normal fT3 group. The Kaplan-Meier analysis also showed a significantly increased risk of cardiovascular deaths and total MACE in MINOCA patients with low fT3. Furthermore, multivariable logistic regression analysis stated that fT3 was significantly associated with poor prognosis in the MINOCA population, this correlation was consistent throughout subgroups of the patient’s population. In addition, the ROC curve analysis showed that the fT3 has moderate significance in predicting MACE in MINOCA patients. Considering the poor prognosis of MINOCA patients, it might be necessary to use clinical predictors to stratify patients with varying risks of new cardiovascular events to help clinicians develop adequate management strategy and to reduce the occurrence of MACE. Thus, the findings of the present study are of significant clinical interest, which suggests that determination of fT3 levels in the early stage could be a useful tool to identify the risk of poor clinical outcomes and improve the management strategy of high-risk MINOCA patients. The assessment of fT3 levels in cardiovascular risk scores of MINOCA patients may provide significant information on clinical implications, however, these findings require further verification by large scale prospective cohorts.

Some limitations were associated with our research study. First, this was an observational study with small sample size. Second, this study has only two years follow-up duration. Third, some confounders such as a family history of heart disease, etc., might have influenced our findings in few patients, therefore, the results of the present study may not be generalizable to populations of different ethnic backgrounds. Fourth, we do not have data on autoantibodies, and the frequency of autoimmune thyroid conditions in this study is unclear. In addition, since thyroid function was only assessed at baseline, we cannot conclude that the associations with MACE would be different if data were collected over the follow-up period. Furthermore, it is unclear if increasing the fT3 level into its normal range would benefit patients with low fT3 to improve their outcomes. Multi-center prospective analyses with long-term follow-up are needed to verify the findings of the present study.



Conclusion

The present study is the first to evaluate the association between low fT3 levels and the prognosis of MINOCA patients. Our study revealed that low fT3 levels are frequently found in MINOCA patients and were significantly associated with increased risk of MACE. This finding suggests that the fT3 levels may serve as a potential biomarker in the risk stratification of MINOCA patients.
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Background: Malignant ventricular arrhythmias caused by thyroid storm, such as ventricular tachycardia (VT) or ventricular fibrillation (VF), which are life-threatening, are rare. We report the case of a patient who suffered from cardiac arrest caused by thyroid storm and the rare VF; the patient showed a favorable neurologic outcome after receiving targeted temperature management (TTM) treatment by intravascular cooling measures.

Case presentation: A 24-year-old woman who had lost 20 kg in the preceding 2 months presented to the emergency department with diarrhea, vomiting, fever, and tachycardia. Thyroid function testing showed increased free triiodothyronine (FT3) and free thyroxine (FT4), decreased thyroid-stimulating hormone (TSH), and positive TSH-receptor antibody (TRAB). She was diagnosed with hyperthyroidism and had experienced sudden cardiac arrest (SCA) due to ventricular fibrillation (VF) caused by thyroid storm. The patient was performed with targeted temperature management (TTM) by intravascular cooling measures. Regular follow-up in the endocrinology department showed a good outcome.

Conclusions: Our case not only suggests a new method of cooling treatment for thyroid storm, but also provides evidence for the success of TTM on patients resuscitated from in-hospital cardiac arrest (IHCA) who remain comatose after return of spontaneous circulation (ROSC).

Keywords: thyroid storm, ventricular arrhythmia, cardiac arrest, cardiopulmonary resuscitation, targeted temperature management


INTRODUCTION

Thyroid storm is an endocrine emergency that is characterized by multiple organ failure due to severe thyrotoxicosis. The most common arrhythmias caused by thyrotoxicosis are sinus tachycardia and atrial fibrillation (AF), which present in 28% of patients. Malignant ventricular arrhythmias, such as ventricular tachycardia (VT) or ventricular fibrillation (VF), which are life-threatening, are rare (1). We thus report a case of cardiac arrest induced by torsade de pointes (TdP) and VF due to thyroid storm, in which the patient was treated with intravascular cooling measures to protect neurological function. We investigate the mechanism of malignant ventricular arrhythmia caused by thyrotoxicosis and explore hypothermia therapy for patients who suffer from cardiac arrest caused by thyroid storm.



CASE PRESENTATION

A 24-year-old Asian woman presented to the emergency department, who had no previous medical history, psychosocial history and family history. She had lost 20 kg in the previous 2 months with no other symptoms, but 10 days before admission, the patient presented to emergency department because of diarrhea for unknown reasons, accompanied by vomiting and fever. Then physical examination revealed body temperature at 37.4°C, heart rate 160 bpm, and blood pressure 128/108 mmHg. The patient was successively treated with latamoxef, moxifloxacin for anti-infection treatment, and metoprolol for heart rate control. She had to present to emergency department again when her condition did not improve after 4 days of continuous treatment and her heart rate continued to fluctuate between 100 and 160 bpm. Then physical examination showed no other positive findings except grade II thyroid enlargement. Thyroid function testing showed increased free triiodothyronine (FT3) and free thyroxine (FT4), decreased thyroid-stimulating hormone (TSH), and positive TSH-receptor antibody (TRAB). Thyroid ultrasound revealed diffuse thyroid parenchyma lesions. Based on these findings, the patient was diagnosed with hyperthyroidism, and received treatment with metoprolol 25 mg b.i.d. as well as methimazole 30 mg q.d. orally for 4 days in emergency observation room.

No significant remission in her symptoms of vomiting and diarrhea during or following treatment had been observed. In the emergency observation room, the patient lost consciousness and the electrocardiogram (ECG) monitor showed VF; she was thus immediately transferred to the resuscitation room for cardiopulmonary resuscitation (CPR). After 16 min of CPR, return of spontaneous circulation (ROSC) was observed, with Glasgow coma scale (GCS) <8. Physical examination showed a heart rate of 166 bpm, blood pressure of 98/73 mmHg, and body temperature of 39.1°C. The patient was diagnosed with thyroid storm based on clinical presentation and her Burch-Wartofsky score of 50 when first presented to the emergency department. She was admitted to the emergency intensive care unit (EICU) for therapeutic hypothermia treatment.

Laboratory data, including complete blood cell counts, liver function, renal function, cardiac enzyme, and electrolyte levels were all within normal limits when the patient first presented to the emergency department. Four days after emergency treatment, a thyroid function test showed the following levels: FT3 > 20.00 (2.3–4.2) pg/ml, FT4 > 12.00 (0.89–1.80) ng/dl, TSH < 0.008 (0.55–4.78) uIU/ml; TRAb > 40 (<60) U/L; thyroglobulin antibodies (TGAb) 222.0 (<60) U/ml, and thyroid microsomal antibody (TMAb) 34.3 (<60) U/ml. Thyroid ultrasound revealed diffuse thyroid parenchyma lesions. Based on these findings, the patient presented with thyroid storm due to uncontrolled Graves' disease.

The patient's ECG before cardiac arrest revealed sinus tachycardia and a prolonged QTc. The measured QTc interval was 0.498 s at a heart rate of 105 bpm (Figure 1). We reviewed ECG monitor data after cardiac arrest (Figure 2) and found that transient ST-segment elevation induced TdP and VF after the R-on-T phenomenon, which suggested that the cause of cardiac arrest in the patient was malignant ventricular arrhythmia. The patient's echocardiogram before cardiac arrest showed left ventricular ejection fraction (LVEF) was 74% and decreased to 40% after ROSC.


[image: Figure 1]
FIGURE 1. The patient's ECG before cardiac arrest. HR = 105 bpm, RR = 0.568 s, QT = 0.375 s. QTc = 0.498 s, QTc = QT /(RR)1/2.



[image: Figure 2]
FIGURE 2. ECG monitor data after cardiac arrest. ST-segment elevation induced TdP and VF after R-on-T phenomenon.


On admission to EICU for thyroid storm, the patient was initiated on propylthiouracil 400 mg which could inhibit both thyroid hormone synthesis and peripheral conversion of T4–T3, and maintained on 200 mg t.i.d. The dose was then gradually reduced to 100 mg t.i.d. The patient was also treated with propranolol 40 mg t.i.d. to achieve adequate control of heart rate, which could also block the stimulating effects of thyroid hormones on the heart and inhibit the transformation of peripheral T4–T3. The patient was also started on hydrocortisone 100 mg q.8h. for 3 days, followed by 50 mg q.8h. for 2 days and then 50 mg q.12h. for 5 days, which could prevent adrenocortical dysfunction. The hydrocortisone was discontinued on day 10 after admission. The patient exhibited favorable outcome, and was discharged on a medication regimen including propylthiouracil 100 mg t.i.d. and propranolol 20 mg t.i.d.

After resuscitation, the patient had shown coma and high fever with a body temperature of 39.1°C; consequently, mild hypothermia therapy was started within the first 4 h after resuscitation and targeted temperature management (TTM) was performed by intravascular cooling measures to protect neurological function. CoolGard 3000 system and CoolLine catheter were used to provide stable TTM. The target temperature was set to 34°C. The patient's temperature dropped to 35.4°C 4 h later, and fluctuated around the target temperature at hour 12. During the following 24 h, the patient was maintained in a hypothermic state at 34°C followed by controlled rewarming (0.1°C/h). After a 72-h maintenance period, endotracheal intubation and the intravascular cooling catheter were removed. The patient recovered consciousness but had intermittent fever, and thus was treated with an ice blanket as well as an ice cap until her temperature returned to normal (Figure 3).


[image: Figure 3]
FIGURE 3. Changes in body temperature and heart rate during TTM. The key moments included: start of cooling (Hour 0, 38.9°C), reaching the target temperature (Hour 12, 34.0°C), start of rewarming (Hour 36, 33.8°C), and end of rewarming (Hour 56, 36.5°C). T, temperature; HR, heart rate; TTM, targeted temperature management.


The patient's condition improved gradually, whereupon she was transferred from EICU on day 10 after admission. Cardiac MRI was performed before discharge, which showed LVEF was 72% and right ventricular ejection fraction (RVEF) was 66%. Regular follow-up in the endocrinology department showed a good outcome.



DISCUSSION

Thyroid storm is a life-threatening condition that has a mortality of 10–20%, which thus requires rapid diagnosis and emergent treatment (2, 3). In our case, the patient had a definite diagnosis of hyperthyroidism when she initially presented to the emergency department. Indications that thyroid storm should be considered included her Burch-Wartofsky score of 50, fever (temperature 37.4°C), tachycardia (heart rate 160 bpm), moderate gastrointestinal-hepatic dysfunction (vomiting and diarrhea), and precipitating event (irregular antithyroid drugs). We reviewed her ECG monitor data after cardiac arrest and found TdP and VF, which suggested that the cause of cardiac arrest was malignant ventricular arrhythmia. Severe thyrotoxicosis has been shown to increase cardiac excitability and induce coronary vasospasm, which may lead to ventricular arrhythmias.

In general, the most common arrhythmia caused by thyrotoxicosis is supraventricular arrhythmia. Malignant ventricular arrhythmias, such as VT or VF, are rare, and usually occur in patients with underlying heart disease. The density of myocardial adrenergic binding sites has been shown to be enhanced by thyroid hormones. In addition, thyroid hormones induce a rate-dependent lengthening of the Purkinje fiber action potential while the ventricular action potential is shortened. These changes can consequently enhance dispersion of myocardial repolarization, facilitate reentry arrhythmia and induce VF. Thyrotoxicosis may also affect myocardial electrical stability: increased excitability related to triggered activity can result in premature ventricular beats that often induce malignant arrhythmias (1). In addition, severe hypokalemia, coronary vasospasm, and prolonged or shortened QT interval may also induce malignant ventricular arrhythmias.

Review of ECG monitor data showed transient ST-segment elevation, indicating that coronary vasospasm should be considered. The patient was a young woman who did not have any risk factors for coronary heart disease. The electrocardiogram showed transient ST-segment elevation without pathological Q wave and neither echocardiogram nor cardiac MRI showed signs of myocardial infarction. The patient's troponin level increased to 0.51 ng/ml after resuscitation, which was considered to be relevant to myocardial injury during cardiopulmonary resuscitation. Therefore, we believed that the ST segment elevation was secondary to coronary spasm and that's why a cardiac catheterization was not performed. Similar cases have been reported in past research (4). Coronary vasospasm associated with thyrotoxicosis must be considered in the patient without any cardiac risk factors. Coronary vasospasm in thyrotoxicosis might result from an amplified sensitivity to norepinephrine and/or a diminished response to nitric oxide-mediated vasodilatation in the coronary arteries (5). Hyperthyroidism enhances the sensitivity of the vascular contractile responses to catecholamines, which can induce coronary vasospasm.

On the other hand, the ECG before cardiac arrest showed a mild prolonged QTc interval, which may induce ventricular arrhythmias. In thyrotoxicosis, the activity of cardiac Na+/K+ ATPase is increased, resulting in increased intracellular potassium, membrane hyperpolarization, and prolonged repolarization, all of which cause QTc prolongation. However, this theory has not yet been confirmed (6, 7). The utilization of quinolones may also exacerbate the QTc prolongation.

The patient was diagnosed with thyroid storm complicated with coma and hyperpyrexia after resuscitation. Based on the necessity of cooling and protecting neurologic function, we adopted intravascular cooling measures for TTM. High fever often occurs in thyroid storm due to thermoregulatory dysfunction and conventional cooling measures are often ineffective. Fever can increase metabolic rate and adrenergic response, which thus exacerbate multiple organ failure. Since the control of fever may reduce adverse effects on the central nervous system and cardiovascular function, cooling measures must be needed for thyroid storm patients with high fever. The 2016 Japan Thyroid Association and the Japan Endocrine Society (JTA/JES) guidelines recommend aggressive cooling, including use of acetaminophen and surface cooling devices, for patients with thyroid storm, but do not mention invasive intravascular cooling (2).

The neuroprotective efects of TTM occur through the following mechanism (8): (1) reducing brain metabolism and lowering the intracranial pressure; (2) reducing the initiation of brain cell apoptosis and necrosis; (3) decreasing the local release of lactate and excitotoxic compounds; (4) reducing the inflammatory response of brain tissue and systemic inflammatory response; (5) reducing the production of oxygen free radicals; (6) decreasing cerebral capillary permeability. The 2020 American Heart Association Guidelines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care recommend all comatose adult patients with ROSC after cardiac arrest should start TTM as soon as possible, with a target temperature between 32 and 36°C, then maintain constantly for at least 24 h (9). Recent studies have confirmed that TTM can improve neurological outcome in survivors resuscitated from out-of-hospital cardiac arrest (OHCA) and who remain comatose after ROSC (8, 10). However, whether therapeutic hypothermia has neuroprotective effects in in-hospital cardiac arrest (IHCA) patients is controversial (11). In our case, the patient was treated with advanced intravascular cooling devices in time. Her cerebral performance category (CPC) was one when she was discharged from hospital with good neurologic outcome.

The new intravascular cooling device has favorable effect during the induction phase and maintenance phase of TTM. Compared with conventional cooling methods, the advanced methods with servo-regulated cooling device can provide more rapid, more stable, more accurate therapeutic hypothermia and better control during rewarming to optimize TTM. This is the first time that intravascular cooling technique has been applied to both thyroid storm and cardiac arrest in China.

2017 AHA/ACC/HRS Guideline recommend implantable cardioverter defibrillator (ICD) therapy in patients with ischemic heart disease, who either survive cardiac arrest due to VF or hemodynamically unstable sustained VT or stable sustained VT, after any reversible cause is excluded (12). Results from a multicenter observational study of patients who underwent ICD suggest that ICD therapy should be strongly recommended for patients with coronary spasm and fatal ventricular arrhythmia even if they had no obstructive coronary artery disease (13). However, the use of ICD in patients with fatal ventricular arrhythmias due to coronary spasm remains controversial because coronary spasm can be controlled by medication (14). Therefore, in the absence of structural heart disease, we consider ICD is not indicated for the patient with ventricular arrhythmias that are due to completely reversible primary disease, but rather that the hyperthyroidism should be controlled actively.



CONCLUSION

We report a case of IHCA caused by thyroid storm. Advanced cooling techniques were performed immediately for TTM. Eventually, the patient was discharged from hospital with good neurologic outcome and controlled hyperthyroidism. This case not only suggests a new method for cooling treatment of thyroid storm but also provides evidence for TTM in patients who were resuscitated from IHCA and remained comatose after ROSC. However, Further wider studies are needed to confirm the results achieved and to obtain a standardization of the treatment.



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 author/s.



ETHICS STATEMENT

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

YF wrote the initial draft for this case and this was corrected and reviewed by HG and QM. YZ, YL, BM, and WS participated in treatment and provided information about the patient. SL provided part of references. All authors have read and approved the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2021.634987/full#supplementary-material



ABBREVIATIONS

AF, Atrial fibrillation; VT, Ventricular tachycardia; VF, Ventricular fibrillation; TdP, Torsade de pointes; FT3, Free triiodothyronine; FT4, Free thyroxine; TSH, Thyroid-stimulating hormone; TRAB, TSH-receptor antibody; ECG, Electrocardiogram; CPR, Cardiopulmonary resuscitation; ROSC, Return of spontaneous circulation; GCS, Glasgow coma scale; EICU, Emergency intensive care unit; TGAb, Thyroglobulin antibodies; TMAb, Thyroid microsomal antibody; TTM, Targeted temperature management; OHCA, Out-of-hospital cardiac arrest; IHCA, In-hospital cardiac arrest; JTA/JES, Japan Thyroid Association and the Japan Endocrine Society; CPC, Cerebral performance category; ACC/AHA/HRS, American College of Cardiology/American Heart Association/Heart Rhythm Society; ICD, Implantable cardioverter defibrillator.



REFERENCES

 1. Marrakchi S, Kanoun F, Idriss S, Kammoun I, Kachboura S. Arrhythmia and thyroid dysfunction. Herz. (2015) 40:101–9. doi: 10.1007/s00059-014-4123-0

 2. Satoh T, Isozaki O, Suzuki A, Wakino S, Iburi T, Tsuboi K, et al. 2016 Guidelines for the management of thyroid storm from The Japan Thyroid Association and Japan Endocrine Society (First edition). Endocr J. (2016) 63:1025–64. doi: 10.1507/endocrj.EJ16-0336

 3. Jochum S, Brockmann C, Lederle K, Schönberg SO, Diehl SJ. Scharf J. Thyreotoxische Krise - ein Update. Dtsch Med Wochenschr. (2008) 133:479–84. doi: 10.1055/s-2008-1046737

 4. Menichetti F, Orsini E, Delle DM, Dini FL, Marzilli M. ST-segment elevation acute myocardial infarction associated with hyperthyroidism: beware of coronary spasm! J Cardiovasc Meds. (2017) 18:798–9. doi: 10.2459/JCM.0b013e328365b8f5

 5. Napoli R, Biondi B, Guardasole V, Matarazzo M, Pardo F, Angelini V, et al. Impact of hyperthyroidism and its correction on vascular reactivity in humans. Circulation. (2001) 104:3076–80. doi: 10.1161/hc5001.100621

 6. Chieng D, Maggiore P, Keren A. Graves thyrotoxicosis and long QT in a young female with out of hospital cardiac arrest. Heart Lung Circulation. (2017)26:S117. doi: 10.1016/j.hlc.2017.06.170

 7. Kulairi Z, Deol N, Tolly R, Manocha R, Naseer M. QT Prolongation due to Graves' disease. Case Rep Cardiol. (2017) 2017:1–3. doi: 10.1155/2017/7612748

 8. Cariou A, Payen J, Asehnoune K, Audibert G, Botte A, Brissaud O, et al. Targeted temperature management in the ICU: guidelines from a French expert panel. Ann Intensive Care. (2017) 7:70. doi: 10.1186/s13613-017-0294-1

 9. Berg KM, Cheng A, Panchal AR, Topjian AA, Aziz K, Bhanji F, et al. Part 7: systems of care: 2020 American Heart Association guidelines for cardiopulmonary resuscitation and emergency cardiovascular care. Circulation. (2020) 142(16_suppl.2):S580–604. doi: 10.1161/CIR.0000000000000918

 10. Hypothermia after Cardiac Arrest Study Group. Mild therapeutic hypothermia to improve the neurologic outcome after cardiac arrest. N Engl J Med. (2002) 346:549–56. doi: 10.1056/NEJMoa012689

 11. Kory P, Fukunaga M, Mathew JP, Singh B, Szainwald L, Mosak J, et al. Outcomes of mild therapeutic hypothermia after in-hospital cardiac arrest. Neurocrit Care. (2012) 16:406–12. doi: 10.1007/s12028-011-9664-y

 12. Al-Khatib SM, Stevenson WG, Ackerman MJ, Bryant WJ, Callans DJ, Curtis AB, et al. 2017 AHA/ACC/HRS guideline for management of patients with ventricular arrhythmias and the prevention of sudden cardiac death: executive summary. Circulation. (2018) 138:e210–71. doi: 10.1161/CIR.0000000000000548

 13. Matsue Y, Suzuki M, Nishizaki M, Hojo R, Hashimoto Y, Sakurada H, et al. Clinical implications of an implantable cardioverter-defibrillator in patients with vasospastic angina and lethal ventricular arrhythmia. J Am Coll Cardiol. (2012) 60:908–13. doi: 10.1016/j.jacc.2012.03.070

 14. Morikawa Y, Mizuno Y, Yasue H, et al. Letter by Morikawa regarding article, “Coronary Artery Spasm: a 2009 update”. Circulation. (2010) 121:e16. doi: 10.1161/CIR.0b013e3181ce1bcc

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.

Copyright © 2021 Fu, Ge, Zhang, Li, Mu, Shang, Li and Ma. 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.





ORIGINAL RESEARCH

published: 28 July 2021

doi: 10.3389/fendo.2021.708216

[image: image2]


Predictive Value of Free Triiodothyronine to Free Thyroxine Ratio in Euthyroid Patients With Myocardial Infarction With Nonobstructive Coronary Arteries


Side Gao, Wenjian Ma, Sizhuang Huang, Xuze Lin and Mengyue Yu *


Department of Cardiology, Fuwai Hospital, National Center for Cardiovascular Diseases, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China




Edited by: 

Patrick Mueller, University Hospital Münster, Germany

Reviewed by: 

Stephen Fitzgerald, Royal Adelaide Hospital, Australia

David Duncker, Hannover Medical School, Germany

*Correspondence: 

Mengyue Yu
 yumy73@163.com

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


Received: 11 May 2021

Accepted: 14 July 2021

Published: 28 July 2021

Citation:
Gao S, Ma W, Huang S, Lin X and Yu M (2021) Predictive Value of Free Triiodothyronine to Free Thyroxine Ratio in Euthyroid Patients With Myocardial Infarction With Nonobstructive Coronary Arteries. Front. Endocrinol. 12:708216. doi: 10.3389/fendo.2021.708216




Background

Thyroid function is closely involved in cardiovascular diseases. The free triiodothyronine (fT3) to free thyroxine (fT4) ratio has been reported as a risk factor for coronary artery disease, but its prognostic value in euthyroid patients with myocardial infarction with nonobstructive coronary arteries (MINOCA) remains unclear.



Methods

A total of 1162 euthyroid patients with MINOCA were enrolled and divided according to decreased tertiles of fT3/fT4 ratio. The study endpoint was major adverse cardiovascular events (MACE), including all-cause death, nonfatal MI, nonfatal stroke, revascularization, and hospitalization for unstable angina or heart failure. Kaplan-Meier, Cox regression, and receiver-operating characteristic analyses were performed.



Results

Patients with lower fT3/fT4 tertile levels had a significantly higher incidence of MACE (10.0%, 13.9%, 18.2%; p=0.005) over the median follow-up of 41.7 months. The risk of MACE increased with the decreasing fT3/fT4 tertiles even after multivariate adjustment (tertile1 as reference, tertile2: HR 1.58, 95% CI: 1.05-2.39, p=0.030; tertile3: HR 2.06, 95% CI: 1.17-3.11, p=0.006). Lower level of fT3/fT4 ratio remained a robust predictor of MACE in overall (HR 1.64, 95% CI: 1.18-2.29, p=0.003) and in subgroups. When adding fT3/fT4 ratio [area under the curve (AUC) 0.61] into the thrombolysis in myocardial infarction (TIMI) risk score (AUC 0.69), the combined model (AUC 0.74) yielded a significant improvement in discrimination for MACE (ΔAUC 0.05, p=0.023).



Conclusions

Low level of fT3/fT4 ratio was strongly associated with a poor prognosis in euthyroid patients with MINOCA. Routine assessment of fT3/fT4 ratio may facilitate risk stratification in this specific population.





Keywords: thyroid function, FT3/FT4 ratio, myocardial infarction with nonobstructive coronary arteries (MINOCA), cardiovascular outcomes (CV outcomes), euthyroid



Introduction

Acute myocardial infarction (AMI) remains the leading cause of high morbidity and mortality of cardiovascular (CV) diseases worldwide (1). Recently, a distinct population with myocardial infarction with nonobstructive coronary arteries (MINOCA) has been increasingly recognized due to the widespread use of coronary angiography. MINOCA occurs in 5% to 10% of all AMIs and they are younger and more often women compared to those with AMI and obstructive coronary artery disease (CAD) (2–5). It has been found that the prognosis of MINOCA is not trivial and these patients are still at considerable risks for long-term adverse CV events despite optimal secondary prevention treatments (6–10). Thus, it is of necessity to find potential residual risk factors and improve prognosis for MINOCA population.

Thyroid hormones (TH) have been linked with a variety of CV processes. Subclinical or overt thyroid diseases such as hyperthyroidism and hypothyroidism are significantly associated with the development of atherosclerosis and subsequent worse CV outcomes, and the underlying mechanisms may include inflammation, endothelial injury, changes in blood pressure, dyslipidemia, atherogenesis, and cardiac dysfunction (11, 12). Even in euthyroid individuals, minor alterations in TH concentration may lead to increased CV morbidity and mortality (13, 14). Recently, the ratio of free triiodothyronine (fT3) to free thyroxine (fT4) has been suggested as an indirect index reflecting the conversion of T4 to T3 and the peripheral deiodinase activity (15, 16). As reported, the reduction of fT3/fT4 ratio is commonly seen in CV diseases, especially during acute illness (17–19). Meanwhile, lower fT3/fT4 ratio is closely related to unfavorable prognosis in different cohorts with CAD (20–22). However, the predictive value of fT3/fT4 ratio in euthyroid patients with MINOCA remains unclear. Here, we investigated the association between fT3/fT4 ratio and long-term outcomes after MINOCA and explored whether this ratio might provide significant prognostic information in this population.



Methods


Study Population

This was a single-center, prospective and observational cohort study of patients with MINOCA. From January 2015 to December 2019, a total of 23460 unique AMI patients with coronary angiogram were consecutively hospitalized in Fuwai hospital, including non ST-segment elevation myocardial infarction (NSTEMI) and ST-segment elevation myocardial infarction (STEMI). Patients were diagnosed with MINOCA if they met the 4th universal definition of AMI (23) and the coronary angiography did not show a stenosis of ≥50% in epicardial coronary arteries (2). Patients were excluded due to: (1) presence of obstructive CAD (n=21696); (2) prior revascularization (n=312); (3) thrombolytic therapy for STEMI since the coronary lesion may be affected by thrombolysis (n=126); (4) alternate explanations for elevated troponin rather than coronary-related causes (e.g., acute heart failure, myocarditis, pulmonary embolism, takotsubo syndrome, n=46); (5) concomitant with hyperthyroidism (n=7) or hypothyroidism (n=10); (6) lack of detailed baseline data (n=33); (7) lost at follow up (n=68). As a result, 1162 eligible MINOCA patients with euthyroid were enrolled in final analysis (Figure 1). Patients were prescribed the evidence-based secondary therapies, including dual anti-platelet therapy (DAPT), statins, β-blocker, and angiotensin-converting enzyme inhibitor (ACEI) or angiotensin receptor antagonist (ARB) (24, 25). This study was approved by the Ethics Committee of Fuwai hospital and complied with the Declaration of Helsinki. All enrolled subjects provided the written informed consent.




Figure 1 | Study flowchart.





Data Collection

Patients’ demographics, medical history, laboratory test, echocardiographic data and medication were collected and verified from in-person interviews and medical records. Body mass index (BMI) was calculated as weight (kg) divided by height (m) squared. The thyroid function profiles including fT3, fT4, and TSH were measured using a direct chemiluminescence method (ADVIA Centaur, Siemens, USA). The reference intervals were as follows: fT3, 2.36-4.21 pg/mL; fT4, 0.89-1.76 ng/dL; TSH, 0.55-4.78 μIU/mL. The concentrations of fasting blood glucose (FBG), low density lipoprotein cholesterol (LDL-C), creatinine, and high-sensitive C-reactive protein (hs-CRP) were tested using an automatic biochemistry analyzer. The N-terminal po-B-type natriuretic peptide (NT-proBNP) and cardiac troponin I (TnI) values at admission were recorded. The left ventricular ejection fraction (LVEF) was measured using echocardiography with the biplane Simpson method. The Thrombolysis in Myocardial Infarction (TIMI) risk score was calculated since admission as previously described (26, 27).



Definitions and Outcomes

In this study, euthyroidism was defined as having no history of hyperthyroidism or hypothyroidism and with normal levels of fT3, fT4, and TSH (11). Diabetes was defined with FBG ≥7.0 mmol/L, 2-h plasma glucose ≥11.1 mmol/L, or having a diabetic history (28). Hypertension was defined as repeated blood pressure ≥140/90 mmHg, use of anti-hypertensive drugs, or having a history of hypertension. Dyslipidemia was diagnosed by medical history or having LDL-C≥3.4 mmol/L, high density lipoprotein cholesterol <1.0 mmol/L, or triglyceride≥ 1.7mmol/L (29).

The primary study endpoint was a composite of major adverse cardiovascular events (MACE), including all-cause death, nonfatal MI, revascularization, nonfatal stroke, and hospitalization for unstable angina (UA) or heart failure (HF). The MACE was assessed as time to first event. The secondary endpoints included each component of MACE and the composite “hard” endpoint of death, nonfatal MI, revascularization, and nonfatal stroke. Reinfarction was diagnosed according to the 4th universal definition of MI (23). Revascularization was performed at the operator’s discretion due to recurrent ischemia and progression of coronary lesion. Stroke was defined by the presence of neurological dysfunction and vascular brain injury caused by cerebral ischemia or hemorrhage (30). Hospitalization for UA or HF reflected the clinical status and quality of life after AMI. Patients were regularly followed up at clinics or via telephone by a team of independent researchers. The endpoints were confirmed by at least two professional cardiologists.



Statistical Analysis

Data were expressed as mean ± standard deviation (SD) or median with interquartile range for continuous variables and numbers with percentages for categorical variables. Differences were evaluated using the analysis of variance or Kruskal-Wallis H test for continuous variables and Pearson’s χ2 or Fisher’s exact test for categorical variables. Cumulative incidence of MACE among groups were showed by Kaplan-Meier analysis and compared using log-rank test. The univariable and multivariable Cox proportional regression analyses were used to identify association between levels of fT3/fT4 ratio and outcomes. The risk of MACE was adjusted by age and sex and further adjusted by multiple clinically relevant variables, including age, sex, MI classification (NSTEMI or STEMI), hypertension, diabetes and dyslipidemia. The hazard ratio (HR) with 95% confidence interval (CI) were calculated. Discrimination was defined with areas under the curve (AUC) using a receiver-operating characteristic curve (ROC) analysis. The AUC values were categorized as negligible (≤0.55), small (0.56-0.63), moderate (0.64-0.70) or strong (≥0.71) (31), and compared by Delong’s test (32) with MedCalc version 11.4 (MedCalc Inc., Ostend, Belgium). A combined risk model incorporating fT3/fT4 ratio into the original TIMI risk score was generated using Cox regression. A two-tailed P<0.05 was considered statistically significant. Unless stated otherwise, most of the analyses were performed with SPSS version 22.0 (SPSS Inc., Chicago, IL, USA).




Results


Baseline Characteristics

Patients were divided according to decreasing tertile levels of fT3/fT4 ratio (tertile1: fT3/fT4 ≥2.64, n=387; tertile2: 2.28≤ fT3/fT4 <2.64, n=386; tertile3: fT3/fT4 <2.28, n=389) (Figure 1). As shown in Table 1, patients with lower fT3/fT4 tertiles were older and more often female. They had more presence of STEMI and higher prevalence of hypertension and diabetes. They also had higher Killip class, lower LVEF, higher TIMI score, and higher values of FBG, hs-CRP, NT-proBNP and peak TnI. There were no significant differences in BMI, dyslipidemia, prior MI, LDL-C, creatinine levels, and in-hospital medication among the 3 groups. In this regard, patients with lower levels of fT3/fT4 ratio had more baseline risk profiles.


Table 1 | Baseline characteristics in MINOCA patients based on tertiles of fT3/fT4 ratio.





Association Between fT3/fT4 Ratio and Outcomes

During the median follow-up of 41.7 months, 164 euthyroid patients with MINOCA developed MACE (16 died, 40 had recurrent MI, 46 had revascularization, 12 suffered stroke, 70 was hospitalized for UA and 46 hospitalized for HF) (Table 2). Patients with lower fT3/fT4 had a significantly higher incidence of MACE (10.0%, 13.9%, 18.2%; p=0.005). The rate of the composite endpoint of death, reinfarction, revascularization, or stroke also increased with decreasing fT3/fT4 tertiles (5.4%, 8.5%, 11.5%; p=0.035). In addition, the Kaplan-Meier analysis showed that the cumulative incidence of MACE was significantly higher in patients with lower fT3/fT4 (log rank p=0.011) (Figure 2).


Table 2 | Clinical outcomes in MINOCA patients based on tertiles of fT3/fT4 ratio.






Figure 2 | Cumulative hazard ratio of MACE in MINOCA patients based on tertile levels of fT3/fT4 ratio.



At multivariate Cox analysis, patients with lower fT3/fT4 tertiles had an increased risk of MACE after adjustment for age and sex (tertile 1 as reference; tertile 2: HR 1.69, 95% CI: 1.11-2.56, p=0.014; tertile 3: HR 2.17 95% CI: 1.25-3.26, p=0.001) or after multivariate adjustment (tertile 1 as reference; tertile 2: HR 1.58, 95% CI: 1.05-2.39, p=0.030; tertile 3: HR 2.06, 95% CI: 1.17-3.11, p=0.006) (Table 3). Meanwhile, the fT3/fT4 level was significantly correlated with the adjusted risk of MACE (for per 1SD increase in fT3/fT4, HR 0.57, 95% CI: 0.38-0.84, p=0.005) (Table 3). At ROC analysis, the cutoff of fT3/fT4 that maximized sensitivity and specificity for MACE prediction in all patients was identified as 2.50. Totally, 535 patients (46.0%) had a ratio above the cutoff value. The incidence of MACE was 11.3% and 17.3% (p<0.001) in patients with fT3/fT4 above and below the cutoff, respectively (HR 1.64, 95% CI: 1.18-2.29, p=0.003) (Figure 3). At subgroup analysis, lower fT3/fT4 (<2.50) remained a robust risk factor in subsets of patients stratified by sex, age, BMI, MI classification, history of hypertension, diabetes, and dyslipidemia (all p<0.05) (Figure 3), suggesting that the prognostic effect of fT3/fT4 was not affected by clinically relevant demographic or traditional risk factors.


Table 3 | Association between tertile levels of fT3/fT4 ratio and the risk of MACE.






Figure 3 | Association between fT3/fT4 ratio and the risk of MACE in overall and subgroups. Subgroup analysis showing the incidence and risk of MACE in patients with fT3/fT4 ratio above and below the cut-off value of 2.50, which was identified with maximum Youden index in all MINOCA patients for MACE prediction. Hazard ratio (HR) was calculated by univariate Cox regression analysis. Vertical dotted line indicated the HR value of 1. BMI, body mass index; STEMI, ST-segment elevation myocardial infarction; NSTEMI; non-ST-segment elevation myocardial infarction, CI, confidence interval.





Predictive Value of fT3/fT4 Ratio for MACE

The ROC analysis confirmed the value of fT3/fT4 ratio for MACE prediction (AUC 0.61, 95% CI: 0.55-0.66, p<0.001) (Figure 4). Meanwhile, the TIMI risk score showed a moderate discrimination for MACE (AUC 0.69, 95% CI: 0.64-0.73, p<0.001). When adding fT3/fT4 ratio to the original TIMI risk score using Cox regression, the combined model yielded a significant improvement in risk prediction (AUC increased from 0.69 to 0.74, ΔAUC 0.05, p=0.023 by DeLong’s test).




Figure 4 | Model improvement in predicting MACE. Receiver operating characteristic curves showing predictive value of the fT3/fT4 ratio, TIMI risk score, and the combined model incorporating fT3/fT4 and TIMI score using Cox regression. fT3, free triiodothyronine; fT4, free thyroxine; TIMI, Thrombolysis in Myocardial Infarction.






Discussion

The present study, for the first time, verified the clinical significance of the fT3/fT4 ratio in euthyroid patients with MINOCA, and found that decreased fT3/fT4 ratio was independently associated with an increased risk of long-term MACE. Adding fT3/fT4 ratio to traditional risk score further improved the outcome prediction. Our data support the utility of fT3/fT4 ratio as a prognostic marker for risk stratification in contemporary real-world management of MINOCA.

MINOCA represents a distinct clinical entity with multiple underlying mechanisms, including plaque rupture or erosion, thromboembolism, spasm, spontaneous dissection, microvascular dysfunction and supply/demand mismatch. Some non-ischemic diseases such as myocarditis may also mimic the presentation of MINOCA (5). More recently, however, it has been used to primarily describe patients with coronary-related ischemia. We adopted this criteria and established a long-term cohort with relatively large sample size. A systematic review estimated the prevalence of MINOCA to be 6% in all AMIs (4), which is close to the prevalence of 5.1% in our study. As reported, nearly one-third of MINOCA would present with STEMI. Patients with MINOCA were more likely to be younger, female, and had fewer comorbidities compared to patients with AMI and obstructive CAD (4). We described the clinical profiles of MINOCA across the fT3/fT4 ratio tertile levels. Meanwhile, we found that the course of MINOCA was not benign. Over the median follow-up of 3.5 years, about 1.4% of MINOCA patients died and 14.1% of them developed MACE. Similarly, previous studies showed that these patients were still at considerable risks for long-term mortality and CV events after MINOCA (4–10). Therefore, the prognosis of MINOCA should be more emphasized and it is necessary to find potential residual risk factors and further improve healthcare for this population.

Thyroid function has a complex relationship with CV physiology (11, 12). Overt thyroid disease or even subclinical thyroid dysfunction can result in alterations in cardiac output, heart rate, vascular resistance, and blood pressure (11). There are also significant changes in atherosclerotic risk factors, including dyslipidemia, hypertension, hypercoagulation, arterial stiffness, and LV dysfunction (12), which may markedly increase CV morbidity and mortality. In addition, euthyroid patients with CV disease may also have alterations in TH concentrations that are associated with worse outcomes (13, 14). TH mainly consist of iodinated T3 and T4 and the free forms of fT3 and fT4. Previous studies have verified the prognostic values of free TH in euthyroid patients with CAD. Lower level of fT3 is commonly seen in AMI, which is not only associated with the severity of myocardial injury and LV dysfunction, but also predicts poor prognosis after AMI (33–35). Meanwhile, high fT4 level is also a potential CV risk factor. Several population-based studies have confirmed that higher fT4 level is independently correlated with atherosclerosis (36) and increased risks of MACE even in euthyroid subjects (37–39). Recent evidence suggest that the combined evaluation of fT3 and fT4 (fT3/fT4 ratio) may serve as a reasonable index of metabolic variation of TH compared with fT3 or fT4 alone and may thus provide a more accurate outcome prediction in different clinical settings. A British cohort study found that lower fT3/fT4 ratio was associated with frailty and long-term mortality in hospitalized older patients (17). The fT3/fT4 ratio was still a robust risk factor for cardiac dysfunction and 1-year mortality in dilated cardiomyopathy (18). In terms of CAD, the fT3/fT4 ratio was reported to be inversely associated with an increased risk of death in euthyroid patients with ACS (19–21). This is not only the case in acute setting, but also in the longer term after recovery from ACS. Another study also indicated that low fT3/fT4 ratio was related to long-term MACE in euthyroid patients with three-vessel disease (22).

In line with previous results, we found that the incidence and adjusted risk of MACE significantly increased with the decreasing tertiles of fT3/fT4 ratio. The fT3/fT4 ratio was inversely correlated with risk of MACE. Meanwhile, lower fT3/fT4 ratio defined by the cut-off of 2.50 remained an independent predictor of MACE in overall and in subgroups. Further, fT3/fT4 ratio provided an incremental predictive value of MACE when added to the TIMI risk score. These results extended the utility of fT3/fT4 ratio to euthyroid patients with MINOCA, suggesting that it might be reasonable to use the ratio as a prognostic marker in daily clinical practice for this specific population.

Actually, both T3 and T4 constitute the active forms of TH, but the majority of T3 is converted from T4 in the process of peripheral deiodination. Moreover, T3 has a higher affinity than T4 for TH receptors in myocardium and vascular tissue, and exerts various bioactive effects on CV system via nongenomic and genomic approaches (40). Thus, the conversion of T4 to T3 is critical for the production of circulating T3 and the TH actions on CV function. Decrease in fT3/fT4 ratio reflects the disturbance of T4 converting to T3, and is commonly seen in acute or chronic processes of myocardial injury as cardiac disease itself may lead to alterations in TH concentrations (17–19). Lower fT3/fT4 ratio, in turn, have deleterious effects on CV systems including reduced cardiac contractility and increased vascular resistance (12–14). Other mechanisms such as cardiac dysfunction, inflammation and oxidative stress have also been proposed (41, 42). Several studies, along with ours, have found that CAD patients with lower fT3/fT4 ratio tended to have more severe myocardial injury (e.g., higher TnI), more impaired LV mechanics (e.g., lower LVEF, higher NT-proBNP) and higher plasma inflammatory markers (e.g., higher hs-CRP) (20–22). All these changes may finally contribute to the increased risks of CV events. However, the pathophysiological and therapeutic relevance of thyroid dysregulation in euthyroid patients after AMI are far from elucidated. Future studies are warranted to confirm our findings and to better understand the biological mechanisms underlying this prognostic association.



Limitation

Some limitations should be mentioned. First, the percentage of women was relatively low in our cohort, possibly due to the large proportion of men in all AMIs treated in our center and a lower rate for women to receive coronary angiography. Given the potential selection bias in single-center studies, future nationwide registry cohorts of MINOCA are warranted to validated our findings. Second, we did not capture and record the exact mechanism for every MINOCA patient. The association between etiology of MINOCA and outcomes should be further investigated. Third, despite multivariate adjustment and subgroup analyses were performed, there might be other unmeasured confounders that may affect the prognosis. Fourth, the fT3/fT4 ratio was only measured at baseline, and the follow-up levels of fT3/fT4 ratio may also be clinically significant.



Conclusion

Decreased fT3/fT4 ratio was an independent predictor of poor outcomes in euthyroid patients with MINOCA. Routine assessment of fT3/fT4 ratio might provide significant prognostic value and facilitate risk stratification and decision making in this population.
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Thyroid storm is a rare but life-threatening endocrinological emergency with significant mortality ranging from 10-30% with multi-organ involvement and failure. In view of the rarity of this condition and efficacy of established first line medical treatment, use of extra-corporeal treatments are uncommon, not well-studied, and its available evidence exists only from case reports and case series. We describe a 28-year-old man who presented with an out-of-hospital cardiac arrest secondary to thyroid storm. Despite conventional first-line pharmacotherapy, he developed cardiogenic shock and circulatory collapse with intravenous esmolol infusion, as well as multi-organ failure. He required therapeutic plasma exchange, concurrent renal replacement therapy, and veno-arterial extra-corporeal membrane oxygenation, one of the few reported cases in the literature. While there was clinical stabilization and improvement in tri-iodothyronine levels on three extra-corporeal systems, he suffered irreversible hypoxic-ischemic brain injury. We reviewed the use of early therapeutic plasma exchange and extra-corporeal membrane oxygenation, as well as the development of other novel extra-corporeal modalities when conventional pharmacotherapy is unsuccessful or contraindicated. This case also highlights the complexities in the management of thyroid storm, calling for caution with beta-blockade use in thyrocardiac disease, with close monitoring and prompt organ support.
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Introduction

Thyroid storm (TS) is a life-threatening exacerbation of the hyperthyroid state characterized by multi-organ dysfunction of the cardiovascular, thermoregulatory, gastrointestinal-hepatic and central nervous systems. While the incidence among hospitalized patients is estimated to be low at 1-2% (1), the overall mortality is 10-30% (2), with a 12-fold increase in mortality compared to individuals with thyrotoxicosis (3). The diagnosis of TS is additionally challenging due to the absence of specific clinical or laboratory findings. Early recognition of this condition is key, as it allows for prompt and specific treatment, as well as early identification of organ dysfunction with initiation of supportive measures in the intensive care setting if required.

We present a case of TS in a young patient with undiagnosed Graves’ disease, presenting with an out-of-hospital cardiac arrest. Initially hemodynamically stable following return of spontaneous circulation, he developed circulatory collapse after intravenous esmolol infusion, initiated for control of tachycardia. There was consequent multi-organ failure which contraindicated the use of standard anti-thyroid drug therapy. He required three extra-corporeal systems of continuous renal replacement therapy (CRRT), veno-arterial extra-corporeal membrane oxygenation (VA-ECMO) and therapeutic plasma exchange (TPE) for stabilization, one of the few reported cases in the literature.



Case Description

A 28-year-old male presented with an out-of-hospital ventricular fibrillation (VF) arrest, preceded by an acute respiratory illness. There was return of spontaneous circulation after 60 minutes of resuscitation with bystander cardiopulmonary resuscitation and external defibrillation by paramedics. In the Emergency Department, he was febrile at 40.5 degrees Celsius, hypertensive with a blood pressure of 146/83mmHg and tachycardic with a heart rate of 155 beats per minute. Physical examination was unremarkable, except for a Glasgow Coma Scale of 3. No goiter was seen on examination. Corroborative history from his family confirmed symptoms of heat intolerance, loss of weight, hand tremors and palpitations in the preceding two months, as well as a maternal history of Graves’ thyrotoxicosis.

Initial investigations showed elevated inflammatory markers, mixed respiratory and metabolic acidosis, raised troponin I, but with normal electrolyte levels. Electrocardiogram confirmed sinus tachycardia. Chest radiograph showed prominent pulmonary vasculature without evidence of pneumonia. Point-of-care echocardiogram showed impaired left ventricular systolic function without other obvious abnormalities; the marked sinus tachycardia precluded accurate estimation of the left ventricular ejection fraction (LVEF). Computed tomographic (CT) scan of the brain was normal, and urine drug screen was negative. A coronary angiogram performed was normal, and a provisional diagnosis of acute myocarditis was made. Thyroid function test, sent as part of investigations for myocarditis, showed thyrotoxicosis with an elevated serum free thyroxine (FT4) level of 42.1pmol/L (reference range: 8.0-16.0pmol/L) and a suppressed serum thyroid stimulating hormone (TSH) at <0.01mIU/L (reference range: 0.45-4.50mIU/L) (Figure 1) – our patient had thyroid storm complicated by thyrocardiac disease, with a Burch-Wartofsky score of 105. His thyroid-stimulating hormone receptor antibody eventually returned elevated at >40IU/L (normal ≤2.0IU/L), confirming underlying Graves’ disease.




Figure 1 | Timeline of key clinical events. T4, thyroxine; T3, tri-iodothyronine; TSH, thyroid-stimulating hormone; NG, nasogastric; IV, intravenous; PTU, propylthiouracil; NaI, sodium iodide; VA-ECMO, veno-arterial extra-corporeal membrane oxygenation; CRRT, continuous renal replacement therapy; TPE, therapeutic plasma exchange; MMZ, methimazole.



Treatment was promptly initiated with nasogastric propylthiouracil, intravenous sodium iodide and hydrocortisone (Figure 1). Temperature was controlled with a cooling blanket. Judicious low dose esmolol infusion was commenced at 25mcg/kg/min to manage the tachycardia. This was followed shortly by a pulseless electrical activity arrest. Despite a short downtime of three minutes and prompt cessation of beta-blockade, he required high doses of noradrenaline and vasopressin thereafter. He remained persistently hypotensive with maximal dual vasopressor support, and was initiated on VA-ECMO support (Figure 2).




Figure 2 | Concurrent CRRT, VA-ECMO and TPE. O2, oxygen, CO2, carbon dioxide, others as per Figure 1.



Further investigations revealed worsening transaminitis and anuric acute kidney injury, requiring CRRT. Transthoracic echocardiogram showed severe left ventricular systolic dysfunction with estimated LVEF of 10%. Pharmacological options were now limited to cholestyramine and hydrocortisone. We decided to institute TPE; with the first cycle performed on day 2 of admission, with 2.5L of albumin and 0.5L of saline (Figure 1). After the first cycle, his vasopressor support reduced significantly (only requiring low dose noradrenaline infusion) and his tri-iodothyronine (T3) levels improved (Figure 1). As his FT4 continued to worsen, nasogastric methimazole and Lugol’s iodine were cautiously started, along with second TPE cycle, on the third day.

His pupils were noted to be fixed and dilated with the second cycle of TPE ongoing. Urgent CT scan of the brain revealed diffuse cerebral edema with severe mass effect and tonsillar herniation. A decision was made in conjunction with his family for withdrawal of care, given the grave prognosis.



Discussion


Evidence of Use of Extra-Corporeal Systems in TS

Our patient is one of the few reported cases where multiple extra-corporeal systems were used (TPE, CRRT, and VA-ECMO) in TS management. On review of the medical literature of articles in English, there has only been four case reports describing the concurrent use of TPE and ECMO in patients with thyrotoxicosis with circulatory collapse (4–7), with one of them reporting the use of three extra-corporeal systems (4).

Characterized by extreme multi-systemic manifestations of thyrotoxicosis, TS is uncommon but potentially fatal, with a mortality rate of 10-30% (2). Standard first-line pharmacotherapy in TS aims to block production and release of thyroid hormones with propylthiouracil or methimazole, inhibit release of pre-formed thyroid hormones with iodine, decrease peripheral conversion of T4 to T3 with propylthiouracil and steroids, and treat adrenergic symptoms with beta-blockade, prior to definitive treatment in the form of surgery or radioactive iodine (RAI) ablation. These methods are efficacious and rapid acting. However, certain patients are not able to tolerate, or fail pharmacotherapy, as seen in our patient with multi-organ failure precluding the use of conventional treatment. In such cases, alternative treatment including use of extra-corporeal systems must be considered, of which TPE is the most well established.

TPE is an extra-corporeal blood purification technique used for eliminating large molecular substances. Currently, TPE has a Class II indication for TS in the 2019 American Society for Apheresis (ASFA) guidelines, either as a standalone or adjunct therapy, although the grade 2C level of recommendation suggests the evidence arises mostly from case reports and case series, with an absence of prospective randomized controlled trials (8). TPE is postulated to work by several mechanisms including: 1) reducing protein-bound thyroid hormones of which 99.97% of total serum T4 and 99.7% of total serum T3 are bound to plasma proteins thyroxine binding globulin (TBG), transthyretin and albumin (9), 2) additionally reducing autoantibodies and cytokines of a predominantly Th1 pattern including interleukin-2, interferon-γ and tumor necrosis factor-α (10–12), and 3) removing 5’-monodeiodinase which converts T4 to T3 (12). TPE is shown to reduce all of free and total T4 and T3 (13), by an estimated 10-80% (12), and at a greater rate than standard medical therapy for patients with hyperthyroidism (14). However, these effects are transient and usually last for only 24-48 hours, with a potential risk for rebound thyrotoxicosis (12). This appears related to the fact that only thyroid hormones from the intravascular compartment is removed, with rapid re-equilibrium from the extravascular spaces. A study in 13 healthy individuals showed the intravascular component of thyroxine accounts for only 26% of the distribution (15), with the other sites of distribution found to be 14% in the liver, 34% in extrahepatic tissue and 26% in extracellular fluid pools. These transient effects suggest that multiple cycles of TPE may be required, and should be used only as a temporizing measure for definitive treatment (12). TPE can be performed with either plasma or albumin replacement, and the ASFA guideline does not preferentially recommend the use of plasma or albumin. It has been proposed that plasma has the theoretical advantage of containing binding proteins TBG and transthyretin, which has higher affinity to bind free T4 and T3, as well as avoid depleting coagulation factors thus avoiding complications of bleeding (13). However, there is similarly a theoretical risk of the presence of thyroid hormones from donor plasma, as well as higher risks of transfusions reactions and infections with use of plasma. Till date, there are no direct head-to-head trials between the use of plasma and albumin in TPE in patients with TS. TPE is generally well tolerated, with risks of minor side effects ranging from about 5% (9) to 36% (16), including nausea and vomiting, vagal or hypotensive response and transfusion reactions. The risk of death with TPE for any indication is exceedingly rare at 0.05% (17), and this is usually attributed to the severity of the underlying condition.

ECMO is an established life-saving treatment option for patients who develop acute cardiopulmonary failure (18), although its use in endocrinological emergencies is still under research (19). Use of ECMO in patients with thyrotoxicosis have largely been reported in the form of case reports or case series within the literature. In 2011, Hsu et al. (20) first reported a series with the use of supportive ECMO ranging from 19-114 hours in four cases of thyrotoxicosis-induced cardiovascular collapse. Three patients survived, with normalization of thyroid function and improved cardiovascular function. A subsequent review by White et al. (21) published in 2018 reported the successful use of ECMO with survival in 11 out of 14 patients (22–24) between 1970 to 2017 with thyrotoxicosis-induced cardiomyopathy, with near complete recovery of left ventricular function. A review of the cases with the use of ECMO and other extra-corporeal systems in patients with severe thyrotoxicosis or thyroid storm has been summarized in Table 1, including additional new cases reported from 2018 to 2021 (25–28) and conference poster reports (29–32). These 27 cases (inclusive of our case) showed survival in 85.2% (23 of the 27 cases), with survival in all four of the reported cases requiring additional extra-corporeal support of TPE or CRRT (4–7). ECMO was initiated for either cardiovascular collapse or circulatory shock, and lasted between 19 hours to 18 days. Within the reports of successful outcomes, all cases reported clinical and biochemical improvement in thyrotoxicosis, as well as improvement in cardiac function, although numerical data were not available in some of the reports. The details of these cases are reported in Table 1. The use of ECMO however, must be weighed against the contraindications and complications of ECMO use, including bleeding, thromboembolism, strokes and access injuries such as hemorrhage, arterial dissection, and distal limb ischemia (18).


Table 1 | Summary of cases with use of ECMO and other extra-corporeal systems in patients with severe thyrotoxicosis or thyroid storm.



Novel therapies are also increasingly considered for TS, using principles similar to TPE by removing protein bound thyroid hormones. Case reports with the use of dialysis has been proposed in management of thyroid storm, most notably with CRRT, which is preferred due to its better tolerability in hemodynamically unstable patients due to its slower rate of exchange of fluids and solutes. Parikh et al. (33) and Koball et al. (34) illustrated the sequential use of single pass continuous veno-venous albumin dialysis after limited response to TPE, demonstrating a more sustained improvement in thyroid hormones with less rebound thyrotoxicosis, as well as greater removal of thyroid hormones overall. Other studies have shown the additive effects of TPE and CRRT in removal of thyroid hormones (35), while another study reported a correlation of improvement of total T3 and free T4 levels of up to 80% with concomitant CRRT and standard medical therapy (without TPE), although the exact mechanisms are unclear (36). The Molecular Adsorption Recirculation Systems (MARS) has also been used, with one case report with TS and severe liver dysfunction showing rapid resolution of thyroid hormones and improvement of bilirubin (37). A retrospective case series also demonstrated significant improvement in thyroid hormone levels in patients with hyperthyroidism with severe liver dysfunction (although this study was primarily powered to show improvement and safety of use of RAI with combined with MARS in patients with severe hyperthyroidism and liver disease) (38). These reports provide early evidence of the utility of novel extra-corporeal systems in correcting thyroid hormone levels especially in patients with either kidney or liver dysfunction, although more research into the underlying mechanism and validation of results are required before recommendations can be made for its supportive use.

These cases provide some evidence of the use and benefits of extra-corporeal systems in the management of TS, after conventional pharmacotherapy is unsuccessful or contraindicated. Owing to the efficacy of pharmacotherapy and risks of extra-corporeal systems, conventional pharmacotherapy should be always be instituted as initial therapy. Comparison trials between pharmacotherapy and extra-corporeal systems or randomized controlled trials are unavailable due to the rarity of TS, and are unlikely to be performed now given the established efficacy of first line pharmacological agents. Retrospective analysis from the National Inpatient Database in Japan has shown that use of extra-corporeal systems is associated with higher mortality. It reported increased mortality in patients requiring hemodialysis and TPE with adjusted odds ratio for mortality at 4.81. The mortality was 61.9% in 13 out of 21 patients, compared to a mortality of 43.3% requiring either hemodialysis or TPE, and 7.8% requiring neither support. The use of ECMO had a trend towards increased mortality (2.86, CI 0.69-11.92), with a mortality of 72.2% among 13 of 18 patients, as compared to 9.3% in patients not requiring ECMO (39). These numbers, albeit small, suggest a significantly higher mortality in patients requiring use of extra-corporeal systems, and this differs from the established mortality rate of 10-30%, and vary significantly from the numbers in our review and White et al.’s review in patients requiring ECMO (21). Similarly Muller et al. (12) showed the use of TPE showed significant clinical and biochemical improvement. As patients requiring extra-corporeal systems are typically patients who are more critically ill and have multi-organ failure, as well as the possibility of publication bias, it is likely that the true survival rate of these patients in thyroid storm treated with extra-corporeal systems is likely lower than the published literature. Further research, possibly in the form of prospective multinational studies, may be required in view of the small numbers and limited data currently.



Beta-Blockade – A Double-Edged Sword in TS

While our patient received guideline-directed TS pharmacological therapy in a timely fashion, the development of circulatory collapse with consequent multi-organ failure following intravenous esmolol infusion, an ultra-short acting beta-blocker, deserves further discussion.

The cardiovascular effects in TS are driven largely by T3, leading to increased chronotropy and inotropy, improved diastolic relaxation and decreased peripheral resistance, eventually resulting in high cardiac output (CO) heart failure (HF), estimated to be seen in 6% of patients with thyrotoxicosis. This is thought to be reversible with treatment with thyrotoxicosis, with a small study showing improving in LVEF from 28% to 55% (40). Cardiomyopathy and LV dysfunction, on the other hand, are only seen in 1% (20, 41). HF with low CO has been reported with prolonged severe hyperthyroidism, consequent to persistent tachycardia, and pathologic increase in cardiac workload with demand-supply mismatch (42). Aside from cardiomyopathy, there is an increased risk of arrhythmias with thyrotoxicosis, typically supraventricular, with rare reported cases of thyrotoxicosis-related VF related to congenital coronary anomalies, hypokalemia, coronary vasospasm and early repolarization (43), none of which were present in our patient. It is plausible that our patient had low CO thyrocardiac disease with an additional component of myocardial stunning post-cardiac arrest, but his stormy course precluded detailed cardiac imaging.

Tachycardia is almost always present in TS, and patients with tachycardia exceeding 150 beats per minute are associated with a higher mortality rate in a retrospective Japanese cohort (44). Accordingly, the Japanese Thyroid Association and Japanese Endocrine Society 2016 guidelines (45) recommend aggressive control of tachycardia including the use of ultra-short acting beta-blockers including esmolol or landiolol. New data are emerging which support the use of esmolol over propranolol, due to its shorter half-life elimination (nine minutes, versus 2.3 hours respectively) and duration of action, as well as its relatively higher beta 1-selectivity (46). The comparative use of esmolol and propranolol has been studied in other populations such as patients with supraventricular tachycardia, which showed similar response rate but more adverse effect of hypotension seen in the esmolol group (45%, as compared to 18%), although these were mostly asymptomatic and resolved quickly with no complications (47). Regardless of choice of beta-blockers, its use must be considered with caution in patients with decompensated HF or other features of low CO, where the thyroid-induced hyperadrenergic state plays an important compensatory role in maintaining CO. This is related to either direct catecholamine action or an interaction between the adrenergic system and excessive circulating thyroid hormone (48). The abolishment of that sympathetic drive through the use of beta-blockers is postulated to lead to the circulatory collapse, as seen in our case. Though initially hypertensive, the temporal association of esmolol infusion and PEA arrest led us to conclude it caused or at least triggered the hemodynamic decompensation in our patient. Abubaker et al. (49) reviewed a total of 11 cases of circulatory collapse with the use of beta-blockade, mostly with long acting agents including bisoprolol, metoprolol, propranolol, with all but one patient showing evidence of underlying heart failure or cardiomyopathy. The author also highlighted the challenges in managing uncontrolled tachycardia in these patients, with two cases eventually requiring esmolol and landiolol use. To date, there has been no head-to-head trials between the longer acting propranolol as compared to the ultra-short acting esmolol or landiolol. There has no reports of circulatory collapse with use of intravenous esmolol, and only one case report with landiolol (50). Despite the use of ultra-short acting esmolol, circulatory collapse in our case underscores its class effect, and is strongly associated with fatal outcomes in TS. Close cardiac monitoring and prompt institution of VA ECMO support, as what was done in this case, are recommended. Other forms of supportive therapy including CRRT may be considered until effective and definitive therapies can be instituted to treat TS.




Conclusion

We highlight a case of TS presenting with out-of-hospital cardiac arrest, with further hemodynamic decompensation following beta-blockade and multi-organ failure which limited therapeutic options. Despite prompt initiation of CRRT, VA-ECMO and TPE, he sustained hypoxic-ischemic brain injury. Underscoring the complexities in TS, this case calls for caution with beta-blockade in thyrocardiac disease, close monitoring and prompt organ support, and consideration of early TPE when conventional options fail. A review of the use of TPE and other extra-corporeal systems shows that TPE may be an underutilized rescue treatment for severe thyroid storm not amenable to conventional pharmacotherapy or contraindicated due to side effects or multi-organ involvement. Further study of novel extra-corporeal therapies for TS is needed to uncover its therapeutic potential, especially in the Intensive Care setting.
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Atrial fibrillation is exceedingly rare in children with structurally and functionally normal hearts. We present a novel case of a 15-year-old female with known hyperthyroidism who subsequently developed atrial fibrillation. She had been suffering from fatigue, heat intolerance and myalgias for 6 months. Her initial TSH was 0.01mU/L, and free T4 was 75.4 pmol/L, with a free T3 of >30.8 pmol/L. An electrocardiogram showed atrial fibrillation with a ventricular rate of 141 beats per minute. An echocardiogram demonstrated an enlarged left atrium and ventricle, with mild mitral regurgitation. She was treated with methimazole and underwent synchronized cardioversion. She subsequently returned to a euthyroid state and remained in normal sinus rhythm. In this case, we discuss the physiologic and arrhythmogenic properties of thyroid hormone, with a summary of the existing literature on atrial fibrillation in hyperthyroidism in children. Current guidelines for treatment of atrial fibrillation are also outlined.
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Introduction

Atrial fibrillation (AF) occurs commonly in hyperthyroidism in the adult population. However, it is a rare occurrence in children (1). To date, there have been three reported cases of hyperthyroidism accompanied by AF in children (2–4), and one reported case of atrial flutter associated with hyperthyroidism (5). We report a rare case of a 15-year-old female with hyperthyroidism complicated by AF. The important link between endocrine disorders and the heart is discussed, along with the physiologic and arrhythmogenic properties of thyroid hormone. A summary of current guidelines for the treatment of AF in hyperthyroidism in children is also provided.


Case Report

A 15-year-old female was referred to the cardiology clinic with tachycardia, murmur and known hyperthyroidism. She had been suffering from fatigue, heat intolerance and nonspecific myalgias for six months, and subsequently developed shortness of breath on exertion. Her past medical history was unremarkable and there was no known family history of AF.

On initial visit, her weight was 53.9 kg (57.6th percentile, +0.19 SDs) and height was 158.8 cm (31.9th percentile, -0.47 SDs). Heart rate was 148 beats per minute and irregular, with a blood pressure of 138/72 mmHg. The precordium was hyperdynamic with normal first and second heart sounds, and a gallop rhythm. There was a grade II/VI systolic regurgitant murmur audible at the left lower sternal border and over the apex. Her thyroid was moderately enlarged with no palpable nodules. There was no peripheral edema or hepatosplenomegaly.


Investigations

An electrocardiogram (ECG) showed AF with an average ventricular rate of 141 beats per minute, with irregular conduction and left ventricular hypertrophy (Figure 1). Laboratory studies revealed a TSH of 0.01mU/L, free T4 of 75.4 pmol/L, free T3 of >30.8 pmol/L, thyroperoxidase antibodies of 114 IU/mL, and TSH receptor antibody of 25 U/L. She had a normal complete blood count, electrolytes and renal function (Table 1). An echocardiogram revealed an enlarged left atrium, left ventricle (>6cm), moderate mitral regurgitation and mild mitral valve prolapse with low normal cardiac function (Table 2).




Figure 1 | 12 lead ECG demonstrating AF with variable conduction and left ventricular hypertrophy.




Table 1 | Lab values.




Table 2 | Key Echocardiogram parameters.





Treatment and Follow Up

The patient had a transesophageal echocardiogram that demonstrated no thrombus in the left atrium. She underwent synchronized cardioversion as daycare procedure, and successfully reverted to normal sinus rhythm at a rate of 90 beats per minute (Figure 2). Warfarin was started post cardioversion and anticoagulation was discontinued after evidence of persistent sinus rhythm. Low dose aspirin was added as part of our institutional practice to use aspirin for patients with AF at low risk of an embolic event. Her medical management included methimazole at a dose of 0.5 mg/kg/day and bisoprolol 2.5mg once daily. A euthyroid state was achieved, and AF did not recur. She was seen in follow-up clinic in a week, a month, 6 months and 1 year period. She continued to be in sinus rhythm. Bisoprolol was discontinued 4 months after her initial presentation.




Figure 2 | 12 lead ECG demonstrating sinus rhythm.







Discussion

The incidence of AF is rare in childhood, and the recognized association of adult thyroid disease and atrial fibrillation does not occur in pediatrics (1). In hyperthyroidism, the incidence of AF was found to be high in those with male sex, advancing age, coronary heart disease, congestive heart failure and valvular heart disease. Even subclinical hyperthyroidism is associated with a threefold increase in the risk of atrial fibrillation in older persons (6). Hyperthyroid patients may experience more significant clinical symptoms such as palpitations, fatigue, dizziness, reduced exercise capacity or mild dyspnea when accompanied by AF. We present a rare case of AF in a 15-year-old female with known hyperthyroidism. It is important to note the link between endocrine disorders and the heart. Thyroid hormones have several effects on the cardiovascular system (7–9).

The thyroid secretes two hormones, thyroxine (T4), a prohormone, and triiodothyronine (T3), the active hormone (7). Thyroid hormone has both physiologic and arrhythmogenic properties (8, 10). In hyperthyroidism there is excessive production of T3 as a result of hypersecretion by the thyroid gland, and an increase in the peripheral monodeiodination of T4. This leads to marked changes in the cardiovascular system through both nuclear and nonnuclear actions at the cellular level (8, 11). T3 increases myocardial contractility, resting heart rate, systolic and mean pulmonary artery pressure, myocardial oxygen consumption and reduces afterload by acting on vascular smooth muscle and reducing systemic vascular resistance (8, 12, 13). Most of the measures of cardiac function, including left ventricular (LV) ejection fraction, the rate of ventricular pressure development, diastolic relaxation, and cardiac output, are increased (14). These functional changes are most likely the result of an increase in expression of myocardial sarcoplasmic reticulum calcium-dependent adenosine triphosphatase, a decrease in the expression of its inhibitor, phospholamban, and reduction in systemic vascular resistance (12, 13).

On the other hand, thyroid hormone has arrhythmogenic properties affecting both atria and ventricles (10). Elevated thyroid hormone (T3) results in increased sympathetic function, tachycardia and decreased atrial refractory period which are mediated by alteration in the sensitivity of β1-adrenergic and M2-muscarinic receptors of the heart, vagolytic effects and alteration of ionic channel activity by T3 respectively. Thyroid hormone decreases L-type calcium channel mRNA expression and increases expression of Kv 1.5 mRNA which causes increase in the rate of K efflux and in turn shortening of atrial refractory period (6). The effective refractory period shortening of atrial myocytes increases the susceptibility of cardiomyocytes to reactivation from electrical impulses, which in turn can lead to reentry atrial circuits and AF (10, 15, 16). Thyroid hormone also increases the automaticity of pulmonary vein cardiomyocytes (17). Pulmonary veins have been demonstrated to be important origins of ectopic beats in the initiation of AF (17, 18).

The physiology behind the initiation and maintenance of paroxysmal AF is multi-factorial. Dominant theories of the pathogenesis of AF highlight electrical remodeling, structural remodeling and inflammation (19). Hyperthyroidism is primarily known to affect electrical remodeling through shortening of the effective refractory period of atrial myocytes and in increasing the arrhythmogenicity of pulmonary vein myocytes.

Hyperthyroid patients with undetectable structural heart disease have more premature supraventricular depolarizations, and non-sustained supraventricular tachycardias, as well as premature atrial complex and reduced heart rate variability (20). The latter is primarily the result of decreased parasympathetic tone. These electrical triggers may contribute to paroxysmal atrial tachycardia, AF, and atrial flutter. Among these arrhythmias, AF is the most common (21). Mendelian randomization studies (22, 23) have provided evidence that the relationship between thyroid function and AF is causal.

Lone AF occurring in younger patients without underlying cardiovascular disease or comorbidities represents less than 5% of all types of AF (24, 25). The majority of documented AF in children has been associated with cardiomyopathy and congenital heart disease, such as transposition of great vessels (25). It has also been documented in children after undergoing cardiac surgery, namely the Fontan or Mustard procedures (25–27). There was an increased rate of AF in pediatric patients with unrepaired cardiac lesions resulting in significant left sided hemodynamic effects and in those who had never undergone cardiac surgery (26). The workup for AF should evaluate the presence of triggers, predisposing factors (family history, obesity, excessive participation in endurance sports, hyperthyroidism, smoking, alcohol use, drugs or stimulants use) and inherited channelopathies (28). Lone AF can occur with rare channelopathies in children like Brugada syndrome (BrS), Long QT syndrome (LQTS) and Short QT syndrome (SQTS). The prevalence of AF is 10-20%, 2-30% and upto 30% in patients with BrS, LQTS and SQTS respectively (28–30). Lone AF does carry substantial symptomatic burden and has a high recurrence rate (31). Identification of associated diseases considerably alters prognosis and therapy. However, we demonstrate a case of AF in a child with undetected structural heart disease, secondary to hyperthyroidism.

The specific management strategies for pediatric AF in general have not been well defined, but there is a need for an organized and consistent approach. Current guidelines for treatment of AF with hyperthyroidism recommend achieving a clinically euthyroid state, and most patients will spontaneously revert to sinus rhythm. Beta blockers are recommended to control the ventricular rate (32, 33). If there is persistent AF after return to euthyroid state, cardioversion is recommended (32–34). Adult studies have shown that a fraction of patients will remain in AF despite restoration of euthyroid state and may require catheter ablation (35). Recent adult studies also propose patients with hyperthyroidism may have an increased prevalence of pulmonary venous and non-pulmonary venous ectopic foci and are susceptible to an increased risk of recurrence of AF after a single ablation procedure (35).

Complications of AF in patients with hyperthyroidism include heart failure and thromboembolism, although it remains controversial whether AF in hyperthyroidism is associated with a higher thromboembolic risk than AF in other settings (13, 14, 36). Approximately 10 to 15 percent of adult patients with overt hyperthyroidism who have AF have an arterial embolic event (37, 38). The literature to date does not provide consistent recommendations on the need for anticoagulation in hyperthyroid patients with AF, with no published studies focusing on anticoagulants in childhood. The CHADS2 [Congestive Heart failure, Hypertension, Age ≥ 75, Diabetes, and prior Stroke or TIA (double)] or CHA2DS2- VASc [Congestive Heart failure, Hypertension, Age ≥ 75 (double), Diabetes, and prior Stroke or TIA (double), Vascular disease, Age 65–74, and Sex (female)] risk score is recommended to guide long-term anticoagulation decisions in adult patients (39, 40). While no such score has been validated in children, and subclinical stroke can occur early in the clinical course (41), even with a CHADS2 score of 0-1, the benefits of anticoagulant therapy have yet to be assessed. Like in adults, the CHA2DS2-VASc could be used to assess the stroke risk and in the absence of any risk factor (i.e., hypertension, diabetes, stroke, or TIA or vascular disease) oral anticoagulation is not recommended for young patients with lone AF. If duration of AF is more than 48 h or unknown, transoesophageal echocardiography or 4-weeks of anticoagulation therapy is recommended prior to cardioversion with anticoagulation continuing for 4 weeks following the cardioversion (39). Anticoagulation treatment should be continued for 4 weeks following the cardioversion regardless of the risk of thromboembolism (39). The anticoagulant therapy can be discontinued after successful treatment of the disorder along with periodic assessment for any recurrence of AF and guided by patient’s underlying risk for stroke (42). The absence of signs and symptoms of AF and 24 hr monitoring showing no AF can be considered adequate to stop anticoagulants.

The studies to date on AF in the young have required multicenter collaborations to gather reasonable numbers of patients (31, 43). It is not likely feasible to have large populations with AF and thyroid disease in the young, thus the novelty of this case. There are other methods to advance our knowledge. Since the last decade, preclinical studies involving human induced pluripotent stem cells derived cardiomyocytes have shown promising role in modelling various cardiac diseases including AF and as a potential platform for drug development (44, 45). In Hyperthyroidism with AF in children, given the paucity of studies and patient population, future research with human induced pluripotent stem cells-derived cardiomyocytes or tissue engineering are plausible tools to provide important insight into the mechanism of AF in hyperthyroidism and to develop specific management strategies.

This particular case is demonstrative of a rare and serious complication of hyperthyroidism in a child, and we have reviewed the physiology underlying the propensity toward AF in hyperthyroidism. The general principles in the treatment of AF secondary to hyperthyroidism have also been outlined. In the adult population, it is common for clinicians to investigate for thyroid disease in patients with AF. Thus, for the general pediatric clinician, it is important to have AF and atrial arrhythmias on the differential diagnosis of complications for the hyperthyroid patient.

Learning Points:

	-There is an important link between endocrine disorders and the cardiovascular system.

	-Thyroid hormone has both physiologic and arrhythmogenic properties.

	-Patients with clinical hyperthyroidism have an increased risk of AF.

	-Although rare, pediatricians should be aware of AF as a complication of hyperthyroidism in children with structurally and functionally normal hearts.
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Levothyroxine (LT4) is used to treat frequently encountered endocrinopathies such as thyroid diseases. It is regularly used in clinical (overt) hypothyroidism cases and subclinical (latent) hypothyroidism cases in the last decade. Suppressive LT4 therapy is also part of the medical regimen used to manage thyroid malignancies after a thyroidectomy. LT4 treatment possesses dual effects: substituting new-onset thyroid hormone deficiency and suppressing the local and distant malignancy spreading in cancer. It is the practice to administer LT4 in less-than-high suppressive doses for growth control of thyroid nodules and goiter, even in patients with preserved thyroid function. Despite its approved safety for clinical use, LT4 can sometimes induce side-effects, more often recorded with patients under treatment with LT4 suppressive doses than in unintentionally LT4-overdosed patients. Cardiac arrhythmias and the deterioration of osteoporosis are the most frequently documented side-effects of LT4 therapy. It also lowers the threshold for the onset or aggravation of cardiac arrhythmias for patients with pre-existing heart diseases. To improve the quality of life in LT4-substituted patients, clinicians often prescribe higher doses of LT4 to reach low normal TSH levels to achieve cellular euthyroidism. In such circumstances, the risk of cardiac arrhythmias, particularly atrial fibrillation, increases, and the combined use of LT4 and triiodothyronine further complicates such risk. This review summarizes the relevant available data related to LT4 suppressive treatment and the associated risk of cardiac arrhythmia.
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1 Introduction

Thyroidectomy is a surgical procedure, performed either as a standard open surgery or as an alternative approach surgery, such as minimally invasive video-assisted thyroidectomy (MIVAT) or robot-assisted transaxillary thyroidectomy, aiming to remove all or part of the thyroid gland (1). The procedure is commonly used to treat a range of thyroid-related disorders, including thyroid cancer, hyperthyroidism goiters, and thyroid nodules that can be obstructive and cause swallowing or breathing difficulties (2). The introduction of MIVAT improved the treatment options for some thyroid conditions. Despite superiority regarding patients’ satisfaction with faster recovery and decreased complications associated with standard open thyroidectomy (neck pain, voice problems, anxiety), it is confirmed as a reliable procedure in only strictly indicated cases (1). It is not suitable for patients with thyroiditis, large multinodular goiters, locally invasive thyroid carcinoma, or the presence of lateral neck compartment malignant lymph nodes. It evolves as standard procedure in the carefully selected cases with low- and intermediate-risk differentiated thyroid carcinoma (3, 4).

The thyroid gland produces the iodine-containing thyroid hormones, triiodothyronine (T3) and thyroxine (T4) in response to thyroid stimulation hormone (TSH) and the peptide hormone calcitonin, which is primarily regulated by serum calcium levels (5, 6). Together, these hormones regulate a wide range of metabolic and cardiovascular processes, including basal metabolic rate, appetite, gut motility, nutrient absorption, rate and strength of heart contractions, breathing, and oxygen consumption (7). Thyroid hormones also play a developmental role; they are essential for cell growth, while cells of the developing brain are a major target for T3 and T4 (8).

When the whole thyroid is extirpated, such gland surgery is referred to as total thyroidectomy. Knowing that thyroid hormones are essential for life, it is necessary to permanently replace the resultant deficiency with thyroxine after total thyroidectomy. Without replacement, a patient will develop signs and symptoms of hypothyroidism. Standard treatment in such instances is the long-term prescription of the synthetic thyroid hormone levothyroxine (LT4, a manufactured form of T4). In cancer cases, LT4 treatment after thyroidectomy can have the added advantage of suppressing local and distant malignancies from spreading. However, the LT4 dose must be carefully optimized to avoid potential adverse effects such as weight loss, sweating, anxiety, insomnia, osteoporosis (increased bone fracture risk), and an increased heart rate. Thus, LT4 treatment in individuals that have suffered a recent heart attack is cautiously recommended (9). It is not surprising that some individuals experience cardiovascular complications following LT4 treatment as thyroid hormones regulate cardiac functioning. Indeed, increased thyroid hormone levels are associated with an increased risk of developing heart arrhythmias (10). Here we examine the relevant literature related to LT4 treatment after thyroidectomy and the associated risk of cardiac arrhythmias in such patients.



2 Levothyroxine (LT4): Structure, Brief History, Pharmacokinetics, Pharmacodynamics, Dosing Regimens

Levothyroxine is a synthetic version of the secreted thyroid hormone thyroxine (T4) that completely mimics all physiologic effects of T4 (Figure 1). LT4 is used as replacement therapy in primary-thyroidal, secondary-pituitary, and tertiary-hypothalamic hypothyroidism (11, 12). Despite T4 being naturally present as a racemic mixture of the levo and dextro forms, LT4 is produced as a levo-isomer due to its greater physiological activity than the dextro form (13, 14).




Figure 1 | Levothyroxin (LT4) therapy.



The use of LT4 as a standard monotherapy came to the fore in the 1970s with evidence that T3 is predominantly produced by peripheral deiodination of T4. In patients treated with LT4 alone, thyroid function becomes normalized (15–17). Before that, combination therapy of synthetic LT4 and LT3 was the standard hormone replacement therapy in hypothyroid patients (18). Hypothyroidism treatment dates from the 6th century and Chinese medicine, where animal thyroid was used for therapy (17, 19). The same approach was applied in Europe but later in the 19th century (17, 19). In the 20th century, the discovery of thyroid hormones accelerated progress towards developing the current therapies (13, 17).

Adults with newly diagnosed hypothyroidism and without other complications receive an initial dose of 1.6 µg/kg/day for a few months. After dose modification, it is recommended to check the TSH level every 6-8 weeks (11, 12). In adult hypothyroid patients, hypothyroid patients with pre-existing heart diseases or >65 years old, an initial dose of 25 µg/day of LT4 is given, followed by an adjusted dose of 12.5 to 25 mcg every 4-6 weeks (11, 12). In patients with severe hypothyroidism or myxedema coma, the initial dose may be 200 to 400 µg administered via nasogastric tube or intravenously, followed by a daily dose of 1.2 µg/kg/day. Older patients or patients with heart disease are recommended to use lower doses (11, 12). It is recommended to decrease the LT4 dose for elderly patients. Regarding suppressive treatment for the control of thyroid nodule growth, the LT4 dose is individually tailored to maintain TSH levels as low-normal or at a partial suppressive level. In the high-risk patients following thyroidectomy for well-differentiated thyroid cancer, the estimated LT4 full suppressive dose is ≥2 µg/kg body weight (11, 12, 20–23).

The level of thyroid-stimulating hormone (TSH) in serum is used as an indicator of monitoring and adjusting the dose of LT4 therapy in hypothyroid patients, except in patients with secondary or tertiary hypothyroidism, where the level of free or total T4 is used as a marker for the success of the therapy (11, 12, 24). The standard monitoring procedure requires determining TSH levels 6-8 weeks after the initial treatment with LT4 (11, 12). After achieving the correct dose of LT4, the level of TSH is monitored firstly at 4-6 months, and after that, every 12 months (11, 12).

LT4 toxicity is rare, but adverse effects due to inappropriate dosage (over-or under-dose) can occur, especially in patients with pre-existing comorbidities such as cardiovascular disease, uncorrected adrenal insufficiency, and elderly patients (25).

Absorption of orally administered LT4 from the gastrointestinal tract mainly occurs in the small intestine rather than the stomach (26, 27). The absorbed LT4 varies from 60% to 80%, with the maximum concentration in circulation achieved 3 hours after administration in hypothyroid subjects and slightly faster in euthyroid subjects, approximately 2 hours (28–30). Several factors influence LT4 absorption, including deranged small intestine physiology (e.g. bowel resection reduced absorption), fasting increased absorption, while different foods, drugs, and supplements can also disturb LT4 absorption (30, 31). All these factors indicate the need for permanent monitoring in individual approaches in LT4 replacement (32). The half-life for T4 is ~7.5 days in patients with primary hypothyroidism, with a daily turnover rate of ~10% for T4 and 50–70% for T3 (33). Contrary, in euthyroid subjects, the half-life for T4 is 6.2 days, and a little faster turnover rate (34–36). In addition, the estimated T3 half-life is 1.4 days in hypothyroid patients and 1.0 days for euthyroid individuals (34–36). The values reported for T4 clearance are very close in hypothyroid subjects (approx. 0.04-0.06 l/h) and normal control individuals (0.05-0.06 l/h) (33, 37).

The liver is the primary site of LT4 degradation (38, 39). Although T4 is catabolized via several routes, the major pathway of T4 catabolism is sequential deiodination in the presence of deiodinase enzymes (38–40). The removal of iodine from carbon 5 of the outer ring of T4 converts it to T3, while removing iodine from the inner ring of T4 leads to the formation of inactive reverse T3 (rT3) (41, 42). T3 and rT3 originate from T4 at an ~1:1 ratio, and about 80% of T3 in circulation stems from peripheral T4 (43, 44). Subsequently, T3 can be converted to both diiodothyronine (T2) and iodothyronine (T1), and rT3 to both rT2 and rT1 (45, 46).



3 Thyroid Diseases and Conditions Associated With LT4 Use

Long-term use of levothyroxine (LT4) has been demonstrated to be effective and safe. Initially, LT4 was used only in thyroxin (T4) deficiency cases, but LT4 usage has evolved and includes substitution and suppressive therapy (17). The aim of LT4 treatment differs according to the indication of use. In hypothyroid subjects, the goal of LT4 substitution is to establish a euthyroid rank of TSH while improving quality of life. The goal of LT4 treatment in controlling nodule growth is a low normal TSH level but avoiding LT4 overdose (47). After surgical management of malignant disease, treatment goals are to obtain suppressed levels of both TSH and thyroglobulin (48). Lower doses of LT4 are necessary to achieve substitution goals in elderly patients, while higher LT4 doses are required in patients undergoing total thyroidectomy (49). Long-term use of LT4 substitution reduces the risk of bradycardia, which is often associated with hypothyroidism (50). In patients with low-normal or suppressed TSH levels, an increased risk of cardiac arrhythmias, primarily atrial fibrillation (AF), is observed (10, 51, 52), as is an increased risk of osteoporosis (53, 54) and overall mortality (55). However, Flynn et al. (52) showed that patients with TSH levels between 0.04 to 0.4 mIU/ml did not experience an increased risk of cardiovascular disease, arrhythmias, or osteoporotic fractures (56).

The management with LT4 after MIVAT, either substitutive or suppressive modality, depends on the pathology of the partially or entirely extirpated thyroid gland. Each LT4 management modality must be individually tailored to the patient. MIVAT treated benign diseases require standard LT4 substitution therapy, while malignant disease (i.e. differentiated thyroid cancer) requires partial or complete TSH suppression depending on assigned risk. In high-risk patients, a complete suppressive LT4 regimen (TSH <0.1 mIU/ml) is recommended opposite to a partial LT4 suppressive regimen in lower-risk patients (TSH 0.1-0.4 mIU/ml) (48, 57).

In addition to hypothyroidism classification according to clinical presentation (subclinical or latent and clinical or overt), there is another classification based on the level of lesion-induced thyroid dysfunction. Primary hypothyroidism is the most frequently encountered in clinical practice (49). Secondary (at pituitary level) hypothyroidism, tertiary (at hypothalamus level) hypothyroidism, and thyroid hormone resistance account for less than 1% of overall hypothyroidism. They are mostly presented with symptoms and signs of mild hypothyroidism and sometimes with local effects (i.e., symptoms and signs of increased intracranial pressure). Besides the clinical presentation of hypothyroidism, thyroid hormone resistance syndromes can also present as mental health problems (49, 58, 59). LT4-dose tapering is more complex in patients with secondary and tertiary hypothyroidism as the fT4 levels, which is the basis of how the quality of LT4 dosing is assessed, are less flexible (49, 60). Whether iatrogenic or disease-induced, all forms of hypothyroidism (subclinical or clinical) unequivocally accelerate atherosclerosis processes, which can contribute to increased cardiovascular morbidity and mortality (61–66).

The prevalence of overt hypothyroidism in the general population is 0.3–3.7% in the USA (67) and 0.2–5.3% in Europe (68) depending on the definition of hypothyroidism. Hypothyroidism is more common in people over 65 years, women, and Caucasians. Among these, the most common cause of primary hypothyroidism in iodine-sufficient areas is chronic autoimmune thyroiditis. Although thyroid anti-peroxidase antibodies are of diagnostic significance, they also present in about 11% of people with no thyroid disease (49, 69).



4 LT4 Replacement Therapy in Cardiovascular Patients

LT4 replacement therapy compensates for endogenous thyroxine deficiency, whether the disease’s latent (subclinical) or manifested (clinical) form or post-procedural hypothyroidism. Excessive LT4 substitution in cardiovascular patients can have serious side effects, such as AF and osteoporosis, especially in postmenopausal women and elderly patients (49, 52). These complications are frequently observed in Hashimoto’s thyroiditis patients due to LT4 over-supplementation (54). In cases of long-term TSH suppression, an increase in left ventricular mass and consequent diastolic dysfunction may occur, which further contributes to cardiovascular morbidity, especially in those patients with already diagnosed cardiovascular disease (70). A study by Petersen et al. (71), suggested that the prevalence of ischemic heart disease in people over 65 years of age with suppressed TSH levels on LT4 substitution was increased relative to the general population. Other studies suggest that atherosclerosis acceleration can occur during subclinical hypothyroidism development (72, 73).

It is known that thyroid hormones, when present in excess, affect the cardiovascular (CV) system by increasing heart rate, myocardial contractility, left ventricular mass, and the predisposition to supraventricular arrhythmias (74). Lipophilic T3 binds to the thyroid hormone receptor (TR) upon entry into the cardiomyocyte nucleus. Activation of TR results in stimulating gene transcription of the heavy alpha chain of myosin, calcium ATPase, Na/K-ATPase, beta 1 adrenergic receptor, and atrial natriuretic peptide (75–77). Genomic and non-genomic effects of thyroid hormones on cardiomyocytes lead to increased myocardial contractility, which, among other hemodynamic effects, results in increased heart rate, increased circulating volume, left ventricular volume, ejection fraction, and cardiac output (74).

Subclinical thyroidopathies can harm the cardiovascular system and manifest as an increase in CV morbidity and mortality by 20-80% (78, 79). Regardless of whether it is of endogenous or exogenous origin, in subclinical hyperthyroidism type 2 (TSH <0.1mIU/ml), the risk of AF presence is higher (HR 2.54 vs. 1.63) than in type 1 (TSH 0.1-0.4mIU/ml) (80, 81). Subclinical hyperthyroidism is associated with an increased left ventricular mass that increases ejection fraction (EF) and diastolic dysfunction (80, 82, 83). Clinical hyperthyroidism is associated with a 16% increased risk of major CV events commonly manifested as worsening heart failure, including high-output heart failure (84). It is noteworthy that an increased supraventricular ectopic activity often accompanies hyperthyroidism (85).



5 Pathophysiology of Cardiac Rhythm Disorders

Abnormal Ca2+ handling within cardiomyocytes is central to many types of arrhythmias. Arrhythmia-related contractions begin with external Ca2+ entering the cell’s cytosol through the L-type calcium channels to signal the sarcoplasmic reticulum to release more Ca2+ via ryanodine receptor channels (RyRs) - specifically the RyR2 isoform (86, 87). RyRs facilitate downstream calcium-dependent processes throughout the cell, e.g., actin-myosin contraction (88, 89). Inositol 1,4,5-trisphosphate receptor (IP3R) also responds to cellular cues to release Ca2+ from the SR (90). Ca2+ release from the SR initiates contraction in cardiac myocytes, but removing Ca2+ from the cytosol following systole is equally vital. In diastole, sarco/endoplasmic reticulum calcium ATPase translocates cytosolic Ca2+ back into the SR. Diastole is a sensitive time window for Ca2+ clearance, and improper Ca2+ clearance can have significant arrhythmogenic consequences (87). Mutations or covalent modifications of RyR channels can cause Ca2+ leakage across the SR membrane during diastole, promoting arrhythmias (91, 92). Our recent work shows that Zn2+ regulates the open probability of RyR2 in a manner that regulates beat-to-beat contractions in cardiomyocytes (93). This finding suggests that aberrant intracellular zinc homeostasis could contribute to arrhythmogenic events. Premature Ca2+ flux from the SR results in untimely depolarization events known as early afterdepolarizations (EADs) and delayed afterdepolarizations (DADs) (87). Ventricular arrhythmias can be caused by abnormal Ca2+ handling, electrolyte imbalance, and/or myocardial scarring (94). Physical barriers can also promote arrhythmia (e.g., fibrotic tissue) developing from ischemia and subsequent scarring (95, 96). Although myocardial scarring is the common feature in fatal ventricular arrhythmias, metabolic abnormalities may also play a significant role.


5.1 Cardiac Arrhythmias Associated With Thyroid Hormones

Cardiac arrhythmias are defined as irregular heartbeats and range in severity. They are generally defined by the affected region of the heart and the type of defect: supraventricular arrhythmias (brady- and tachyarrhythmias including atrial premature complexes) and ventricular arrhythmias. AF is one of the most common types of chronic arrhythmia, recognized in an electrocardiogram as an irregular P–R interval and a missing P wave. AF occurs more frequently in obese people and is the most common arrhythmia associated with abnormal thyroid hormone levels (97). It is a highly prevalent arrhythmia promoting heart failure, embolic stroke, and death (98). Even short, subclinical episodes of AF are associated with an increased risk of stroke (99). Paroxysmal and sustained or permanent forms of AF confer a significant clinical burden and worsens the patient’s quality of life. AF is the most common cardiac complication of hyperthyroidism and LT4-induced thyrotoxicosis (97, 100) (Figure 2). Sinus tachycardia and atrial flutter are also commonly associated with hyperthyroidism (101). AF in thyrotoxicosis is associated with significant mortality and morbidity resulting from embolic events (97). The risk factors for AF in patients with hyperthyroidism are similar to those in the general population. They include age, male sex, and a history of ischemic, congestive, or valvular heart diseases (102).




Figure 2 | Thyroid dysfunction and the risk of cardiac arrhythmias.



AF occurs in up to 15% of patients with hyperthyroidism (103), compared with 4% in the general population (104). AF is more common in men and patients with T3 toxicosis (97). Also, subclinical hyperthyroidism is associated with an almost 3-fold increase in the risk of developing AF (103). Once initiated, AF alters the electrical and structural properties of the atria in a manner that affects its maintenance, increasing the risk of recurrence and can alter the response to antiarrhythmic drugs (97, 105). In addition, AF increases the risk of cerebrovascular stroke, peripheral embolization, and overall mortality (106–108). About 13-15% of individuals with newly developed AF have biochemical hyperthyroidism (103). The risk factors of developing AF in hyperthyroid individuals are age, pre-existing ischemic or valvular heart disease, or heart failure (85). Analysis of Framingham study results, related to the frequency of AF during a ten-year follow-up of patients >60 years, showed that AF occurred in 28% of those with subclinical hyperthyroidism, as opposed to 11% euthyroid patients. Furthermore, decreased TSH values, even with normal serum thyroid hormone values, were associated with a 3-fold increase in the frequency of AF (103). Heering et al. (Rotterdam study) showed a higher incidence of AF and sudden cardiac death in people >55 years with low normal TSH values and high normal FT4 levels (109). Studies using Mendeleev’s randomization to demonstrate an association between thyroid dysfunction and cardiovascular disease also reported an association between hyperthyroidism and AF (110, 111).


5.1.1 LT4 Therapy and Cardiac Arrhythmias

Effects of T3 such as acceleration of cardiac depolarization and repolarization, the shortening of the action potential duration, and the refractory period of the atrial myocardium and AV node are not observed in mono-LT4 therapy. Namely, the production of T3 in patients on LT4 substitution, primarily after thyroidectomy, is related to the peripheral deiodination of T4. Antithyroid therapy and beta-blockers affect heart rate control, even conversion to normal sinus rhythm in about 60% of patients (85, 112, 113). The most important factor influencing the conversion of AF to sinus rhythm in hyperthyroidism is the duration of AF (114). In cases where AF lasts for more than a year in the elderly and is resistant to antithyroid and beta-blocker therapy, AF is often associated with ischemic heart disease (115). In the cases where LT4 use (exogenous hyperthyroidism) induces TSH suppression, incidences of CV and arrhythmic events are increased compared to the general population (52). AF, provoked either by endogenous or exogenous hyperthyroidism, results in a significant increase in overall morbidity and mortality, mainly caused by the consequences of systemic embolism (97). Compared to euthyroid subjects, patients with suppressed TSH have increased sympathetic autonomic activity and decreased parasympathetic tone, resulting in increased heart rate variability and prolonged QT interval (116). The mentioned changes in the CV system in patients with subclinical or clinical hyperthyroidism may result in an increased frequency of cardiac arrhythmias, primarily AF (106), and a higher frequency of systolic and diastolic left ventricular dysfunction (74, 117).

In addition to AF, in patients on LT4 suppressive therapy, sinus tachycardia and shortening of the PR interval are often detected electrocardiographically as manifestations of accelerated atrioventricular conduction (118–120). The prolonged P wave is most often seen as a manifestation of impaired interatrial conduction, while a delay in intraventricular conduction often results in a right bundle branch block (121). Ventricular arrhythmias in patients on LT4 suppressive therapy are rare, and their presence should always arouse suspicion of pre-existing heart disease. It should be noted that the incidence of ventricular fibrillation (VF) attributed solely to the thyroid status imbalance is less frequent in humans compared to experimental animals, which are prone to both AF and VF in response to an excess of thyroid hormones (TH) (101, 122, 123).

Epidemiological studies have shown higher cardiovascular and all-cause mortality in patients with endogenous and exogenous hyperthyroidism than in the general population (55, 124, 125). Also, a study by Klein-Hesselink et al. reports 3.3 times higher mortality due to CV in patients with differentiated thyroid cancer (DTC). In comparison, mortality from all causes was 4.4 times higher than in the general population, regardless of age, gender, and cardiovascular risk factors. Furthermore, each 10-fold decrease in TSH levels increased the risk of cardiovascular death by 3-fold (126). A study by Suha et al. showed similar results, demonstrating a higher incidence of coronary heart disease (CVD) and cerebrovascular insult (CVI) in patients diagnosed with DTC, with the risk of CVD and CVI being directly proportional to the dose of LT4 administered (127).

Although the use of suppressive doses of LT4 can lead to a significant reduction in TN volume and diffuse atoxic goiter, the potential side effects of this therapy on the CV system and bone metabolism, especially in people over 60 years and postmenopausal women, are limiting factors for the routine use of this therapeutic approach (48). However, using supraphysiological LT4 doses in younger patients to suppress TSH levels reduces TN volume in one out of six patients without significant comorbidity (128).



5.1.2 LT4 Combined With T3 Therapy and Cardiac Arrhythmias

The combined use of LT4 and LT3 has multiplied over the last decade. The impression is that such increases in use are rarely observed in the group of patients that strictly require combination therapy, but mainly result from patients wishing to have experience with its use or pharmaceutical companies’ pressure that favors its use in patients unsatisfied with LT4 treatment alone. The rationale for using T4 and T3 combination therapy is that defects in deiodinase enzymes that convert thyroxine to triiodothyronine could lead to persistent symptoms in patients despite being biochemically well-regulated on LT4 monotherapy (129). A lack of more extensive studies pointed out LT3+LT4 positive effects on patients’ wellbeing and the increase in the previously insufficient functional capacity of peripheral tissues. The real benefit of the LT3+LT4 combination could be expected in a relatively small number of hypothyroid patients. ETA suggests the LT3+LT4 combination as an experimental 3-month trial observed by an experienced endocrinologist in LT4 well-compliant patients persistently presented with hypothyroidism-associated complaints, despite normal TSH levels. If there is no improvement in LT3+LT4 treated patients after 3 months of use, it should be discontinued (130). LT3+LT4 combination is not recommended in patients with cardiac arrhythmias, as increased free T3 could act pro-arrythmically in prone patients (130, 131).

Additionally, Regalbuto et al. did not show any advantage of combined LT3+LT4 over LT4 monotherapy suppression in totally thyroidectomized patients for thyroid cancer regarding improved wellbeing and peripheral tissue response. Even though thyroid function tests suggested subclinical hyperthyroidism, the clinical syndrome of LT3 and LT4 excess was not registered (132). Similarly, Tariq et al. did not find any additional risk for atrial fibrillation and cardiovascular disease in patients on combined LT3+LT4 therapy (133).





6 Cardiac Electrical Remodeling Associated With Hyperthyroidism and LT4 Treatment

Electrophysiological studies reveal that TH modifies f-channel conductance in sinoatrial cells, which changes the diastolic depolarization rate (134–136). This finding suggests a direct effect on myocardial membrane-related electrogenesis. Moreover, it provides the potential mechanism behind bradycardia and sinus tachycardia’s association with hyperthyroidism.

Cardiac arrhythmia classification assumes disturbance of rhythm results from abnormal 1) impulse initiation and/or 2) intercellular impulse propagation (137). The abnormal impulse initiation is associated with abnormal automaticity and/or a triggered activity (induced by EAD or DAD). On the other hand, abnormal intercellular impulse propagation refers to a block of conduction and re-entry. Re-entry occurs when the propagating impulse persists due to continuous activity, after normal activation of the heart, instead of dying out, that re-excites the heart after the refractory period has ended (138).

TH effects on the development of AF and VF are more complex than chronotropic effects. There are several potential mechanisms by which TH can trigger arrhythmicity in the heart. Such effects are likely exerted through the same mechanisms as hyperthyroidism. One such mechanism is its direct involvement in controlling the transcription of genes encoding ion channels and other proteins involved in signal transduction. For example, TH regulates mRNA transcription of voltage-activated K+ channel genes, including those encoding Kv4.3, Kv.4.2 (which contribute to the transient outward potassium current) and Kv1.4, Kv1.5, and Kv1.2 (which contribute to the ultra-rapid delayed rectifier potassium current) (139–143), and about nine ion channel α- and β-subunits (144). Hyperthyroidism was found to up-regulate the expression of Kv1.5 mRNA, particularly in the atrium of the heart (145). Sunagawa et al. demonstrated decreased L-type Ca2+ channel expression in the atria and Kv1.2 and Kv1.4 in both atrial and ventricular tissue in LT4-treated rats (136). Interestingly, despite this decrease in L-type Ca2+ channel expression, the L-type Ca2+ current increased (146–148), most likely due to the TH-induced transcriptional regulation of myocardial Ca2+ cycling proteins.

TH has the potential to influence Ca2+ levels in cardiomyocytes through multiple mechanisms, including regulating the expression of sarcoplasmic reticulum Ca2+-ATPase (SERCA2) and RyR2 [Ca2+ cycling proteins; (149)], and down-regulating Na+/Ca2+ exchanger and phospholamban (150–153). Increased Ca2+ influx and efflux rates also characterize hyperthyroidism in ventricular cells (154) most likely due to altered activation of sarcolemmal Ca2+ channels and SERCA2 activity (148, 155). There are also rapid non-genomic TH responses that modulate the activity of Ca2+ cycling proteins and have consequent effects on intracellular Ca2+ currents (147, 148, 150, 156). It is expected that LT4 therapy can induce aberrant Ca2+ homeostasis through altered Ca2+ handling similar to hyperthyroidism/TH activity.

Another mechanism by which clinical use of LT4 may trigger arrhythmia is the modulation of cardiac connexins. Connexin-43 (Cx43) is expressed in the ventricles and atria of the heart and is responsible for gap junction formation and thus the transmission of electrical signals between cells. TH receptors bind to the Cx43 promoter, indicating that TH can modify the expression of Cx43 mRNA synthesis (157). For example, it has been shown that Cx43 protein levels increase in TH-treated neonatal cultured cardiomyocytes (158). Also, in the atria and ventricles of hyperthyroid rats, phosphorylation of Cx43 isoforms is reduced, compared to untreated controls (159, 160). This is interesting as VF (159) and AF (101) susceptibility increases in T3-treated rats when myocardial Cx43 phosphorylation decreases. Also, TH-treated rat liver epithelial cells stimulate gap junctional communication and Cx43 mRNA expression (161).



7 Conclusions

Patients who have undergone thyroidectomy exhibit compromised production of thyroid hormones, which warrant hormone replacement therapy to avoid developing hypothyroidism. To date, the standard treatment in such instances is a long-term LT4 treatment regimen. LT4 treatment after thyroidectomy to treat cancer has the added advantage of suppressing the local and distant malignancy from spreading. However, each patient’s LT4 dose must be optimized to avoid potential side effects such as weight loss, sweating, anxiety, insomnia, osteoporosis (increased bone fracture risk), and an increased heart rate. Thus, LT4 treatment is not recommended in recent heart attack patients.

Nonetheless, patients with no known CV issues can experience CV complications following LT4 treatment, which is not surprising given the role of TH in regulating cardiac functioning. It is associated with an increased risk of developing heart arrhythmias, primarily AF, as well as osteoporosis. Although, studies do show that LT4 treated patients with TSH levels from 0.04 to 0.4 mIU/ml had not experienced an increased risk of cardiovascular disease, arrhythmias, or osteoporotic fracture. Also, LT4 doses in younger patients to suppress TSH levels reduce TN volume in one out of six patients without significant comorbidities. Nevertheless, suppressive LT4 doses can lead to potential side effects of this therapy on the CV system and bone metabolism, especially in people over 60 years and postmenopausal women. Thus, there are limiting factors for the routine use of this therapeutic approach, but improving the approach to individualized medicine in the at-risk population (implementing less excessive LT4 treatment regimens and monitoring more LT4 arrhythmia triggers) may reduce cardiac arrhythmia risk and mortality.
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Background: The relationship between thyroid function and cardiac disease is complex. Both hypothyroidism and thyrotoxicosis can predispose to ventricular arrhythmia and other major adverse cardiovascular events (MACE), so that a U-shaped relationship between thyroid signaling and the incidence of MACE has been postulated. Moreover, recently published data suggest an association between thyroid hormone concentration and the risk of sudden cardiac death (SCD) even in euthyroid populations with high-normal FT4 levels. In this study, we investigated markers of repolarization in ECGs, as predictors of cardiovascular events, in patients with a spectrum of subclinical and overt thyroid dysfunction.

Methods: Resting ECGs of 100 subjects, 90 patients (LV-EF > 45%) with thyroid disease (60 overt hyperthyroid, 11 overt hypothyroid and 19 L-T4-treated and biochemically euthyroid patients after thyroidectomy or with autoimmune thyroiditis) and 10 healthy volunteers were analyzed for Tp-e interval. The Tp-e interval was measured manually and was correlated to serum concentrations of thyroid stimulating hormone (TSH), free triiodothyronine (FT3) and thyroxine (FT4).

Results: The Tp-e interval significantly correlated to log-transformed concentrations of TSH (Spearman's rho = 0.30, p < 0.01), FT4 (rho = −0.26, p < 0.05), and FT3 (rho = −0.23, p < 0.05) as well as log-transformed thyroid's secretory capacity (SPINA-GT, rho = −0.33, p < 0.01). Spearman's rho of correlations of JT interval to log-transformed TSH, FT4, FT3, and SPINA-GT were 0.51 (p < 1e−7), −0.45 (p < 1e−5), −0.55 (p < 1e−8), and −0.43 (p < 1e−4), respectively. In minimal multivariable regression models, markers of thyroid homeostasis correlated to heart rate, QT, Tp-e, and JT intervals. Group-wise evaluation in hypothyroid, euthyroid and hyperthyroid subjects revealed similar correlations in all three groups.

Conclusion: We observed significant inverse correlations of Tp-e and JT intervals with FT4 and FT3 over the whole spectrum of thyroid function. Our data suggest a possible mechanism of SCD in hypothyroid state by prolongation of repolarization. We do not observe a U-shaped relationship, so that the mechanism of SCD in patients with high FT4 or hyperthyroidism seems not to be driven by abnormalities in repolarization.

Keywords: repolarization, T-peak-to-end interval, JT interval, thyroid hormones, thyroid disorder and heart


INTRODUCTION

The relationship of thyroid disorders and cardiovascular diseases raises growing interest (1–3). Both, hypothyroid or hyperthyroid conditions may lead to increased cardiovascular morbidity and mortality (4). This well-accepted U-shaped relationship between thyroid function and cardiac disease is, however, still not fully clarified (5). As far as we know today, the mechanisms of hypo- or hyperthyroidism leading to cardiac diseases are diverse with effects on cardiac contractility, vasculature and cardiac electrophysiology (6, 7).

In a general population study an association between thyroid hormone levels, even within the respective normal range, and ECG changes has been described (8). Published data suggest an association between thyroid hormone concentrations and the risk of sudden cardiac death (SCD) even in euthyroid populations with high-normal FT4 concentration (9). Recently, similar relations between thyroid function and the incidence of other endpoints, including malignant arrhythmia and stress cardiomyopathy (Takotsubo syndrome), have been described (10, 11). However, the electrophysiological mechanisms underlying these observations are poorly understood up to now.

Repolarization abnormalities, especially prolonged repolarization, are assumed to be among the major risk factors for SCD (12, 13). Contradicting observations have been published concerning the effect of thyroid hormone levels especially on the QTc interval (14–18). Whereas, the effect of thyroid hormone disorders on the QTc interval has been extensively studied, very little is known on ventricular repolarization as measured by more specific repolarization markers including Tpeak-to T-end interval (Tp-e) or JT interval. The Tp-e interval has been established and recognized as a correlate of dispersion of ventricular repolarization (19). A prolonged Tp-e interval, and therefore a longer dispersion of ventricular repolarization, may be associated with ventricular tachyarrhythmias (20); similar findings were reported regarding the JT interval (13).

Interestingly, a prolonged Tp-e interval seems independently associated with SCD, even if the QTc is normal (21). Recently, one study showed a prolongation of Tp-e interval in patients with subclinical hypothyroidism (22). However, data on patients with overt thyroid disorders and hyperthyroidism have not been published up to now.

In this study, we investigated the Tp-e and JT intervals in ECGs of patients with a spectrum of subclinical and overt thyroid dysfunction and a euthyroid control group to assess pathological repolarization as a potential indicator of SCD.



METHODS


Study Design and Population

This study included 90 patients of the NOMOTHETICOS cohort (23) with untreated and treated primary thyroid dysfunction and for comparison 10 healthy volunteers. In all subjects a full thyroid hormone profile and 12-lead ECG measurements were performed.

None of the subjects had a severely impaired left ventricular ejection fraction (LV-EF < 45%) or a left bundle branch block.

Additional inclusion criteria for patients with thyroid disease were

• Disconnected feedback control due to the following conditions at the time of recruitment:

° Overt primary hypothyroidism with TSH level being higher than 10 mIU/l and FT4 concentration below 7 pmol/l (5.4 ng/l) (group 1)

° Overt primary hyperthyroidism with TSH level below 0.1 mIU/l and FT4 concentration higher than 18 pmol/l (14 ng/l) (group 3)

° All other constellations, if the patient receives substitution therapy with more than 1.75 μg Levothyroxin per kg of body mass (group 2).

• System in equilibrium (requiring no or unchanged substitution dose over the previous 6 weeks before investigation).

Inclusion criterion for healthy volunteers (group 0) were normal thyroid function with ruled out thyroid disease via ultrasound and normal concentrations of antibodies to thyroid peroxidase (TPOAb), thyroglobulin (TgAb), and TSH receptors (TRAb).

Exclusion criteria for all subjects were pituitary or hypothalamic disease, resistance to thyroid hormone, Allan-Herndon-Dudley syndrome, severe illness possibly associated with non-thyroidal illness syndrome (TACITUS), medication influencing pituitary function and pregnancy.

All subjects delivered written informed consent. The study design was approved by the local institutional ethics committee of the Medical Faculty at the Ruhr University of Bochum under the file number 3718-10. The protocol of the NOMOTHETICOS study (UTN U1111-1122-3273) has been registered at ClinicalTrials.gov (ID NCT01145040) and in the German Clinical Trials Register (ID DRKS00003153).



ECG Measurements

All anonymized ECG recordings were distributed to three independent cardiologists blinded for laboratory results. The QT interval, defined as beginning of Q wave to the end of T wave, the JT interval, defined as the period from the J point (junction between the termination of the QRS complex and the beginning of the ST segment) to the end of the T wave, and Tp-e interval, defined as the distance of T wave peak to the end of T wave, were measured (Figure 1). The end of the T wave was determined by the tangent method (24). All measurements were performed manually and preferentially in lead V5. If a measurement in V5 was not possible the investigators were instructed to select alternatively lead V2–V4 or lead II (25).


[image: Figure 1]
FIGURE 1. Methods of assessing time intervals in ECG recordings based on the tangent method.




Laboratory Measurements

Serum concentrations of TSH, FT4, and FT3 were determined with a fully automated chemiluminescence-based system (DxI800, Beckman-Coulter, Krefeld, NRW, Germany). The intra-assay and inter-assay CVs for these analyses vary with concentrations but are <10% for the range of measurement. Thyroid tissue antibodies (TPOAb, TgAb, and TRAb) were measured with quantitative radioimmunoassays (anti-TPOn, anti-Tgn and TRAKhuman, ThermoFisher, BRAHMS division, Henningsdorf, BB, Germany).

To assess the relative contributions of the pituitary and thyroid gland to the variations in hormone concentrations, Jostel's TSH index (JTI), thyroid's secretory capacity (SPINA-GT), and the sum activity of peripheral deiodinases (SPINA-GD) were calculated from steady-state concentrations of TSH and FT4 and constants for plasma protein binding and kinetics, as recently recommended for thyroid trial design (23, 26).



Statistical Analysis

Statistical analyses were performed with custom S scripts written for the environment R 3.6.3 on macOS. Depending on the class of analyzed data and possible direction of causality, distributions were compared with multivariable regression, 2-sample Student's t-test (Gaussian distributed variables), Wilcoxon's rank sum test (non-Gaussian variables) or chi-square test (counts). All four groups were compared with one-way ANOVA and post-hoc pairwise t-test. Alpha error correction for multiple testing was performed with the Benjamini-Hochberg procedure. Continuous variables were tested for normality with quantile-quantile (Q-Q) plots of z-transformed values.

To identify parameters that independently correlate to electrophysiological markers we conducted step-wise multivariable regression analysis based on variables that had a significant association to ECG markers in a univariable investigation. For this purpose, an initial maximal model including all possible predictors as suggested by univariable analysis was successively simplified by eliminating non-significant parameters to deliver a final minimal model containing significant predictors only. Thyroid volume and calculated parameters of thyroid homeostasis were not included in multivariable models in order to avoid multicollinearity. Before inclusion in a multivariable model TSH and thyroid hormone concentrations were logarithmically transformed to meet criteria of a normal distribution.

Where not otherwise specified, data are presented as mean value ± standard error of the mean (SEM) for normally distributed continuous data, as median (interquartile range) for non-normally distributed data or as absolute numbers (percentages) for count data. A p-value < 0.05 was considered statistically significant.




RESULTS


Clinical Characteristics

One hundred subjects were included in the analysis, 90 patients with thyroid disease (60 overt hyperthyroid, 11 overt hypothyroid and 19 L-T4-treated and biochemically euthyroid patients after thyroidectomy or with autoimmune thyroiditis) and 10 healthy volunteers for comparison purposes (Table 1). The mean age of the subjects was 52.8 ± 1.60 years, and 69 patients were women.


Table 1. Basic characteristics of study population.
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Phenotype of Thyroid Homeostasis

As shown in Table 2, TSH and thyroid hormones of subjects in group 0 were in the respective reference ranges. This also applies to calculated parameters for thyroid output (SPINA-GT), total deiodinase activity (SPINA-GD) and Jostel's TSH index and, with the exception of a slightly higher mean TSH concentration, to all markers in group 2. Deiodinase activity was elevated in group 1, representing an activated TSH-T3 feedforward control in the setting of elevated TSH concentrations (Table 2).


Table 2. Measured and calculated parameters of thyroid homeostasis in the four groups.

[image: Table 2]

In univariable regression analysis, the correlation of heart rate to clinical and endocrine parameters demonstrated an inverse pattern to that of repolarization markers (Figure 2). In detail, the Tp-e interval significantly correlated to log-transformed concentrations of TSH (Spearman's rho = 0.30, p < 0.01), FT4 (rho = −0.26, p < 0.05), and FT3 (rho = −0.23, p < 0.05) as well as log-transformed thyroid's secretory capacity (SPINA-GT, rho = −0.33, p < 0.01). Spearman's rho of correlations of JT interval to log-transformed TSH, FT4, FT3, and SPINA-GT were 0.51 (p < 1e−7), −0.45 (p < 1e−5), −0.55 (p < 1e−8), and −0.43 (p < 1e−4), respectively (Figure 3). Group-wise evaluation in hypothyroid, euthyroid and hyperthyroid subjects revealed similar correlations in all three groups.


[image: Figure 2]
FIGURE 2. Circular map of the univariable correlation network of ECG markers to clinical and endocrine parameters. Shown are significant correlations (p < 0.05) only, and line thickness indicates the strength of negative (blue) or positive (red) correlation. Colors of circle segments indicate increased (red) or decreased values (blue), respectively, in thyrotoxicosis compared to hypothyroidism (outer ring) and higher (dark red) or lower values (green) in atrial fibrillation (inner ring).



[image: Figure 3]
FIGURE 3. Correlations of Tp-e interval (top) and JT interval (bottom) with endocrine parameters of thyroid homeostasis. Shown are single data points, linear models from Pearson regression with 95% confidence intervals and models of Spearman correlation (in the bottom of each panel).


Consistently with the results of group-wise hormone statistics (Table 2) and regression analysis the heart rate and markers of repolarization were significantly different between the four groups (Table 3). The P wave duration did not differ among the groups. In minimal models of multivariable analysis markers of thyroid homeostasis remained predictors of electrophysiological parameters after adjustment for medication, and they were the only predictors of Tp-e and JT intervals after step-wise reduction (Table 4).


Table 3. Heart rhythm characteristics in the four groups.
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Table 4. Minimal models of multivariable regression.
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DISCUSSION

In this study we investigated a potential relationship between thyroid function and several markers of cardiac repolarization. The data reveal a robust association of heart rate and several time constants in the resting ECG, especially of the JT interval, to thyroid function. This connection is stronger than that to other physiological predictors of heart rhythm including BMI, renal function and serum electrolytes. With respect to heart rate and QT interval, biomarkers of thyroid homeostasis remained significant predictors of cardiac electrophysiology in minimal multivariable regression models adjusting for antiarrhythmic medication including selective betablockers and amiodarone. Step-wise model simplification arrived at the elimination of all predictors except TSH and/or FT3 for Tp-e and JT intervals, so that these ECG constants are explained by thyroid function only.

Subjects in group 2 were slightly younger than in the other groups. The difference wasn't significant, however, nor did the age correlate to TSH concentration, thyroid hormone concentration, heart rate, TPE interval or JT interval. We therefore don't expect the results to be distorted by age.

Unlike previous studies our observations extend to overt thyroid abnormalities, too. Our findings indicate a positive correlation of Tp-e and JT intervals to TSH concentration and an inverse correlation to FT4 and FT3 serum concentrations as well as to thyroid's secretory capacity (SPINA-GT).

The correlations on the level of current hormone concentrations are also reflected by consistent associations to diagnostic groups. The Tp-e and JT intervals were elevated in the hypothyroid and reduced in the thyrotoxic group. This also applied to the QT interval, whereas the heart rate showed an inverse association to the functional categories. Heart rate and time intervals were identical in euthyroid subjects (group 0) and patients receiving full-dose substitution therapy with levothyroxine (group 2), rendering them biochemically euthyroid. This observation indicates that the observed effects on ECG parameters are causally mediated by thyroid hormone concentration and not by accompanying effects of thyroid function, including nerval damage or impaired calcium homeostasis in the postoperative state, or autoimmunity.

An overt hypothyroid status results in a prolongation of cardiac repolarization. Overt hypothyroidism is accompanied by an excess of mortality of up to 34% in 5 years as long as the underlying thyroid hormone disorder is untreated or undertreated (27). Whereas, the reason for increased mortality in affected patients was discussed to be caused by comorbidities and frailty (27, 28) a large register-based study observed the mortality to be increased in subjects without comorbidities, too (29). The well-documented effects of thyroid hormones on myocardial physiology may explain the close association of cardiovascular morbidity to hypothyroidism. Overt hypothyroidism is able to induce heart failure via many effects including bradycardia, impaired systolic function, impaired left ventricular diastolic filling or diastolic hypertension (6). Although thyroid hormones have a strong impact on cardiac electrophysiology, the specific effects of overt hypothyroidism on novel repolarization markers have not been extensively studied up to now. Our observations demonstrate that the hypothyroid group, in addition to a decreased heart rate as expected, is hallmarked by significantly prolonged Tp-e and JT intervals, which are established markers for increased mortality risk. Therefore, major adverse cardiovascular endpoints in patients with overt hypothyroidism might as well result from arrhythmic events driven by repolarization abnormalities.

Previous studies arrived at conflicting results regarding the association of cardiac repolarization with thyroid function in the range of high T3 or T4 concentrations. Some reports described prolonged time constants of repolarization in thyrotoxicosis (14, 16, 30), whereas others reported an inverse association of repolarization intervals with thyroid hormones (15, 17). Our results, based on the whole range of thyroid function, including hypothyroid, euthyroid and hyperthyroid subjects, suggest a uniform inverse correlation of repolarization constants, especially the Tp-e and JT intervals, to thyroid hormones.

Cardiac repolarization or ventricular dispersion results from an interplay of ionic potassium currents, which are influenced by beta-adrenergic stimulation, depending particularly on the expression of beta-adrenoreceptors (31, 32). Kang et al. demonstrated potassium channels in human left ventricular tissue to be modulated by beta-adrenoceptors. Beta-adrenergic stimulation led to increased transmural dispersion of repolarization, resulting in elevated arrhythmogenic risk (31). Likewise, imbalances of sympathetic and vagal tone in hyperthyroidism and TSH-suppressive therapy were promotive for increased QT dispersion (33). Interestingly, increased dispersion of the QT interval was also observed in hypothyroidism (34), Akin et al. suggesting a U-shaped relationship between thyroid hormones and certain markers of cardiac electrophysiology.

Of note, thyroid hormones are able to modulate the susceptibility of the heart for catecholamines by stimulating the expression of beta-adrenoceptors in cardiomyocytes, with subsequent positive inotropic and chronotropic effects (35–38). Conversely, intracellular cAMP formed by activated beta-adrenoceptors is able to stimulate the expression of a number of genes including that of type 2 deiodinase (DIO2), which converts T4–T3 and 3,5-T2, i.e., to more active thyroid hormones (39). The resulting latch-like behavior of cardiomyocytes leads to bifurcation, i.e., a radically different response to catecholamines in situations of even slightly elevated thyroid hormone concentration.

Bosch et al. previously described a delay of repolarization in hypothyroidism to be mediated by decreasing potassium channel currents in the ventricular tissue of guinea pig hearts (40). Conversely, thyrotoxicosis is expected to trigger shortened cardiac repolarization. This would be in accordance with our results and prior studies (15, 17, 22).

In addition to the well-recognized thyroid hormones FT4 or FT3 even TSH can affect cardiac repolarization via TSH-receptors (TSHR) on cardiomyocytes by modulating potassium and calcium channel currents (41). Additionally, cAMP formed by TSHR activation may contribute to local hyperdeiodination and activation of the above-mentioned latch-like response.

Therefore, the distinct effects of thyrotropin and thyroid hormones on ventricular dispersion and its interaction with ionic currents via modulation of beta-adrenoceptors seem to be part of a complex scenario. Since both elevated iodothyronine and TSH concentrations are able to contribute to bifurcation, one might assume a U-shaped relationship between thyroid function and certain electrophysiological constants (5, 8). In our observations covering the whole range of thyroid function we didn't obtain, however, any hint for a U-shaped relationship. The increased risk of SCD in patients with high-normal FT4 concentration or thyrotoxicosis seems to be driven by mechanisms different from abnormalities in repolarization. This conclusion is also underscored by the fact that we saw in the thyrotoxic group only a moderate correlation of FT3 concentration to heart rate and the QT interval, but no correlations to other repolarization markers nor any correlations for other functional thyroid parameters (Supplementary Table 21).

Limitations of our approach are in the comparably small sample size and in the fact that subjects were recruited based on routine investigations, so that we were unable to determine non-classical thyroid hormones including 3,5-diiodothyronine (3,5-T2), thyronamines and iodothyroacetates, which may have a strong impact on cardiovascular physiology (42–44). Furthermore, our ECGs were not obtained digitally so that automatic measurements with a higher accuracy than the manual method could not be performed.

Strengths include multivariable modeling including medication, calcium and creatinine concentration, the evaluation of previously under-recognized biomarkers of cardiac electrophysiology and of calculated structure parameters of thyroid homeostasis, the determination of biologically more active free thyroid hormones and the inclusion of subjects from a broad range of thyroid function.

Motivated by previously observed but still poorly understood associations of SCD to within-reference range variations of thyroid hormone concentrations (3, 9–11), our research aimed at unveiling possible relationships between cardiac repolarization and derailed thyroid function. Our observations suggest that pathological repolarization might contribute to increased mortality in hypothyroidism. In thyrotoxicosis, however, the pathophysiology of major adverse cardiovascular end points seems to be mediated by mechanisms beyond repolarization.
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Subclinical thyroid disorders have a high prevalence among older individuals and women. Subclinical hypothyroidism is diagnosed by elevated serum levels of thyroid-stimulating hormone (TSH) with thyroxine levels within the reference range, and subclinical hyperthyroidism is diagnosed by low TSH in conjunction with thyroxine and triiodothyronine levels within reference ranges. Atrial fibrillation is the most commonly diagnosed cardiac arrhythmia and has been associated with an increased risk of mortality, heart failure, stroke, and depression. Mechanistic data from animal and human physiology studies as well as observational data in humans support an association of subclinical hyperthyroidism with atrial fibrillation. Guidelines recommend the measurement of TSH in the evaluation of new-onset atrial fibrillation. All patients with overt hyperthyroidism should be treated, and treatment of subclinical hyperthyroidism should be considered in patients older than 65 years with TSH < 0.4 mlU/L, or in younger patients with TSH < 0.1 mlU/L. Guidelines also recommend screening for AF in patients with known hyperthyroidism. Wearable devices that measure the heart electrical activity continuously may be a novel strategy to detect atrial fibrillation in patients at risk. In this review, we explore the interplay between thyroid hormones and atrial fibrillation, management controversies in subclinical hyperthyroidism, and potential strategies to improve the management of atrial fibrillation in patients with subclinical hyperthyroidism.
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1 Introduction

Subclinical thyroid dysfunction (SCTD) is a common condition in the general population, especially in older individuals and women, with a prevalence of 10-15% in some cohort studies (1–3). The prevalence of asymptomatic patients with SCTD is estimated to be 10-15% depending on the cohort (2, 3), while symptoms were more often reported by patients with hypothyroidism than those in euthyroidism although no specific symptom was sensitive enough for diagnosis (2). SCTD comprises both subclinical hypothyroidism and subclinical hyperthyroidism, which are diagnosed using serum blood tests. Subclinical hypothyroidism is diagnosed by elevated serum levels of thyroid-stimulating hormone (TSH) with free thyroxine (T4) levels within the reference range, and subclinical hyperthyroidism is diagnosed by low TSH in conjunction with free T4 and triiodothyronine (T3) levels within reference ranges (4–6).

Most patients with SCTD are asymptomatic or have non-specific symptoms (e.g., fatigue, weight loss/gain, heat/cold intolerance, poor concentration reported as ‘brain fog’). In subclinical hypothyroidism, bradycardia and diastolic hypertension may be found, whereas subclinical hyperthyroidism may be associated with tachycardia and dyspnea on exertion. In addition to increased risk of coronary heart disease in subclinical hypothyroidism (7) and subclinical hyperthyroidism (8), there is an increased risk for arrhythmia in SCTD due to the effects of circulating thyroid hormones on cardiac function. In particular, the risk of atrial fibrillation (AF) ranged from a hazard ratio (HR) of 1.68 (95% confidence interval [CI], 1.16-2.43) (8) to a relative risk (RR) of 3.1 (95% CI 1.7-5.5) (9), depending on the studied population as detailed in section Association Between Thyroid Function and Atrial Fibrillation.

In this narrative review, we focus on the latest scientific knowledge on the association between subclinical hyperthyroidism and atrial fibrillation (AF), the most common arrhythmia (10). We also discuss potential strategies to improve the management of AF in patients diagnosed with these two conditions.



2 Epidemiology of Atrial Fibrillation and Risk Factors

AF is a common medical condition that increases with age (10). The definition includes paroxysmal, persisting, long-standing and permanent AF based upon the duration of the arrhythmia, and the strategy chosen for cardioversion (11). The lifetime risk for AF is 30-40%, i.e. approximately 1 in 3 individuals will develop this arrhythmia, with an estimated peak of 15 million cases in Europe in 2050 (12). The risk factors contributing to incident AF are usually multifactorial and include heart failure, valvular disease, coronary artery disease, vascular disease, established or borderline hypertension, diabetes, chronic kidney disease, physical inactivity, alcohol consumption, smoking, obesity, inflammatory disease, chronic obstructive pulmonary disease, obstructive sleep apnea, acute illness, surgery, and hyperthyroidism (11). It is recommended to diagnose and treat these risk factors to reduce the burden of AF and its complications. Hyperthyroidism or subclinical hyperthyroidism with low TSH (<0.45 mlU/L) is a reversible, treatable but also an uncommon contributing factor to AF. In any case, guidelines recommend the screening of thyroid disorder in patients with AF.

In addition to these modifiable risk factors, non-modifiable risk factors contributing to the development of AF include ageing, genetics, ethnicity and male sex (13).

AF varies widely in presentation, from asymptomatic or silent AF, to symptomatic AF with palpitations, dyspnea, or fatigue, or, rarely, hemodynamic instability (e.g., syncope, lightheadedness, pulmonary edema, myocardial ischemia, or cardiogenic shock) (11). A diagnosis of AF is associated with a 2-3 fold higher risk of death, as well as stroke, left ventricular dysfunction or heart failure, cognitive decline or vascular dementia, depression, impaired quality of life, and hospitalizations (11).

Integrating the multiple contributing comorbidities is important when managing patients with both AF and SCTD. Indeed, the risk of AF associated with subclinical hyperthyroidism is not a homogenous entity and depends on the co-existence of other risk factors. In a large registry of 40,628 patients with subclinical hyperthyroidism, the male sex, age, coronary heart disease, heart failure and valve disease were all independent predictors of AF (14). All those factors need to be considered in the management of AF. For instance, the reparation of a severe mitral regurgitation is recommended in patients with a dilated left atrium to correct a structural substrate of the arrhythmia (15). Coronary revascularization could also be required in case of acute coronary syndrome or a significant cardiac ischemia.



3 Effects of Thyroid Hormones on Heart Rhythm and Function

Thyroid hormones have direct actions on the cardiac and vascular function. In animal models, elevated thyroid hormones act on the β1-adrenergic and muscarinic receptors of the heart resulting in an increased sympathetic function and decreased atrial refractory period. The thyroid hormones also act on the gene expression of major ionic channels with decreased L-type calcium channel, and increased expression of Kv1.5 resulting in shorter action potential duration in left atrium (16, 17). Another animal study reported an increased triggered activity and automaticity located in the pulmonary vein cardiomyocytes with thyroid hormones (18) explaining the potential arrhythmogenic effect of hyperthyroidism in AF via decreased action potential duration, increased spontaneous activity in pulmonary veins, increased delayed after-depolarizations in pulmonary veins and increased after-depolarizations.

Thyroid hormones accelerate myocardial inotropy and heart rate, and consequently the cardiac output through two mechanistic pathways: nuclear thyroid receptors and the adrenergic system. The binding of thyroid hormones to nuclear receptors enhances the gene expression of the cardiac myocyte proteins and upregulates sarcoplasmic calcium ATPase, myosin heavy chain alpha, voltage gated K+ channels, Na+ channels and beta1-adrenergic receptors. The mechanisms explaining the increased risks of AF with subclinical hyperthyroidism are not entirely clear, but some possible pathways involve T3: (1) T3 reduces heart rate variability due to the inhibition of the vagal system and results in arrhythmogenic effect; (2) T3 binds to nuclear receptors and increases specific cardiac gene expression; and (3) T3 causes peripheral vasodilatation and interfere with cardiac preload and contractility (9, 19). In addition, metabolites of thyroid hormones, such as diiodothyronine (T2), have been implicated in the process of AF (20). Animal studies have shown the effects of thyroid hormones on conduction in atrial cardiomyocytes, with increased spontaneous activity in the pulmonary veins, shorter duration of action potentials, faster beating rates and higher incidence of delays after depolarization (18).



4 Association Between Thyroid Function and Atrial Fibrillation

The increased automaticity and enhanced triggered activity could explain the increased risk of AF observed with subclinical hyperthyroidism (see section Epidemiology of Atrial Fibrillation and Risk Factors). Observational studies suggest up to a 2.8-fold increased risk of AF among patients with subclinical hyperthyroidism compared to patients with euthyroidism (8, 9, 21). In a cross-sectional study of 132,707 patients, hyperthyroidism was significantly associated with higher heart rate and prolonged QTc interval (22). Therefore, clinical guidelines recommend testing thyroid hormones in the diagnostic work-up and follow-up of all patients with AF.

Besides subclinical hyperthyroidism, some data investigated the association between free T3 levels and the recurrence of AF after catheter ablation (23). In a cohort of 1115 patients who underwent catheter ablation, those in the lowest quintile (HR 1.60, 95% CI 1.26-2.03), as well as those in the highest quintile of free T3 (HR 1.47, 95%CI 1.16-1.87) had increased risks of AF over a median follow-up of 2 years compared to those in the median quintiles. This U-shaped found with free T3 was not observed with TSH or free T4 and needs to be confirmed in other studies.

The management of SCTD has been debated for many years. All human studies have been observational studies, or small and physiological studies, thus large enough randomized controlled trials are needed (24). Of note, the randomized controlled trial on the incidence of AF after radioiodine treatment of subclinical hyperthyroidism vs. active medical surveillance conducted in France could not recruit enough participants (ClinicalTrials.gov registration noNCT00213720).

The advent of the second-generation TSH assay in the 1980s allowed for improved precision of measurement of TSH in the lower ranges. In people aged 60 years and older enrolled in the Framingham Heart Study, Sawin et al. reported an incidence of AF at 28 per 1000 person-years in individuals with TSH ≤ 0.1 mIU/L compared to 16 per 1000 person-years with TSH 0.1 to 0.4 mIU/L, and 11 per 1000 person-years with TSH 0.4 to 5.0 mIU/L (9). The RR of AF in hyperthyroidism was 3.8 (95% 1.7–8.3, P < 0.001) for those with TSH ≤ 0.1 mIU/L and 1.6 (95%CI 1.0–2.5, P = 0.05) for those with TSH 0.1–0.4 mIU/L compared to the euthyroid state. In a subgroup analysis excluding those with thyroid hormone replacement, the RR was slightly more elevated suggesting a higher risk of AF with endogenous hyperthyroidism compared to thyroid overreplacement. In a cross-sectional study from Tenerz et al., AF was present in 28% of patients (mean age 65) with subclinical hyperthyroidism compared to 10% of those who were euthyroid (25). In the Cardiovascular Health Study, Cappola et al. found a greater incidence of AF in subclinical hyperthyroidism than in the euthyroid state over 13 years of follow-up: 67 vs. 31 events per 1000 person-years, respectively (P < 0.001), and a hazard ratio of 2.18 (95%CI 1.42–3.33) (Figure 1) (26). Compared to the euthyroid state, those with subclinical hyperthyroidism and TSH 0.1 to 0.44 mIU/L had an incidence rate of 59 events per 1000 person-years (P = 0.007) and a hazard ratio of 1.85 (95%CI 1.14–3.00).




Figure 1 | Cumulative incidence of atrial fibrillation according to the thyroid function tests, defined as: subclinical hyperthyroidism TSH 0.10 to 0.44 mIU/L and normal free T4; euthyroidism TSH 0.45 to 4.50 mIU/L; subclinical hypothyroidism TSH > 4.50 and < 20.0 mIU/L, and normal free T4. The 2 individuals with TSH < 0.10 mIU/L were not represented due to the small group size, adapted from Cappola et al. (26) (with permission to reproduce).



Recently studies have revisited the role of TSH as a marker of disease compared to thyroid hormones: TSH is a pituitary regulatory hormone, while the effectors on the target tissues are the circulating thyroid hormones, namely T4 and especially the active T3 (section Effects of Thyroid Hormones on Heart Rhythm and Function). In a systematic review, Fitzgerald et al. showed that thyroid hormones were better predictors than TSH, but this was limited to observational data and no effect size was reported (27). Gammage et al. also found a cross-sectional association of AF with higher free T4 levels in participants with TSH levels within the reference range (28). A difference in free T4 of 1 pmol/L (0.08 ng/dL) was associated with an odds ratio of 1.08 (95%CI 1.03-1.14) for AF.

Based on ICD-10 codes at hospital admissions in a Danish population registry over 13 years of follow-up, Selmer et al. found that atrial flutter and AF could be predictive of subsequent subclinical hyperthyroidism (21). Among those who had a new-onset AF (mean age 66, 55% men), 3% developed subclinical hyperthyroidism after the hospitalization compared to 1% in the general population. This increased incidence was particularly seen in the first few years after the AF onset, more often with age and in women. However, these findings are most likely due to the surveillance bias because patients with atrial arrhythmia are more likely to have regular thyroid function tests. In addition, in a registry-based study, all uses of amiodarone may not have been accounted for. Finally, there is not a clear mechanistic explanation how the incidence of AF could cause subclinical hyperthyroidism.

In the context of AF, physicians and patients must take into account the association of subclinical hyperthyroidism with CHD, stroke and mortality (8), as well as the complications of AF itself (29). Since heart failure is commonly associated with AF, it is important to mention that in large observational studies, both subclinical hypothyroidism and hyperthyroidism were associated with heart failure events (30). The effect of thyroid hormones on cardiac function in patients with subclinical hypothyroidism was investigated in a nested study of the TRUST trial (185 individuals, mean age 74 years) (31). TSH decreased from a mean of 6.35 mIU/L to 3.55 mIU/L with thyroid hormone replacement while the TSH remained stable in the placebo arm (mean 5.29 mIU/L). There was no significant difference between both arms for the systolic function (LVEF: 62.7% vs. 62.5%, P = 0.72) and the diastolic function (E/e’ ratio: 10.6 vs. 10.1, P = 0.47). The cardiac function of older adults with subclinical hypothyroidism was not impacted with thyroid hormone replacement and the hypothesis that the U-shaped relationship (30) could be attenuated with therapy remains unresolved. However, this trial included a limited number of adults with TSH ≥ 10 mU/L and none with subclinical hyperthyroidism, and the association between free T4 and AF was not assessed.


4.1 Findings From the Thyroid Studies Collaboration

Subclinical hyperthyroidism has a prevalence of 1-2%, which limits the statistical power to examine incident events in a single cohort. To overcome this limitation, the Thyroid Studies Collaboration (TSC) sought to assess the risk of cardiovascular outcomes in SCTD by combining data from multiple cohorts. Using a common methodology, the TSC obtained data from original cohort studies and performed an individual data analysis that standardized the baseline data, the potential predictors, and the outcomes of interest. This approach was used to recalculate the risk of cardiovascular outcomes using a uniform definition of subclinical thyroid disorders and the outcomes of interest (7) (https://www.thyroid-studies.org).

Within the TSC, the risk of AF in subclinical hyperthyroidism was analyzed using participant-level data from 5 cohort studies (8). Collet et al. showed an age- and sex-adjusted HR of 1.68 (95%CI 1.16–2.43) for incident AF in subclinical hyperthyroidism. Stratified analyses showed that a lower TSH level < 0.10 mIU/L was associated with AF compared to the euthyroid reference group (HR 2.54, 95%CI 1.08-5.99). A TSH between 0.10 and 0.44 mIU/L was also associated with AF compared with the euthyroid group (HR 1.63, 95%CI 1.10-2.41). However, this analysis was limited to 5 cohort studies and the definition of AF differed among the cohorts. In a follow-up TSC analysis of 11 cohorts with 30,085 participants who were either euthyroid or had subclinical hypothyroidism (6.5%), Baumgartner et al. found no association between TSH levels in the reference range and AF, but the risk of AF increased with low-normal TSH levels in an analysis of continuous levels of TSH (32). In the analysis of free T4 in relation with AF, a higher free T4 level at baseline, even within the euthyroid range of TSH, was associated with incident AF: age- and sex-adjusted HR 1.45 (95%CI 1.26–1.66) for the highest quartile vs. the lowest quartile of free T4 (Figure 2).




Figure 2 | Association of free thyroxine (FT4) quartiles and the incidence of atrial fibrillation in the Thyroid Studies Collaboration, when thyroid-stimulating hormone was within the reference range (0.45 to 4.49 mIU/L) [figure based on data by Baumgartner et al. (24)].






5 New Tools to Detect Atrial Fibrillation in Thyroid Disorders

New data have emerged regarding the options to diagnose AF (11). An electrocardiogram (ECG) is required to formally establish the diagnosis of AF. A standard 12-lead ECG or a single-lead ECG tracing of ≥ 30 seconds showing no discernible repeating P waves and irregular RR intervals (when atrioventricular conduction is not impaired) is the diagnostic criterion of clinical AF.

The traditional tools to detect AF are multiple and include oscillometric blood pressure cuff, pulse palpation, auscultation, wearable belts for continuous recordings, long-term Holter and implantable cardiac monitors. However new devices have been developed for the screening of AF (33). Some are controlled by users, where the patient (or medical professional) initiates the measurements, such as intermittent ECG rhythm strip using a smartphone or dedicated connected device, or patient initiated photoplethysmogram on a smartphone (34). As an alternative to user-initiated recording devices, other methods use a smartwatch or wearable device: the ECG is initiated by semi-continuous photoplethysmogram and the device notifies the user in case of irregular rhythm or symptoms (35, 36). The smartphone apps have 92-98% sensitivity to detect AF with a specificity of 91%-100% compared to the 12-lead ECG (11).

The pragmatic cluster-randomized trial VITAL-AF investigated whether a one-lead wearable ECG applied in primary care can detect more AF cases compared with a traditional approach in patients older than 65 (ClinicalTrials.gov registration no NCT03515057) (37). Across 16 primary care centers in the US, 30,722 patients with no AF history were randomized to ECG screening vs. standard care. The results of this trial presented at the AHA 2020 meeting showed that the screening with the single-lead ECG was feasible but did not increase the rate of AF diagnosis compared with standard care. At 12 months, the rates of new-onset AF were 1.74% in the screening group vs. 1.60% in the control group (P = 0.33). A subgroup analysis of patients 85 and older found an absolute risk difference of 1.88% and a number needed to screen of 53. Regarding the initiation of anticoagulation, the proportion was similar in both arms (70%, P = 0.61). The authors concluded that screening for AF using a wearable ECG was feasible in primary care, but with neutral results in term of AF detection. However, this approach could potentially be more efficient in a high-risk subgroup such as older adults.

In the setting of subclinical hyperthyroidism, no study has tested whether an aggressive strategy with a regular one-lead ECG can be an approach to detect subclinical AF, especially if TSH abnormalities persist with treatment. It is also unclear how the detection of subclinical AF would finally translate into a reduction of hard clinical endpoints, such as stroke or heart failure.



6 Management of Subclinical Thyroid Disorders and Gaps of Knowledge

In the management of AF, clinical guidelines recommend the measurement of TSH in the diagnostic work-up and treatment based on the degree of thyroid abnormality (Figure 3). This simple screening recommendation allows clinicians to detect undiagnosed hyperthyroidism that could affect the management of AF (see section Management of Atrial Fibrillation With Thyroid Disorder). However, there is no data on whether treatment should be initiated in the case of newly diagnosed subclinical hyperthyroidism in a patient with preexisting AF.




Figure 3 | Flowchart of clinical decision making for patients with new-onset atrial fibrillation and subclinical hyperthyroidism. AF, atrial fibrillation; FT3, free triiodothyronine; FT4, free thyroxine; LA, left atrium; LAA, left atrial appendage; OAC, oral anticoagulation; TOE, trans-esophageal echocardiography; TSH, thyroid-stimulating hormone.



Conversely, guidelines also propose to screen actively for AF in patients with known hyperthyroidism. In the case of overt hyperthyroidism, treatment is advised to avoid the symptoms and complications of hyperthyroidism (such as debilitating fatigue, anxiety, heat intolerance, arrhythmia, bone mass reduction, weight loss, thyroid storm, myxedematous coma) (38).

However, clinical recommendations differ between professional societies in the situation of subclinical hyperthyroidism. For the European Thyroid Association (ETA) (39), an electrocardiogram (ECG) ± 24h continuous ambulatory ECG (Holter) are recommended to assess the cardiac rhythm, and a cardiac echocardiography to assess cardiovascular morphology and function in subclinical hyperthyroidism with TSH levels < 0.1 mIU/L. Treatment could be considered in patients older than 65 years with TSH levels 0.1–0.39 mIU/L, because of their increased risk of AF, and might also be reasonable in younger (< 65 years) patients with TSH levels < 0.1 mIU/L, because of the risk of progression, especially in the presence of symptoms and/or underlying risk factors or co-morbidity. The American Thyroid Association (40) states that “data provide a strong argument for the treatment of subclinical hyperthyroidism in older subjects to avoid dysrhythmias and possible subsequent stroke. Whether younger patients should be treated for the same preventive indications is less clear”. The recent French Endocrine Society consensus statement on the management of thyroid disorders in the elderly (41) reviews the different definite therapeutic options to control hyperthyroidism based on the etiology and comorbid conditions, i.e. by surgery or radioiodine, while keeping long-course anti-thyroid medication only when these latter options are not available or not feasible. However, the authors highlight the lack of clear evidence in the case of subclinical hyperthyroidism.

Large randomized clinical trials of treatment of subclinical hyperthyroidism are needed. Of note, the randomized controlled trial on the incidence of AF after radioiodine treatment of subclinical hyperthyroidism vs. active medical surveillance conducted in France had to be terminated due to low recruitment (ClinicalTrials.gov registration no NCT00213720).

Following the TSH cut-off values of the ETA, we suggest that treatment of subclinical hyperthyroidism should be considered in patients older than 65 years with TSH < 0.4 mU/L, or in younger patients with TSH < 0.1 mU/L, due to the increased risk of AF and its complications, albeit this is still debated. The detection of AF tends to lower the threshold for initiating anti-thyroid medication. However, the decision should be balanced with the comorbidities and quality of life of the patient. In addition, the treatment of subclinical or overt hyperthyroidism should also address the cause of hyperthyroidism and not focus only on a range of laboratory values. For instance, the remission of hyperthyroidism is unlikely if it is due to a toxic adenoma. In such a case, clinical intervention with an anti-thyroid treatment (minimal invasive interventions, radioiodine or medication) would normalize TSH and thus treat the causal factor of AF.



7 Management of Atrial Fibrillation With Thyroid Disorder

Recommendations for AF management with SCTD are general and not always based on strong evidence. The management of patients with AF and subclinical hyperthyroidism should follow the same goals as in other patients with AF: (1) long-term prevention of AF-complications such as stroke or heart failure (2) and alleviate symptoms burden with optimal rate-control strategy or rhythm-control strategy (11). Since subclinical hyperthyroidism is a correctable cause of AF, the management should target an euthyroid state (TSH 0.45-4.49 mIU/L) to maintain cardioversion or catheter ablation and prevent recurrence of subsequent AF events. If the euthyroid state cannot be achieved for any reason, then the decision for anticoagulation should be based on available risk scores (CHA2DS2-VASc and HAS-BLED). In case of a high-risk score (CHA2DS2-VASc score ≥ 2), anticoagulation is recommended. In case of a low risk (CHA2DS2-VASc score 0-1), the persistence of subclinical hyperthyroidism and AF would be an argument for the use of anticoagulation given the possible hypercoagulable stable. The indication for the cardioversion of AF in case of persisting subclinical hyperthyroidism should be evaluated case by case. In case of invalidating symptoms, a rhythm-control strategy with an attempt of cardioversion could be indicated even in a hyperthyroid state. A regular Holter monitoring thereafter would be useful to evaluate recurrent episodes of AF.

The management of AF is based on the assessment of the 4S (Stroke risk, Symptom severity, Severity of AF burden, and Substrate Severity) (11). Hyperthyroidism could be considered as a substrate aggravating or predisposing for AF. The goal for patients with AF and subclinical hyperthyroidism is to reach the euthyroid state, although the quality of data is limited (Figure 3). A retrospective observational study of 163 patients with thyrotoxic AF and a mean follow-up of 34 months showed that 101 patients had spontaneous reversion and 62 patients had persisting AF (42). Those with longer duration of AF prior to thyroid function normalization were more likely to have persisting AF. In the absence of spontaneous cardioversion, pharmacological or electrical methods were described to be successful to maintain sinus rhythm (43). Beta-blockers could be used to control heart rate and heart failure, as well as in the management of thyrotoxic symptoms. In a small sample of 11 patients with hyperthyroidism, the addition of a beta-blocker improved cardiac function parameters, the control of adrenergic symptoms and quality of life (44).

Beta-blockers are indicated in the rate-control strategy of AF. Guidelines recommend the use of metoprolol, bisoprolol, carvedilol or nebivolol in patients with heart failure and reduced left ventricular ejection fraction (HFrEF) or after a myocardial infarction or as an antianginal treatment (45). When patients present both AF and HF, they can also benefit from beta-blockers (45). Propranolol is an old and nonselective beta-blocker, which is typically considered for thyrotoxicosis symptoms, including tachycardia. Compared to other beta-blockers, propranolol has a shorter elimination half-life and can be taken several times a day based on the clinical response. However, propranolol has not been trialed in patients with HFrEF or after myocardial infarction. Therefore, the use of propranolol would be indicated only in case of thyroid induced tachycardia or palpitations but without cardiac comorbidities.

The decision between the rate control and rhythm control strategies depends on the hemodynamic instability, time of onset and degree of symptoms (11). Table 1 summarizes the criteria favoring a rhythm control strategy. In any case, hemodynamically unstable AF needs urgent cardioversion, whereas as stable AF can benefit from a cardioversion after a careful assessment of symptom onset (Figure 3). Those with an AF onset < 48 hours might benefit from cardioversion without starting anticoagulation, whereas for patients with an uncertain onset of symptoms, a period of 3 weeks of anticoagulation is required or alternatively a transesophageal echocardiography can be indicated to exclude the presence of thrombus in the left atrium. The correction of subclinical hyperthyroidism is indicated in AF patients with TSH < 0.10 mlU/L to eliminate a secondary cause of AF and prevent AF recurrence after cardioversion. The decision to postpone the cardioversion after reaching the euthyroid state is acceptable since the anti-thyroid medication can usually normalize T4 and T3 within their normal range in approximately 3 weeks (42).


Table 1 | Factors favoring the rhythm control strategy, adapted from the 2020 European society of cardiology guidelines for the diagnosis and management of atrial fibrillation (AF) (11).



Another clinically relevant intersection between thyroid dysfunction and AF is amiodarone-induced thyrotoxicosis (AIT) (46, 47). Amiodarone is one of the recommended drugs for the cardioversion of AF and the maintenance of sinus rhythm, especially in case of structural heart disease and left ventricular systolic dysfunction. However, amiodarone presents several safety concerns for the long-term use, including thyroid dysfunction. Each molecule of amiodarone contains two iodine atoms, thus an estimated 3 mg of iodine is released by the liver after metabolizing 100 mg of amiodarone (46). In addition, amiodarone is lipophilic and tends to concentrate in adipose-rich tissues with a long elimination from the body (estimated half-life of 2 to 3 months (48)) and sometimes toxicity, even weeks or months after amiodarone has been discontinued, resulting in amiodarone-induced thyrotoxicosis [AIT]).

The clinical effects of amiodarone depends on the thyroid function and dietary iodine status of each individual (47). It is therefore very important to measure the thyroid function before starting the drug (46). Most patients remain euthyroid (>70%), while about 5-22% present with hypothyroidism and 2-9.6% hyperthyroidism (49). The management of AIT will depend on the thyroid function, the presence of clinical features and consist of amiodarone withdrawal, the introduction of anti-thyroid therapies and/or corticosteroids. Specialized endocrine care in case of AIT is strongly recommended due to the difficult differential diagnosis (46). In short, type I AIT leads to an increased synthesis of T4 and T3 from the excess iodine of amiodarone, whereas type II AIT is a destructive process resulting in excess release of T4 and T3 without actual synthesis. These two entities require specific management strategies and specialized endocrine care.

The choice of alternative treatments to amiodarone depends on whether a rate vs. rhythm control strategy is chosen. The classical options for rate control are beta-blockers, calcium-channel blockers and in case of left ventricular dysfunction digoxin, although this last option is not the first choice given the risk of intoxication. For rhythm control strategy, flecainide is an effective option, but needs to be used with a beta-blocker to prevent a 1:1 conduction of atrial flutter and remains contra-indicated in case of a cardiac structural disease. Other options include propafenone, vernakalant and ibutilide, but the availability of those drugs depends on the country. Of note, clinical trials testing those trials have in general excluded AF secondary to thyrotoxicosis.

SCTD are associated with increased risk of stroke, both in subclinical hypothyroidism (50) and in subclinical hyperthyroidism (51). The risk of stroke in case of hyperthyroidism-related AF does not seem to be increased compared to strokes in case of AF with euthyroidism, but there is no clear evidence to definitively conclude whether the indication for anticoagulation should differ between hyperthyroid vs. euthyroid patients (52). In 2006, the American College of Cardiology (ACC) considered hyperthyroidism as a high-risk state and recommended anticoagulation for patients in a hyperthyroid state, regardless of the CHA2DS2-VASc score (53). In contrast, the 2020 European Society of Cardiology (ESC) guidelines for the diagnosis and management of AF did not specify whether the coexistence of subclinical hyperthyroidism should change the threshold for initiating oral anticoagulation (11). Of note, the 2019 ACC guidelines did not mention hyperthyroidism either (54).

Patients with subclinical hyperthyroidism might have a hypercoagulable state due to higher concentrations of several coagulation factors in comparison to patients with euthyroidism. It is however unclear whether those biochemical abnormalities translate to a higher risk of thrombo-embolic event (55–57). Guidelines do not clearly state hyperthyroidism as a risk factor of stroke or systemic embolism in patients with AF. The use of clinical score such as CHA2DS2-VASc and HAS-BLED can help stratify the risk of thrombo-embolic vs. bleeding events in AF patients, and to guide the decision to continue anticoagulation after an episode of AF associated with hyperthyroidism. Patients with a high CHA2DS2-VASc score (≥ 2 points) or with structural abnormalities detected on the echocardiography, such as left atrium dilation or reduced ejection fraction, are factors contributing to a higher risk of complications related to AF and would probably need long-term anticoagulation even after achieving euthyroidism. In contrast, younger patients with a low CHA2DS2-VASc score (0-1 point) and normal echocardiography could discontinue anticoagulation after cardioversion and reaching euthyroid state. In any case, a follow-up monitoring with ECG or Holter cam confirm the absence of AF in the euthyroid state.

Regarding the choice of anticoagulants, vitamin K antagonists can be monitored and adapted with INR measurements in the presence of possible hypercoagulable state. The trials testing novel oral anticoagulation (NOAC) have in general excluded transient AF secondary to reversible disorder (e.g. thyrotoxicosis), and subgroups analyses according to thyroid disorder or use of thyroid medications are lacking. However, the use NOAC is recommended as first choice and no data so far reported safety concerns of NOAC in patients with thyroid disorder.

However, the distinction between subclinical and overt hyperthyroidism is not systematically well-defined in the management of AF and no range for TSH is clearly provided as a treatment target in this setting, except for the achievement of euthyroidism. The correction of FT4 and FT3 is in general detected faster in the blood while the normalization of TSH follows 6-8 weeks after treatment initiation or modification.

Since both conditions tend to occur in patients with age-related comorbidities, the CHA2DS2-VASc score should correctly predict the risk of stroke based on those comorbidities regardless of thyroid function. Of note, the initiation of oral anticoagulation is indicated in all patients three weeks prior undertaking cardioversion and needs to be pursued at least four weeks after cardioversion (11).



8 Conclusion

Subclinical hyperthyroidism and AF are interconnected conditions in an ageing population. The threshold for AF screening should be lower in patients with subclinical hyperthyroidism, conversely for the threshold for testing thyroid function in patients with AF. In practice, this would imply to assess regularly cardiac symptoms, undertake routine 12-lead ECG, and in case of doubt consider Holter, or wearable device monitoring. Although the evidence is limited, the same proactive approach should be considered when initiating anti-thyroid medication in patients with AF especially in case of low TSH levels (< 0.10 mlU/L). The prevention of stroke and heart failure events with oral anticoagulation remains the priority in those patients, as well as the maintenance of quality of life.
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Objective: The aim of this study was to evaluate the association between subclinical thyroid dysfunction and the recurrence of atrial fibrillation (AF) after radiofrequency catheter ablation (RFCA).

Methods: We examined the association between subclinical thyroid dysfunction and the recurrence of AF at a large university-affiliated cardiac arrhythmia center in China. Data were collected from consecutive patients who underwent RFCA for AF, excluding those with a history of hypothyroidism, hyperthyroidism, or ongoing medical treatment for hypothyroidism or hyperthyroidism, biochemically defined overt thyroid disease, and long-term use of amiodarone before admission. The primary end point was the recurrence of AF in a time-to-event analysis. We compared outcomes in patients who had subclinical hyperthyroidism or hypothyroidism with those who had euthyroid state, using a multivariable Cox model with inverse probability weighting and propensity score matching.

Results: In all, 93 patients were excluded from 435 consecutive patients who underwent RFCA for AF. Of the remaining 342 patients for the analysis, the prevalence of subclinical hyperthyroidism and subclinical hypothyroidism were 26 (7.6%) and 41 (12.0%), respectively; during a median follow-up of 489 days, 91 patients (26.6%) developed a primary end point event. In the main analysis of the multivariable Cox model, only subclinical hyperthyroidism [hazard ratio: 3.07, 95% confidence interval (CI): 1.54–6.14] was associated with an increased risk of end point event after adjusting for potential confounders. However, the association between subclinical hypothyroidism and the end point event was not significant (hazard ratio: 0.66, 95% CI: 0.31–1.43). Results were consistent either in multiple sensitivity analyses or across all subgroups of analysis. Compared with individuals with free triiodothyronine (fT3) in the lowest quintile, those with fT3 in the highest quintile had an HR of 2.23 (95% CI: 1.16–4.28) for recurrence of AF. With the increase of thyroid-stimulating hormone (TSH), a reduction in the risk of recurrence of AF was detected in the adjusted model, and the hazard ratio (HR) per standard deviation (SD) increase was 0.82 (95% CI: 0.68–0.98).

Conclusion: In this retrospective cohort study involving patients who underwent RFCA for AF, patients with subclinical hyperthyroidism were associated with a markedly higher prevalence of recurrence of AF, whereas patients with subclinical hypothyroidism had a similar recurrence rate of AF compared to those with the euthyroid state.

Keywords: atrial fibrillation, radiofrequency catheter ablation, recurrence, subclinical thyroid dysfunction, subclinical hyperthyroidism, subclinical hypothyroidism


INTRODUCTION

Atrial fibrillation (AF) is known as the most common cardiac arrhythmia in adults worldwide. Approximately 1 in 3 individuals will develop this arrhythmia in a lifetime. In addition, AF leads to significant disability and mortality, which in consequence portends a heavy burden on patients and social health (1).

Rhythm control therapies for AF include antiarrhythmic drugs (AADs) that are often ineffective in preventing recurrence. Catheter ablation, which has been the first-line treatment for symptomatic AF (1), could not prevent the recurrence of AF either (2), probably because of the persistence of the modifiable risk factors (1) and arrhythmogenic substrate (3). Furthermore, early intervention of modifiable risk factors has been recommended to improve catheter ablation in AF (1).

Subclinical thyroid dysfunction, which includes subclinical hyperthyroidism and hypothyroidism [defined as decreased or elevated thyroid-stimulating hormone (TSH), respectively, with free triiodothyronine (fT3) and free thyroxine (fT4) in the normal range] (4), is prevalent, with 1–10% of the adults being affected by subclinical hyperthyroidism (5–7) and up to 20% by subclinical hypothyroidism (4, 8). Additionally, subclinical thyroid dysfunction is also a common condition among patients with AF (9). The association between subclinical hyperthyroidism and the incidence of AF has been well established (10–14). Many studies have also found an association between subclinical hypothyroidism and increased insulin resistance, dyslipidemia, hypertension (4), left ventricular dysfunction (15), increased prevalence of aortic atherosclerosis, and myocardial infarction (16), all of which predispose to AF.

Given the association between subclinical thyroid dysfunction and AF occurrence and the high prevalence of subclinical thyroid dysfunction among patients with AF, subclinical thyroid dysfunction may be associated with the outcome of catheter ablation for AF too. However, very little evidence in this regard has been established. Therefore, we conducted this retrospective cohort study to elucidate the association between subclinical thyroid dysfunction and the recurrence of AF after RFCA, considering the euthyroid state as a reference.



MATERIALS AND METHODS

This was a retrospective cohort study conducted at the Second Hospital of Hebei Medical University, a large university-affiliated cardiac arrhythmia center in China. The study was approved by the Research Ethics Committee of the Second Hospital of Hebei Medical University. All patients gave written informed consent before the AF ablation procedure.


Data Source

The data was obtained from an electronic data warehouse (http://hbeyxn.edc-china.com.cn/login.jsp) of AF undergoing RFCA in our hospital. This disease-specific warehouse was established on 1 January 2017, and information from all consecutive patients with AF undergoing RFCA in our department was included in this database.

In the database, clinical and demographic characteristics of all patients were recorded, including sex, age, height, weight, smoking and drinking status, medical history, patient symptoms, laboratory tests, medication use, and the operation information. AADs were used for 3 months after AF ablation if there were no contraindications, and AADs were discontinued after 3 months if there was no recurrence of atrial tachyarrhythmia. Follow-up appointments in our outpatient electrophysiological (EP) clinic were scheduled at 3, 6, and 12 months for the first year and 6 months thereafter; unscheduled visits could be performed at any time if necessary. At each visit, a detailed medical and physical examination, 12-lead electrocardiogram, 24-h Holter, and cardiac ultrasound were performed. All baseline and subsequent follow-up visit measurements were entered into the AF database by an experienced investigator.



Study Population

Consecutive patients who received an initial RFCA for drug-refractory paroxysmal or persistent AF between 1 January 2017 and 1 June 2021 at our department were included. Follow-up continued through 1 December 2021, by which time all the participants had completed at least 6 months of follow-up. The diagnosis of AF was based on an established practice guideline (1). Exclusion criteria were known thyroid disease, which was defined as a previous history of hypothyroidism, hyperthyroidism, or ongoing medical treatment for hypothyroidism or hyperthyroidism, biochemically defined overt thyroid disease and long-term use of amiodarone for more than 3 months before admission.



AF Ablation Procedures

Treatment decisions (medical therapy or RFCA) were mainly based on practice guidelines at that time. RFCA was performed by two specialized physicians, including Ji-dong Zhang and Rui-bin Li, with more than 1,000 and 500 cases of experience in AF RFCA, respectively. The procedure was performed under local anesthesia and mild conscious sedation. The CARTO3 system (Biosense Webster, Diamond Bar, CA, USA) was used for three-dimensional electroanatomic left atrium (LA) reconstruction; ablation was performed with a 3.5-mm-tip irrigated catheter (TheromoCool SmartTouchTM, Biosense Webster, Diamond Bar, CA, USA). All patients achieved pulmonary vein isolation (PVI), and we checked the completeness of the two circular lesions in all patients with a decapolar circular catheter (LassoTM) or a multipolar mapping catheter with a 2-6-2 interelectrode spacing catheter (PentaRay, Biosense Webster, Diamond Bar, CA, USA). Decisions on whether to perform additional ablations (cavotricuspid isthmus, superior vena cava, arrhythmogenic substrate modification, or LA linear ablation) were left to the discretion of the operator. In patients who needed linear atrial lesions, the bidirectional conduction block across the lesions would be assessed by differential pacing maneuvers.



Exposure Measurement

All blood samples were drawn in the morning in the fasting state after hospitalization. Electrochemiluminescence immunoassays for TSH, fT4, and fT3 were performed using the Elecsys detection method (Cobas Elecsys, Roche Diagnostics GmbH). The thyroid function can be classified as the euthyroid state (0.45 mIU/L ≤ TSH ≤ 4.5 mIU/L), subclinical hyperthyroidism (TSH < 0.45 mIU/L with fT4 and fT3 within the reference range), and subclinical hypothyroidism (TSH 4.51–19.99 mIU/L with fT4 level within the reference range) (17, 18). All measurements were performed by laboratory staff unaware of the patients' clinical characteristics.



Outcome

The end point event was a recurrence of AF after RFCA. Recurrence was defined as documented AF, atrial flutter (AFL), or atrial tachycardia (AT) lasting for more than 30 s after the 3-month blanking period.



Covariates Assessed

We obtained the following covariates, which were associated with AF for each patient from the clinical electronic data warehouse: age, sex, body mass index (BMI), patient-reported smoking status and alcohol use, AF pattern (paroxysmal AF and persistent AF) and AF duration (since the earliest evidence of AF), CHA2DS2-VASc score, duration of hospital stay, the first recorded inpatient laboratory tests (hemoglobin, fasting glucose, creatinine, and total cholesterol), echocardiogram results (left atrial diameter and left ventricular ejection fraction), past diagnoses (coronary artery disease, hypertension, diabetes, stroke, and heart failure), medication administration at baseline (diuretics, statin, angiotensin-converting enzyme inhibitors/angiotensin-receptor blockers, and β-blocker, calcium channel blockers), and procedure parameters (procedure time, radiofrequency power, and ablation strategy).

The BMI was defined as the weight in kilograms divided by the square of the height in meters. All blood samples were drawn in the morning in the fasting state. Past diagnoses were defined based on the clinical history or specific treatments. Medication information was obtained from preadmission medication lists or treatment plans that were followed from the day of admission. In the AF pattern, persistent and long-standing persistent AFs were collectively classified as persistent AF. The ablation strategy included PVI and PVI Plus (cavotricuspid isthmus, superior vena cava, arrhythmogenic substrate modification, or LA linear ablation beyond PVI).



Statistical Analysis

Data were given as means with standard deviation (SD) for normally distributed variables, as medians and interquartile range (IQR) for skewed data, and as frequencies (percentage) for categorical variables. Normality of continuous variables was tested by the Shapiro-Wilk test; variance homogeneity was verified by the Bartlett test. Differences between groups were assessed using the chi-squared test or Fisher's exact test for categorical variables, and the Student's t-test or the Mann–Whitney U test for continuous variables.

Multivariate survival analyses were performed using the Cox proportional hazards model to estimate the association between subclinical thyroid dysfunction and the end point of recurrence of AF. Proportional hazard assumptions were checked using Schoenfeld residuals, and no violations were found. According to the recommendation of the STROBE statement (19), we simultaneously showed the results of unadjusted and adjusted analyses. All the analyses were first adjusted for age and sex (model 1) and subsequently using the lowest Akaike Information Criterion (AIC) for stepwise backward/forward model selection (model 2) (20). Furthermore, a fully adjusted multivariate Cox regression model with the euthyroid state as reference included demographic factors, clinical information, laboratory and echocardiogram results, medications, and procedure parameters (model 3). The survival and recurrence curves were estimated using the Kaplan–Meier method and compared using the Log-rank test.

To help account for the non-randomized distribution of the covariates, we conducted a second analysis using three propensity score (PS) methods. In the PS analysis, the euthyroid state was taken as the control group; PS was calculated in patients with subclinical hyperthyroidism and subclinical hypothyroidism, respectively. Inverse probability treatment weighting (IPTW) by PS was applied first. We fitted a logistic regression model of subclinical hyperthyroidism that regressed the same covariates as the Cox regression model and obtained the predicted probability of subclinical hyperthyroidism compared to euthyroid. We used the predicted probabilities to calculate the stabilized IPW weight. And then, we did the same calculation for subclinical hypothyroidism. Supplementary Materials provided more detailed methods for the propensity score model and IPTW. Propensity score matching (PSM) was then conducted by nearest-neighbor matching without replacement with an algorithm of 1:2 matching. PSM was conducted separately in patients with subclinical hyperthyroidism and subclinical hypothyroidism like IPTW. A standardized mean difference (SMD) was assessed to evaluate the balancing of covariates between matching groups (21). The results of the balancing test are shown in the Supplementary Materials. Finally, PS was further adjusted as an additional covariate. The Cox models and Kaplan–Meier curves based on IPTW and PSM were reported.

Stratified analyses were performed to estimate the associations of subclinical thyroid dysfunction and the end point event according to gender (male and female) and age (<65 and ≥65 years) because TSH distribution differed significantly by age and sex (18). The cutoff for age was determined to avoid inappropriately small participant numbers within individual subgroups. And we further conducted subgroup analyses on different AF patterns (paroxysmal AF and persistent AF). The likelihood ratio test was used to calculate P-values to test for interaction in the subgroup analyses.

Missing values were interpolated by multivariate imputation by chained equations based on random forests (22). Using multiple imputations, we generated five complete datasets, results based on the first imputed dataset were presented, and the other results were similar, as shown in the Supplementary Materials.

Multivariate Cox proportional hazards regression models were used to estimate the hazard ratio (HR) of recurrence of AF for TSH, fT4, and fT3 concentrations, and similar analyses were conducted for TSH, fT4, and fT3 quintiles. Both the unadjusted and the fully adjusted models were reported. Due to the skewness of the distribution, TSH, fT4, and fT3 were modeled with Log transformation, and SD units centered on the mean were reported to make TSH, fT3, and fT4 values comparable and interpretable across studies. At the same time, the untransformed outcomes are presented in the Supplementary Materials. We used restricted cubic spline curves based on Cox proportional hazards models with 3 knots at the 10th, 50th, and 90th percentiles of TSH, fT4, and fT3 to flexibly model the association of TSH, fT4, and fT3 with the recurrence of AF. Spline regression analyses were adjusted for potential confounders. In the spline models, the potential non-linearity was evaluated using the likelihood ratio test comparing the models, namely, linear and non-linear (23).

The statistical analyses were performed using the R software, version 4.1.2 (R Project for Statistical Computing). P-values < 0.05 were considered to indicate a significant difference.




RESULTS


Characteristics of the Cohort

From 1 January 2017 to 1 June 2021, 435 consecutive patients who underwent RFCA for drug-refractory symptomatic AF were enrolled in our disease-specific database. Among them, 32 patients were excluded owing to lack of follow-up data; 28 patients were excluded because of non-initial radiofrequency ablation; 16 were excluded for lack of TSH, fT4, and fT3 results; 15 patients were excluded because of a history of hypothyroidism (n = 8) or a history of hyperthyroidism (n = 5), current overt thyroid dysfunction (n = 2); 2 patients were excluded for the long-term use of amiodarone, thus leaving 342 patients for the analysis (subclinical hyperthyroidism, n = 26; euthyroid state, n = 275; subclinical hypothyroidism, n = 41) (Figure 1).


[image: Figure 1]
FIGURE 1. Study cohort.


The prevalence of subclinical hyperthyroidism and hypothyroidism in our study were 26 (7.6%) and 41 (12.0%), respectively. The median age was 63 years at inclusion, 41.2% were women, the median AF duration was 12.37 months, 65.2% were paroxysmal AF, the median procedure time was 120 min, and 11.4% of patients underwent additional ablation beyond PVI. More detailed characteristics of the study population are shown in Table 1.


Table 1. Baseline characteristics of included participants stratified by thyroid function.
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The odds ratios (with 95% CI) of all the variables included in the logistic PS models are shown in Supplementary Table 1. The C-statistics for the PS models were 0.792 and 0.790, respectively (Supplementary Figure 1). Compared to the euthyroid state, the distribution of the PS for subclinical hyperthyroidism and subclinical hypothyroidism before and after PSM is shown in Supplementary Figure 2.

In the subclinical hyperthyroidism and euthyroid matched analytic samples, 52 euthyroid patients and 26 subclinical hyperthyroidism patients were matched. The differences between variables were attenuated in the matched samples vs. unmatched samples (Supplementary Table 2; Supplementary Figure 3). The subclinical hypothyroidism and euthyroid-matched samples showed similar results (Supplementary Table 2; Supplementary Figure 3). Based on the PS models, stabilized IPTW was applied, and the summaries of the data after IPTW are shown in Supplementary Table 3 and Supplementary Figure 4.



Study End Point

Over a median of 489 days (maximum 1,430 days) of follow-up of the 342 patients in the cohort, the end point event of recurrence of AF developed in 91 patients (26.6%) (subclinical hyperthyroidism, 13/26, 50.0%; euthyroid state, 69/275, 25.1%; subclinical hypothyroidism, 9/41, 22.0%).

Figure 2 shows the Kaplan–Meier estimates of the recurrence rate of AF during follow-up, differentiating between patients with subclinical hyperthyroidism and hypothyroidism, compared to patients with a euthyroid state. The cumulative event was higher in patients with subclinical hyperthyroidism than in patients with the euthyroid states (Log-rank test, p = 0.021), but there was no significant difference in patients with subclinical hypothyroidism compared to patients with normal thyroid function (Log-rank test, p = 0.535). The Kaplan–Meier estimates based on PSM and IPTW are shown in Figure 3, all of which revealed that subclinical hyperthyroidism rather than subclinical hypothyroidism was associated with a significantly higher recurrence rate of AF.


[image: Figure 2]
FIGURE 2. Kaplan–Meier plot estimates of the rate of recurrence of atrial fibrillation according to thyroid function, considering the euthyroid state as a reference.
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FIGURE 3. Kaplan–Meier plot estimates of the rate of recurrence of atrial fibrillation based on PSM and IPTW. (A) Kaplan–Meier plot estimates of the rate of recurrence of atrial fibrillation in the populations who were with subclinical hyperthyroidism or the euthyroid state. (B) Kaplan–Meier plot estimates of the rate of recurrence of atrial fibrillation in the populations who were with subclinical hypothyroidism or the euthyroid state. PSM, propensity score matching; IPTW, inverse probability treatment weighting.


To further determine the impact of subclinical thyroid dysfunction on the recurrence of AF, a stepwise Cox regression analysis adjusted for potential confounding factors was performed. In the crude analysis, patients who had subclinical hyperthyroidism were more likely to have an end point event than patients with the euthyroid state (HR: 1.98; 95% CI: 1.10–3.59), while patients with subclinical hypothyroidism were not (HR: 0.81; 95% CI: 0.40–1.61). In the primary multivariable analysis, only subclinical hyperthyroidism (HR: 2.12; 95% CI: 1.17–3.86) was associated with an increased risk of end point event compared with euthyroidism after adjusting for age and sex. The association between subclinical thyroid dysfunction and the recurrence of AF demonstrated similar results in models of different adjustment strategies and additional PS analyses (Table 2).


Table 2. Associations between subclinical thyroid dysfunction and the recurrence after radiofrequency catheter ablation for atrial fibrillation in the crude, multivariate, and PS analyses.

[image: Table 2]

We observed a similar trend of association between subclinical thyroid dysfunction and the recurrence of AF across all subgroups of analysis, and no significant interaction was found when analyses were stratified by age (<65 and ≥65 years), gender (male and female), and AF pattern (paroxysmal AF and persistent AF) (P-values for interaction were 0.1720, 0.6759, and 0.7007, respectively). The results of the stratified analysis are presented in Figure 4.


[image: Figure 4]
FIGURE 4. Subgroup analysis of recurrence of atrial fibrillation according to different age, gender, and atrial fibrillation pattern. HR, hazard ratio; CI, confidence interval; AF, atrial fibrillation; SHyperthyroidism, subclinical hyperthyroidism; SHypothyroidism, subclinical hypothyroidism.




Relationship Between TSH, fT3, fT4, and AF Recurrence

In Figure 5, we used restricted cubic splines to visualize the relationship between TSH, fT4, and fT3 and the recurrence of AF, and no statistically significant departure from linearity was detected (p-values for non-linearity were 0.5223, 0.2399, and 0.6503, respectively). Regarding the linear relationship between TSH and recurrence of AF, the plot showed a significant reduction in the risk of recurrence of AF with the increase in TSH, and the HR per SD increase was 0.82 (95% CI: 0.68–0.98) in the adjusted model. We also examined differences in recurrence rates across quintiles. Compared with individuals in the lowest quintile, the risk of AF recurrence slightly decreased with the second to fifth TSH quintiles, and the HRs were 1.06, 0.88, 0.94, and 0.70, respectively, but the trend was not significant (p-value for the trend is 0.291). Although TSH was negatively associated with the recurrence of AF in the crude model, this trend was not statistically significant (HR: 0.86; 95% CI: 0.72–1.01). When modeled as continuous measures, we detected associations between fT4 and fT3 and the recurrence of AF, and fT4 and fT3 were not associated with AF recurrence [fT4: crude model, HR: 0.84 (0.68, 1.04); adjusted model, HR: 0.83 (0.66, 1.05). fT3: crude model, HR: 1.15 (0.95, 1.40); adjusted model, HR: 1.15 (0.91, 1.45)]. When modeled as quintile categorical measures, compared with individuals with fT3 in the lowest quintile, those with fT3 in the highest quintiles had an HR of 2.23 (95% CI: 1.16–4.28) for recurrence of AF, while the HR was similar (HR: 2.13; 95% CI: 1.04–4.37) after adjusting for the potential confounders. Regarding the fT4 level, all of the models revealed that fT4 was not related to the recurrence of AF (Table 3).


[image: Figure 5]
FIGURE 5. Association between thyroid hormone and recurrence of atrial fibrillation after radiofrequency catheter ablation using a restricted cubic spline regression model. (A) TSH and recurrence of AF after RFCA. (B) fT4 and recurrence of AF after RFCA. (C) fT3 and recurrence of AF after RFCA. Results are adjusted for age, BMI, gender, current smoking and drinking status, AF pattern, CHA2DS2-VASc score, AF duration, echocardiogram information, past diagnoses, current medications laboratory tests, and procedure parameters. The restricted cubic spline regression model is conducted with three knots at the 10th, 50th, and 90th percentiles of TSH, fT4, and fT3, and they are modeled with Log transformation. The blue ribbon represents the 95% CI for the spline model. Reference lines for no association are indicated by the dashed black lines at an HR of 1.0. HR, hazard ratio; CI, confidence interval; SD, standard deviation; SHyperthyroidism, subclinical hyperthyroidism; SHypothyroidism, subclinical hypothyroidism; AF, atrial fibrillation; RFCA, radiofrequency catheter ablation.



Table 3. Recurrence of atrial fibrillation by fT3, fT4, and TSH as quintiles and fT3, fT4, and TSH as a continuous exposure at baseline.
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DISCUSSION

To our knowledge, this is the first study focused on the association between the whole spectrum of subclinical thyroid dysfunction and the subsequent risk of recurrence of AF after RFCA. The major findings of our investigation are as follows: (1) patients with subclinical hyperthyroidism have a markedly higher prevalence of recurrence of AF after ablation procedures than those with euthyroid state, whereas the patients with subclinical hypothyroidism have the recurrence rate similar to those with euthyroid state and (2) high-normal fT3 level is associated with a significantly higher prevalence of recurrence of AF in the patients with all levels of subclinical thyroid dysfunction.

Many clinical studies have investigated the relationship between subclinical thyroid dysfunction and the new-onset of AF. The current evidence suggests an association between subclinical hyperthyroidism and AF. A population-based study of 5,860 people found that AF occurred in 9.5% of people with subclinical hyperthyroidism, compared with 4.7% in euthyroid individuals (10). In addition, in three prospective studies, a similar association between subclinical hyperthyroidism and AF was noted (11, 12, 14). In a retrospective cross-sectional study including 23,000 individuals with cardiovascular disease, the incidence of AF was similar in patients with subclinical hyperthyroidism (13%) and overt hyperthyroidism (14%), compared with 2% in patients with the euthyroid state (13). However, the role of subclinical hypothyroidism in atrial arrhythmogenesis has not been fully investigated, and a clear association has not been shown. A retrospective study of 586,460 participants found a protective effect of subclinical hypothyroidism on AF. On the contrary, subclinical hyperthyroidism was associated with the new onset of AF (24). In addition, no significant association between subclinical hypothyroidism and a 10-year risk of incident AF was detected in a community-based study (25). In two cohort studies of patients undergoing cardiac surgery, subclinical hypothyroidism was not associated with an increased risk of AF either (26, 27).

Until now, the evidence of the association between subclinical thyroid dysfunction and the recurrence of AF after RFCA has been sparse. Based on the evidence of subclinical thyroid dysfunction and the new onset of AF, it was reasonable to hypothesize that patients with subclinical hyperthyroidism rather than subclinical hypothyroidism were associated with the increased risk of recurrence of AF after RFCA. In accordance with that, we found an increased risk of recurrence of AF in patients with subclinical hyperthyroidism, while no significant association was detected between subclinical hypothyroidism and the recurrence of AF in this study.

Several studies have assessed the effects of thyroid hormone in the normal range on the recurrence of AF after RFCA. In 2010, it was first reported that a high-normal fT4 was related to the recurrence of AF after RFCA of paroxysmal AF (28). Subsequently, a large-scale study confirmed this association (29). Unfortunately, these studies did not include measurements of fT3. Wei reported that the association between the fT3 levels and the recurrence of AF followed a U-shape (30), which slightly differed from our findings. In a recent Chinese study, high-normal fT3 and fT4 levels were associated with a recurrence of AF after catheter ablation (31). Recently, a cohort study involving patients with overt hypothyroidism and subclinical hypothyroidism revealed that a high-normal TSH level might be an independent predictor of atrial tachyarrhythmia recurrence after catheter ablation of AF (32).

In this study, we focused on patients with subclinical thyroid dysfunction, defined as abnormal TSH with fT3 and fT4 in the normal range, in which the association between thyroid hormone and recurrence of AF after RFCA was little investigated. In our study, we detected an association between high-normal fT3 level and a higher risk for recurrence of AF, whereas fT4 was not. Furthermore, a lower concentration of TSH was negatively related to the recurrence of AF in our adjusted result; however, this result must be interpreted with caution because of the non-significant trend in the unadjusted model. And the difference in study population from the studies mentioned above might be the reason for the inconsistent results. Another difference from the previously published studies was that the participants in our study were defined based on comprehensive consideration of TSH, fT3, and fT4, which was in accordance with clinical practice for subclinical thyroid disease (4, 18). On the contrary, all of the aforementioned studies tried to discuss the relationship between thyroid hormones like TSH, fT3, and fT4 and the recurrence of AF separately. To our knowledge, we were the first to demonstrate an association between subclinical hyperthyroidism and a recurrence of AF after ablation procedures. None of the studies mentioned above were able to show such a relationship.

Due to the log-linear relationship between TSH and fT4, minor alterations in fT4 induced disproportionately larger changes in TSH (33). In addition, T3 has generally been considered to be the only biologically active form of thyroid hormone (34) and has had multiple effects on the cardiovascular system (35–37). As a result, TSH and T3 might play a more sensitive role in predicting arrhythmia recurrence after RFCA, which was supported by our findings and previous observational studies (12, 13, 24, 38–42). Higher thyroid hormone could shorten the action potential duration, decrease the speed of repolarization in pulmonary vein (PV) cardiomyocytes (43), and increase the frequency of atrial premature beats (44) and was correlated with more severe cardiac fibrosis, which facilitates the maintenance of multiple reentrant circuits in the heart (24, 45). These effects might explain the observation of an increased risk of recurrence of AF in patients with subclinical hyperthyroidism.

Regarding the strengths of our study, this is the first cohort investigating the whole spectrum of subclinical thyroid disease and the subsequent risk of recurrence of AF after RFCA. Our study has an adequate number of patients and a detailed evaluation of each participant. Moreover, we define subclinical thyroid dysfunction based on serum TSH, fT4, and fT3, which had not been implemented in previous studies. With the analytic approaches, we tried to minimize possible confounding factors in a variety of ways. We performed a series of analyses using several PS approaches and multivariate Cox regression analysis with different adjustment strategies. The findings are similar in the multiple analyses and different subgroups, and the consistency of the outcomes of these analyses is reassuring. The association between high level of fT3 and a higher risk of recurrence of AF further confirms our findings.

Our findings have great clinical implications. Subclinical hyperthyroidism behaves as an independent risk factor for the development of postoperative AF in patients undergoing RFCA, and maintenance of sinus rhythm may be improved by the treatment of modifiable risk factors (1). It has been reported that the prolonged atrial conduction time could be reversed by treatment of subclinical hyperthyroidism to restore biochemical euthyroidism (46). Furthermore, antithyroid therapy in patients with subclinical hyperthyroidism could reduce heart rate and improve supraventricular arrhythmias (47, 48). Our findings underline the importance of early detection and comprehensive management of thyroid function in patients who undergo RFCA for AF. However, future studies are needed to investigate whether antithyroid therapy and more aggressive postoperative adjuvant treatment in patients with subclinical hyperthyroidism could really provide a clinical benefit.

Our research has some limitations too. There are missing data for some variables. On the contrary, we used the multiple imputation method to account for missing data and minimize bias. The single-center design might hamper the generalization of our conclusions. We did not construct thyroid measurements as time-dependent covariates, so it was not possible to identify any changes in thyroid function over time. Finally, the recurrence of AF could have been asymptomatic, and monitoring using an implantable recorder could have revealed a higher recurrence rate.



CONCLUSION

In this retrospective cohort study involving patients who underwent RFCA for AF, patients with subclinical hyperthyroidism had a significantly higher prevalence of recurrence of AF, whereas patients with subclinical hypothyroidism had a similar recurrence risk of AF compared to those in the euthyroid state.
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It is well established that thyroid dysfunction is linked to an increased risk of cardiovascular morbidity and mortality. The pleiotropic action of thyroid hormones strongly impacts the cardiovascular system and affects both the generation of the normal heart rhythm and arrhythmia. A meta-analysis of published evidence suggests a positive association of FT4 concentration with major adverse cardiovascular end points (MACE), but this association only partially extends to TSH. The risk for cardiovascular death is increased in both subclinical hypothyroidism and subclinical thyrotoxicosis. Several published studies found associations of TSH and FT4 concentrations, respectively, with major cardiovascular endpoints. Both reduced and elevated TSH concentrations predict the cardiovascular risk, and this association extends to TSH gradients within the reference range. Likewise, increased FT4 concentrations, but high-normal FT4 within its reference range as well, herald a poor outcome. These observations translate to a monotonic and sensitive effect of FT4 and a U-shaped relationship between TSH and cardiovascular risk. Up to now, the pathophysiological mechanism of this complex pattern of association is poorly understood. Integrating the available evidence suggests a dual etiology of elevated FT4 concentration, comprising both ensuing primary hypothyroidism and a raised set point of thyroid function, e. g. in the context of psychiatric disease, chronic stress and type 2 allostatic load. Addressing the association between thyroid homeostasis and cardiovascular diseases from a systems perspective could pave the way to new directions of research and a more personalized approach to the treatment of patients with cardiovascular risk.

KEYWORDS
 thyroid function, sudden cardiac death, ventricular arrhythmia, cardiac electrophysiology, MACE, hypothyroidism, thyrotoxicosis, type 2 allostatic load


Introduction

Sudden cardiac death (SCD) is a global health issue that causes more than 600,000 fatalities per annum in the United States and Europe alone (1–3) being responsible for 15–20% of total mortality in industrialized societies (4–7). Therefore, the prevention of SCD continues to be a major task of cardiovascular medicine (8). Several conditions are known to be associated with increased risk of SCD including higher age, male sex, coronary artery disease (previous myocardial infarction), cardiomyopathies, primary electrical disorders, aortopathies or aortic dissection, and decreased left ventricular systolic function (7, 9). The main underlying pathologic substrate that conveys the development of ventricular tachyarrhythmias responsible for SCD involves channelopathies and/or the presence of myocardial fibrosis.

With the advent of implantable cardioverter-defibrillators (ICDs), accurate assessment of risk for SCD becomes crucial in clinical practice, the more as the majority of all first clinical events is fatal (10). Current guidelines on primary prevention for SCD recommend risk stratification solely on heart failure symptoms and reduced left ventricular ejection fraction (LVEF) (11–14). Several studies confirmed LVEF as a strong predictor of arrhythmic death (15, 16). For example, the Autonomic Tone and Reflexes After Myocardial Infarction (ATRAMI) study revealed that LVEF <35% was associated with a relative risk for cardiac mortality of 7.3 in short-term survivors of myocardial infarction (17, 18). Moreover, randomized controlled ICD trials for primary prevention in patients with reduced LVEF demonstrated improved survival within the ICD arms (19). However, using LVEF as a sole risk stratifier for SCD has several limitations. First, a relevant number of SCD continues to occur in subjects with LVEF > 40%. The Maastricht Circulatory Arrest Registry reported that more than 50% of victims of sudden circulatory arrest had LVEF > 40% (20, 21). Therefore, a significant proportion of those at risk for SCD live unnoticed when stratified by LVEF alone. Second, even in patients with LVEF <35% only a small proportion will benefit from ICD. Recent data of the DANISH trial revealed a low incidence of appropriate ICD shocks (11.5%) in patients with non-ischemic cardiomyopathy after a median follow-up of 67.6 months, whereas on the other hand the incidence of device infection (4.9%) and inappropriate shocks (5.9%) was considerable (22). Third, further developments of heart failure medications such as the angiotensin-neprilysin inhibitor combination LCZ696 (sacubitril/valsartan) may improve LVEF and minimize the risk for SCD (23–25).

Therefore, it is highly needed to identify additional markers potentially predicting a higher relative risk for SCD (26). This form of biomarkers would also open avenues to a better understanding, which are the patients that mainly benefit from ICD treatment (27).

Among prevalent, but previously underrecognized conditions, hyperthyroidism and thyrotoxicosis are known to significantly increase the risk for cardiac morbidity and mortality (28–33). Elevated concentration of free thyroxine (FT4) in overt thyrotoxicosis is an established risk factor for major cardiovascular endpoints (including cardiovascular death, hospital admission, ventricular arrhythmia and ICD therapy) (28, 30, 31). Subclinical thyroid disorders and “euthyroid” variations of FT4 within their respective reference range have been linked to cardiovascular outcome measures as well, but their mechanisms are less well understood (34, 35). Likewise, the implications of altered thyrotropin (TSH) concentration continue to be unclear (36–39). Although major cardiovascular endpoints define an important health issue, the available evidence from the literature is ambiguous, leaving important questions unsolved (29, 37).

Despite the established pro-arrhythmic role of thyroid hormones, treatment with levothyroxine may have favorable effects in heart failure (40), and both subclinical and overt hypothyroidism are established risk factors for coronary heart disease and mortality (41). The line between beneficial and harmful effects of substitution therapy, is small, however, since thyrotoxicosis and even subclinical hyperthyroidism may be independent triggers for heart failure and cardiovascular mortality (42–44). In two large population-based studies even the use of antithyroid drugs was found to be a risk factor for SCD (45), but causality remains unclear.

Until recently, the question could not be resolved if screening of subclinical and undiagnosed overt thyroid dysfunction and treatment of subclinical hypothyroidism is beneficial in adults without goiter or thyroid nodules (46). Potential reasons for this persisting vagueness include the complexity of thyroid hormone action in the cardiovascular system, age dependence of the involved effects and misconceptions about the role of thyrotropin in thyroid homeostasis, as well as insufficient sample size and heterogeneity of study designs (37, 38, 47–52).

Our systematic analysis was motivated by the hypothesis that both TSH and T4 concentrations are associated to important end points of cardiac arrhythmia, but that the specific relationships are different from a qualitative perspective. The underlying differences might arise from the dual role of both TSH and thyroid hormones, acting as controlling as well as controlled elements, from the inverse relationship between T4 and TSH in primary thyroid dysfunction and from the fact that TSH (and TRH) secretion is controlled by multiple central afferences reflecting the role of the TRH neuron as an integrator of stress signaling and energy homeostasis (53–59).

This review article is organized in four parts. In the next section we summarize known fundamental concepts including historical notes and insights from basic research. The subsequent section covers the methodology and results of a systematic search and meta-analysis of the association of mild disorders of thyroid homeostasis with major adverse cardiovascular endpoints (MACE). Toward the end of the article, we discuss the implications of the findings and try to integrate the available evidence in a comprehensive model that provides a possible explanation of all observations including previously poorly understood phenomena as well.



Fundamental physiological evidence

Thyroid hormones are key regulators of growth, differentiation and integrative energy homeostasis. They orchestrate the trade-off between–often conflicting–demands of supply with energy and substrates, ontogeny, thermoregulation and fight-and-flight reactions (56). As slow mediators of allostatic load, they represent the fourth level of the stress response after the sensorimotor and autonomic nervous system, the release of catecholamines and the secretion of glucocorticoids (56). It is therefore not surprising that their role as a switch between anabolic and catabolic functions includes the cardiovascular system as well. Cardiac complications of thyrotoxicosis were probably first observed as early as 1,785 by Caleb Hillier Parry, who portrayed a series of cases with exophthalmic goiter that was associated with palpitations and tachycardia (60), shortly later followed by similar observations made in other countries (61–63).

Today it is well recognized that a broad spectrum of heart diseases may ensue from disorders of thyroid homeostasis (31, 32, 64). Established scoring systems for the diagnosis of myxoedema coma and thyroid storm, two life-threatening thyroid conditions, comprise cardiac manifestations including brady- and tachycardia, congestive heart failure and atrial fibrillation (30).

On a molecular and cellular level pleiotropic effects of iodothyronines on gene expression, metabolism and electrophysiological mechanisms have been described (64). The effects of thyroid hormones are mediated by four different signaling types (Figure 1) (48). Type 1 of thyroid hormone action represents classical, genomic effects. Here, iodothyronines dock to thyroid hormone receptors (THR) bound to DNA as monomer, homodimer or heterodimer and modify the expression of regulated genes. THRs may also bind to RNA via a specific binding site, such that their binding and recruitment of RNA can accentuate its transcriptional activity of thyroid hormone responsive genes (70). Five types of THRs are able to both bind thyroid hormones and form active dimers, THRα1, which is the main receptor in myocardial tissue and bone, THRβ1, THRβ2 and THRβ3, which play an important role in extracardiac tissue (e.g., pituitary, liver and adipose tissue) (65) and the mitochondrial p43 receptor (71). In type 2 signaling, hormone-receptor complexes are indirectly bound to DNA via adaptor proteins. In type 3 action, iodothyronines are bound to (cytoplasmic) thyroid hormone receptors, and their effects are mediated via intracellular transmitters (second messengers), e. g. the MAPK and PI3K/AKT/mTOR pathways. The term Type 4 signaling refers to responses mediated via integrin receptors on the cell membrane (48). Of note, genomic effects (type 1 and 2 signaling) occur on a much slower time scale (hours) than non-genomic effects (type 3 and 4 signaling, minutes) (66, 72). The signaling types 1 to 3 require two iodine atoms at the inner ring of the hormone molecule, but a maximum of one iodine atom bound to the outer ring. Therefore, triiodothyronine (T3), triiodothyroacetic acid (TRIAC) and 3,5-diiodothyronine (3,5-T2) exert strong and direct genomic and non-genomic effects, whereas thyroxine (T4) and tetraiodothyroacetic acid (TETRAC) act directly via non-genomic signaling only, and only indirectly (after deiodination to T3, 3,5-T2 or TRIAC) via genomic signaling (67, 73, 74). It could be recently demonstrated that the effects of thyroid hormones on the heart rate involve type 3 signaling in a complex interaction with the autonomic nervous system (66).
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FIGURE 1
 Types and mechanisms of thyroid hormone signaling. T4 is a prohormone with respect to genomic signaling, but a true fast-acting hormone regarding type 4 action (which is inhibited by the iodothyroacetate TETRAC). Genomic action (type 1, type 2 and mitochondrial signaling) occurs on a slow time scale, whereas non-genomic effects (type 3 and type 4 signaling) represent a fast response (A). Thyroid hormone receptors (THR) usually act as heterodimers. Without thyroid hormone bound they block the transcription together with corepressors. Iodothyronines displace the corepressors and stimulate gene expression together with coactivators (B). Tissue specific distributions of THRs further contribute to the diversity of signaling patterns in the organism (C) (48, 65–69). AF-1, activation function 1; AF-2, activation function 2; D2, type 2 deiodinase; DBD, DNA-binding domain; HAT, histone acetyl-transferase; HDAc, histone deacetylase; LBD, ligand-binding domain; RXR, retinoid X receptor; TRE, thyroid-hormone response element.


The transcription of multiple genes is stimulated by classical thyroid hormone signaling. They include alpha-myosin heavy chain, atrial natriuretic hormone, beta1- and beta-2-adrenergic receptors, sarcoplasmic reticulum Ca2+-ATPase (SERCA), Na+/K+-ATPase, and voltage-gated potassium channels (Kv1.5, Kv4.2, Kv4.3). Negatively regulated genes include adenylyl cyclase catalytic subunits, beta-myosin heavy chain, phospholamban, THRα1 and the Na+/Ca2+ exchanger. Animal experiments revealed complex remodeling of cardiac ion channel expression depending on thyroid status (75). Fast responses of ion channels result from direct modulation via non-genomic type 4 signaling (31, 64, 76).

Additional effects on cardiovascular physiology may result from extracardiac mechanisms in the cardiovascular system, e. g., increased pulmonary arterial pressure, stimulation of tissue thermogenesis and a decline of both systemic vascular resistance and diastolic blood pressure, resulting in reduced afterload (31, 49, 64, 76–79).


Links between thyroid hormone action and arrhythmogenesis

The mechanisms underlying arrhythmogenesis can be divided into disorders of impulse formation, disorders of impulse conduction or a combination of both (80). All of these scenarios can be critically modulated by thyroid hormones (Table 1).


TABLE 1 Mechanisms of arrhythmia in different thyroid conditions (76, 81–84).
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Effects of thyroid hormones on normal automaticity

Within the framework of their normal physiological function thyroid hormones have strong effects on the heart rate. Sinus bradycardia and sinus tachycardia are typical sequelae of hypothyroidism and thyrotoxicosis, respectively.

This association is well explained by modulation of the impulse formation in pacemaker cells of the sinoatrial node and (in pathological conditions) other cell types. The normal automaticity in pacemaker cells is ensured by two redundant, but intertwined loops, as suggested by Maltsev et al. (85) (Figure 2). Both an external membrane loop and an internal calcium loop, buffered by calcium storage in the sarcoplasmic reticulum, are independently able to maintain the generation of a depolarisation rhythm. They are coupled via late diastolic depolarisation and a slow L-type calcium current, thereby providing a better failure tolerance in impulse generation. Thyroid hormones can modulate both to generate a higher frequency of action potentials. The involved mechanisms include an acceleration of diastolic depolarisation (86–88), activation of potassium currents (81, 89) and synchronized loading of the sarcoplasmic reticulum with calcium via SERCA (75, 90, 91).
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FIGURE 2
 Mechanisms of rhythm generation in cardiomyocytes based on a model by Maltsev et al. (85). Two loops, an external membrane loop and an internal calcium loop independently ensure the generation of impulses. Therefore, they provide some redundancy, but they are also intertwined at the stage of slow L-type Ca2+ current (ICaL) activation. Thyroid hormone signaling is able to modulate both loops simultaneously via interfaces at several sites (75, 81, 86–91), and direct myocardial effects of TSH are largely opposing (92). gK, ionic conductance for K+; INCX, Na+/Ca2+ exchange current; ICaT, T-type Ca2+ current; If, hyperpolarisation-activated “funny” current; IK, voltage-gated K+ current; Ist, sustained non-selective current; Ito, transient outward potassium current; LCR, local Ca2+ release; SERCA, sarcoendoplasmic reticulum Ca2+-ATPase; SR, sarcoplasmic reticulum.


In addition to thyroid hormones, thyroid-stimulating hormone (TSH) is able to modulate the function of the sinoatrial node as well. Among its extrathyroidal actions are myocardial effects that are mediated via G protein-coupled TSH receptors (TSHR), which are expressed in various tissues. The resulting impact of TSH on the physiological rhythm generator is mainly of decelerating nature by inhibiting several ion currents (Figure 2) (92). Since the effects of TSH action are largely antagonistic to those of beta-adrenergic stimulation they are probably mediated by pathways other than the cAMP signaling, e.g., via inositol trisphosphate (IP3) (93, 94).

Although we write about the “normal heart rhythm” and “physiological function” here, the mentioned mechanisms may lead to substantial pathology, e. g., in cases of severe bradycardia or tachycardia in thyroid dysfunction or activation of ectopic rhythm generators. “Normality” refers to the fact that it is physiological mechanisms that are controlled by thyroid hormone signaling. This is different in the situations mentioned in the subsequent section, which ensue from a qualitative difference and represent pathological processes per se.



Mechanisms linking thyroid dysfunction to cardiac arrhythmia

In addition to the modulation of physiological mechanisms, high concentrations of thyroid hormones can ignite triggers for additional scenarios of arrhythmogenesis.

Afterdepolarisations, i.e., depolarising oscillations of membrane potential after one or more preceding action potentials, are able to initiate myocardial activity. Both early (occurring before full repolarisation) and delayed afterdepolarisations (arising after completion of repolarisation) can be mediated by elevated concentrations of thyroid hormones, giving rise to triggered activity (81).

Additionally, iodothyronines shorten the effective refractory period (ERP) of cardiomyocytes in a concentration-dependent manner (95–97), and they reduce the conduction velocity (θ), e.g. by downregulating the expression of connexin 43, a key component of gap junctions (Figure 3) (75, 96–98). As a result, the wavelength of excitation (λ), which is defined by the product of ERP and θ, is considerably diminished, so that it may become shorter than the dimensions of potential re-entry circuits, e.g., in the vicinity of scars (99) (Figure 4). Consequently, an electrical impulse traversing a cardiac fiber bundle is slowed down and may, provided electrical irregularities are present in the tissue, meet excitable fibers after the refractory period has passed. Therefore, the combination of both mechanisms permits the evolution of re-entry or spiral wave processes (100).
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FIGURE 3
 Selected mechanisms of arrhythmogenesis by thyroid hormones. T3 (and other active thyroid hormones) upregulate the gene expression of beta1 and beta2 adrenoceptors via classical genomic signaling, but downregulate protective beta3 adrenoceptor expression. The transcription of critical genes for the formation of gap junctions is downregulated as well. Potassium channels are regulated via classical type 1 signaling and via non-genomic effects (type 4 action) as well. Purple arrows indicate the effects of gene expression (transcription, translation and associated processing steps), green arrows visualize the impact of T3-agonistic thyroid hormones.



[image: Figure 4]
Figure 4. (A,B)
 Simplified model of the effects of thyroid hormone signaling facilitating disorders of impulse conduction. Iodothyronine action reduces both the effective refractory period (ERP) and the conduction velocity (θ). As a consequence, the wavelength of excitation λ = ERP x θ may get shorter than the dimensions of a potential re-entry circuit, thus giving rise to re-entrant tachycardia (99).


The probability for successful action potential propagation depends on the safety factor for conduction, i.e., the ratio of the energy for normal conduction to the minimum propagating energy (80). Impaired function of gap junctions may lead to decremental conduction, where an impulse with a low safety factor loses activation effectiveness along with its propagation. This mechanism may cause rare paradoxical bradycardia or heart blocks in thyrotoxicosis (82, 83).




Controversial topics and open questions

The term of “subclinical” thyroid diseases continues to be debated. It is unclear if this class of diseases is a proper representation of physiological processes (101–104), and the implications with respect to meaningful endpoints are unclear (105, 106). Therefore, useful cut-off values serving as a threshold for initiating therapy, could not be established (35). Recently, a more detailed grading system has been suggested, including FT3 and different zones of TSH concentration (107). It may be beneficial for a better classification of primary thyroid dysfunction.

This new classification cannot, however, address the dual role of TSH as both a regulator and indicator of thyroid function (53, 102, 103, 108, 109). Deviations of thyrotropin concentration may indicate ensuing or manifest primary thyroid disorders, but pituitary disease and variations in the central hypothalamic set point as well (37, 47). This physiological heterogeneity may explain why thyroid hormones are better predictors of clinical outcome measures than TSH concentration (38).

Furthermore, universal reference ranges for thyrotropin and thyroid hormones have recently been more and more questioned, since the intraindividual variation of TSH and thyroid hormone concentration is smaller than the interindividual variation (110, 111). This non-ergodicity of laboratory results reflects an individual set point of the homeostatic systems, and deviations from this setpoint may from a personalized perspective be of higher importance than the position of laboratory results with respect to population-derived reference ranges (37, 112–116).




Clinical evidence


Review criteria

To compile the most comprehensive list of pertinent publications electronic literature searches in English, German and Mandarin were performed in the PubMed and Web of Science databases for relevant publications up to December 2021, evaluating a potential connection between minimal disorders of thyroid function and sudden cardiac death or malignant arrhythmia. The following query formula was used: “[(thyroid function) OR (free t4)] AND [(sudden cardiac death) OR (ventricular fibrillation) OR (ventricular tachycardia)]”. Our search was limited to studies that were performed in humans and investigated the thyroid function in relation to sudden cardiac death, a combination of major endpoints including cardiovascular death (CVD) or the result of continuous recording via an implanted device (pacemaker, ICD or event recorder).

Among the larger set of identified studies, the meta-analysis subproject was restricted to longitudinal investigations that reported quantitative information on thyroid homeostasis and a hazard or odds ratio for one of the mentioned cardiovascular endpoints. If adjusted and unadjusted analyses with the same outcome measures and thyroid-related predictors were reported in one paper a fully adjusted multivariable analysis was selected for further evaluation.

Exclusion criteria were case reports, animal or cell culture experiments, therapeutic trials, studies on non-thyroidal illness (TACITUS) syndrome, studies on amiodarone effects, surveys, review articles or correspondence without original data. After removing duplicates, three authors (P.M, M.K.L and J.W.D.) screened all found studies for eligibility by abstract screening and full-text reviewing. From the included publications quantitative data, including sample size, mean and standard error (or 95% confidence interval) of hormone concentrations, hazard ratio or odds ratio for cardiovascular endpoints and type of study (prospective or retrospective) were extracted.

In order to address a potentially low number of studies and to reduce the effects of bias arising from heterogeneities in MACE definitions (117–119), we used a hierarchical approach, where we analyzed the association of thyroid function separately with SCD, CVD, study-specific MACE (as defined by the authors of included publications) and inclusive MACE (the union set of MACE and cardiovascular death).

For studies reporting FT4 concentration in other units of measurement than pmol/L, HRs were converted with
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Likewise, if TSH concentration was reported in logarithmic presentation, the HR was adjusted with
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In studies that reported HRs for increases of TSH and FT4 in standard deviations adjustments were performed with
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The quality of included studies was assessed with the Newcastle-Ottawa score (NOS). In order to control for small-study effects leading to potential bias, funnel plots were drawn for analyses with five or more studies. Quantitative papers were pooled and summary measures were included in random-effects meta-analysis. The between-study variance was assessed with the DerSimonian-Laird estimator, Cochran's Q and tau squared, and heterogeneity with Higgins' and Thompson's I2. Calculations were performed with custom S scripts for the statistical environment R (version 4.1.1 for macOS) and supported by the R packages meta and metaphor.

The protocol for the meta-analysis has been registered in the PROSPERO International prospective register of systematic reviews with the ID CRD42022311340 and is available from https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42022311340.



Results of longitudinal studies

Via the described search strategy and other sources, we identified 32 eligible publications that were included in the systematic review (Figure 5). From these, 18 studies reported an association of thyroid homeostasis to the hazard ratio of SCD, CVD, ICD therapy or major cardiovascular events comprising one of these outcome measures. These studies could be included in the meta-analysis. See Supplementary figure 1 for the numbers of included studies with respect to different outcome measures.
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FIGURE 5
 Flowchart of identified, eligible and included publications.


Seven studies, including more than 1.2 million subjects, observed an association of reduced TSH concentration with major cardiovascular endpoints (Table 2). A very large register-based study including more than half a million citizens of Copenhagen found reduced TSH concentration to be associated with MACE, heart failure and all-cause mortality (42). In another large cohort study with elderly community-dwelling individuals diminished TSH levels were associated with a higher incidence of all-cause death (121). In a similar study with subjects aged 85 years or older reduced TSH concentration predicted both all-cause and cardiovascular mortality (120). A prospective multicentre cohort study observed a suppressed TSH concentration to be associated with higher cardiovascular mortality and risk of stroke. However, after multivariable association it was associated with stroke only (123). Another multicentre cohort study observed increased all-cause mortality in subjects with systolic heart failure and reduced TSH concentration, but the association vanished in an adjusted model (124). A study with 1 000 diabetic patients on haemodialysis found a reduced TSH level to be associated with a doubled risk of SCD, and this effect was preserved in an adjusted model (126).


TABLE 2 Association between TSH concentration and major cardiovascular outcome measures.
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Elevated TSH levels were identified in seven studies as risk factors for MACE as well. In sum, these studies comprised about 720 000 subjects. In the community-based Wickham survey elevated TSH concentration predicted a higher mortality of ischaemic heart disease and an elevated rate of fatal and nonfatal events (122). A study including subjects with systolic heart failure found TSH elevations to be associated with increased all-cause and cardiovascular mortality, but this association was lost after adjustment (127). Similar associations were observed in subjects with myocardial infarction and community-dwelling adults aged 30 years and older (130, 134). In subjects with heart failure elevated TSH concentration was associated with increased hazard ratio for a composite end point (131). Patients undergoing cardiac surgery with ischaemic heart disease demonstrated elevated TSH concentration to be associated with higher all-cause and cardiovascular mortality (136).

A small study in subjects with cardiomyopathy found TSH concentration within its reference range to be positively associated with risk for ventricular arrhythmia events in both adjusted and unadjusted models (133). The cardiovascular mortality was also associated to within-reference TSH in the PREVEND study covering community dwelling subjects younger than 72 years (39).

Additionally, several studies did not identify a relation between TSH concentration and major cardiovascular end points. These studies included in sum about 15 000 subjects. In the large community-based Rotterdam study, the TSH concentration did not predict the risk for SCD (36). Likewise, the Health in Men Study did not observe an association of TSH concentration or its quartiles to a composite end point in more than 3 000 elderly men (132). TSH concentration was not associated with all-cause or cardiovascular mortality in the Newcastle 85+ study as well. This study included more than 600 elderly subjects (129). Two studies including subjects undergoing device implantation did not find an association of TSH levels with all-cause mortality (137, 138), but one of these studies observed elevated TSH to predict appropriate ICD therapy (138).

In a meta-analysis of studies reporting hazard ratios (36, 39, 120, 129, 131), we observed no association of TSH concentration to MACE in random effect models, but a significant negative association in both fixed and random effects models with CVD as end point (Figure 6). However, the number of eligible studies was small for CVD and the unexplained heterogeneity was substantial for MACE, as demonstrated by an I2 value of 75%.
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FIGURE 6
 Hazard ratio for major cardiovascular events (A) and cardiovascular death (B) in relation to TSH concentration (36, 39, 120, 129, 131).


U-shaped relationships between TSH and end points were described in 5 studies covering more than 720 000 subjects. In patients with heart failure both reduced and elevated TSH predicted increased mortality (125). Another study with patients receiving peritoneal dialysis observed both reduced and elevated TSH to be associated with increased mortality (128). This applied to unadjusted and adjusted models. After spline transformation, a study with community-dwelling individuals found a U-shaped association of TSH to total mortality (130). Similar observations were made in another population-based study that found low-normal, high-normal and elevated TSH to be associated with higher all-cause mortality than middle-normal TSH (135). This effect was partly mediated by cardiovascular disease. In the large population-based study by Selmer et al. both reduced and elevated TSH concentration was associated to cardiovascular endpoints (42). However, high TSH concentration predicted myocardial infarction only, whereas low TSH concentration was associated to MACE (CVD, non-fatal MI and non-fatal stroke), heart failure and all-cause mortality. An even larger data warehouse-based study by Evron et al. found a strong association of both reduced and elevated TSH concentration with cardiovascular mortality (139) in adults receiving thyroid hormone replacement therapy. In this study the increase in the adjusted hazard ratio was concentration-dependent, with a positive gradient toward both lower and higher TSH concentrations.

Elevated FT4 concentrations were associated with major endpoints in seven studies comprising in sum more than 720 000 subjects (Table 3). A positive association to the risk of SCD was observed in large community-based studies (36, 39, 120, 132). Two of these studies also observed FT4 concentration to be related to all-cause mortality (39, 120). The FT4 concentration predicted the hazard for a composite endpoint in subjects with heart failure (131). In a small study the FT4 concentration predicted the risk for appropriate ICD therapy and the hazard for ICD therapy-free survival (137). Two of the described studies also saw a positive association of within-reference FT4 concentration to major endpoints (36, 137). In a large data warehouse-based study including US veterans aged 18 or older on levothyroxine replacement therapy, both reduced and elevated FT4 concentrations were associated with the risk of cardiovascular mortality (139).


TABLE 3 Association between FT4 concentration and major cardiovascular outcome measures.
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After adjustment, the Newcastle 85+ study did not find an association of FT4 concentration with all-cause or cardiovascular mortality. This study had a comparably small sample size of 643 elderly subjects (129).

Including studies reporting hazard ratios in a meta-analysis (36, 39, 120, 129, 131), we observed a significant association of FT4 concentration to MACE and a potential association to CVD (Figure 7). The heterogeneity between studies was moderate for both MACE and CVD with I2 values being 53 and 57%, respectively. Therefore, random effects models may be preferable over fixed-effects models to draw conclusions.
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FIGURE 7
 HR for MACE (A) and CVD (B) in relation to FT4 concentration (36, 39, 120, 129, 131).


The heterogeneity between studies was moderate to substantial in the meta-analysis for subclinical hypothyroidism (42, 121, 123, 126, 130, 131, 136, 140–143). Random effects models reveal an association to inclusive MACE, but not to study-specific MACE (Figures 8A,B). Both fixed effects and random effects models confirm subclinical hypothyroidism to predict CVD (Figure 8C).
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FIGURE 8
 HR for inclusive MACE (A), study-specific MACE (B), and CVD (C) in subclinical hypothyroidism (42, 121, 123, 126, 130, 131, 136, 140–143).


In the meta-analyses for subclinical hyperthyroidism the heterogeneity was very low (study-specific MACE) or moderate (MACE and CVD) (42, 121, 123, 126, 140, 142–144). The fixed effects model suggests a small effect with a hazard ratio of 1.10 with respect to both inclusive MACE and study-specific MACE (Figures 9A,B). An association to CVD was confirmed by both fixed effects and random effects models (Figure 9C).
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FIGURE 9
 HR for MACE (A,B) and CVD (C) in subclinical hyperthyroidism (42, 121, 123, 126, 140, 142–144).


The studies included in meta-analyses had a mean Newcastle-Ottawa score of 7.7, suggesting a sufficient quality of the available evidence. Funnel plots did not signify considerable bias, but support the assumption of heterogeneity among included studies. Detailed information is provided in the Supplementary material.




Discussion

Both the generation of normal cardiac automaticity and the pathogenesis of arrhythmia are critically dependent on thyroid hormone signaling. Basic research identified multiple mechanisms linking thyroid hormone action to the formation of the normal and pathological heart rhythm. On a molecular level, classical thyroid hormone signaling (type 1 action) modulates the expression of multiple genes involved in the generation and conduction of excitation. On the level of electrophysiological processes, critical components of the rhythm-generating loops are sensitive to active iodothyronines. Interestingly, TSH has fundamentally opposing effects on generator loops, probably mediated via IP3 signaling.

Non-canonical thyroid hormone signaling has been linked to heart rate as well. The detailed mechanisms are not well understood up to now.

Although thyroid hormones increase the heart rate, they slow down the velocity of impulse conduction (θ), mainly due to down-regulation of critical components of gap junctions. Together with a shortened effective refractory period (ERP), this may lead to re-entrant tachycardia, if the wavelength of excitation
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gets shorter than the length of potential anatomical re-entry circles. Necessary for this mechanism to come into effect is some heterogeneity in the myocardial tissue, e.g., due to the existence of scars forming the center of latent re-entry circles and to some electrophysiological variety of conducting tissue. This may explain why the probability of thyrogenic arrhythmia increases with age and in subjects with pre-existing cardiac disease.

From a clinical perspective, a relation of thyroid function to mortality is well established. Both the described physiological mechanisms and several prospective studies suggest this association to be mediated by arrhythmia.

With our search strategy we identified 32 publications investigating a potential relation between minimal deviations of thyroid function and major cardiovascular end points. Several studies with large sample sizes found reduced and/or elevated TSH concentration to predict cardiovascular or all-cause mortality, or composite MACE endpoints. Two studies described even a positive correlation of the TSH concentration within its reference range with cardiovascular events. However, several studies, even with large sample size, did not find an association of TSH concentration to major outcome measures. Our meta-analyses identified a negative relation of TSH to hazard ratios of CVD, but no clear association to MACE.

The situation was clearer for FT4 concentration. Six studies with a large cumulative sample size found a significant positive association between FT4 and cardiovascular events, including composite endpoints, mortality and appropriate ICD therapy. In two studies this association was also present if FT4 concentration was restricted to its reference interval. Only one study described both reduced and elevated FT4 concentrations to be associated to CVD (139), but this study included subjects on levothyroxine replacement therapy and may, therefore, represent slightly different pathophysiological mechanisms. Via meta-analysis we found a positive association of FT4 to MACE and a tendency for CVD.

The dissimilarity between these results, with a strong monotone prediction model for FT4, but a much less clear association of TSH to major endpoints, may be traced back to several causes. One may be the considerable heterogeneity of the results in the included studies, so that less powerful random effects models had to be preferred to fixed effects models, especially for the association of TSH concentration to MACE. Another explanation may be a U-shaped relation between TSH concentration and the risk for cardiovascular events (145). This form of nonlinear interaction was revealed by four studies that found both reduced and elevated TSH to predict mortality. Studies with negative results may have missed this complex association due to the use of over-simplified statistical models. It is corroborated, however, by our meta-analyses revealing both subclinical hypothyroidism and hyperthyroidism to predict cardiovascular mortality (Figures 8C, 9C).

Our results are consistent with the outcomes of previous studies and meta-analyses (146). However, a U-shaped link between TSH and cardiovascular risk is not straightforward to be explained from a physiological perspective. A recent study described very similar results for the link between thyroid function to Takotsubo syndrome, and the pathogenesis was explained by nosological heterogeneity, where two different scenarios overlapped (147). These considerations may be extended to cardiovascular endpoints in general (Figure 10). A dyshomeostatic type of thyrogenic arrhythmia may result from primary hyperthyroidism and other forms of non-central thyrotoxicosis. Here, the TSH secretion responds inversely to rising FT4 concentrations, so that FT4 is positively, but TSH negatively associated to the event rate (53, 148, 149). In an allostatic type of thyro-cardiac linkage, however, TSH concentrations rise with acute stress levels and long-term type 2 allostatic load, with consecutive, centrally-mediated, increasing T4 secretion (47, 56, 147). This case reflects a raised set-point of thyroid homeostasis. Therefore, both TSH and FT4 are positively associated to mortality and other major endpoints. Taken together, the blending of both types in population-based studies yields a U-shaped association between TSH concentration and the hazard of cardiovascular events, but a simpler monotonic prediction model for FT4 (Figure 10).
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FIGURE 10
 An integrated model for the association between thyroid homeostasis and major cardiovascular events. In the dyshomeostatic type of thyrogenic arrhythmia elevated FT4 concentration, caused by primary thyrotoxicosis, increases the risk for severe arrhythmia as a major cause for cardiovascular mortality. The TSH concentration is reduced in this case, represented by the left, declining, branch of the U-shaped relation between TSH level and risk (A). In the allostatic type, mainly caused by type 2 allostatic load and genetic traits, the set point of thyroid homeostasis is raised, resulting in increased TSH and FT4 concentration and subsequently elevated risk for arrhythmia. This situation is mirrored in the right, rising, branch of the relation between TSH concentration and cardiovascular risk (B). In any case, elevated concentrations of T3, T4 and other T3-agonistic thyroid hormones increase the sensitivity to catecholamines and sympathetic signaling (via upregulated expression of beta1 and beta2 adrenoceptors), thereby contributing to reduced stress tolerance. SPINA-GT, “gain of thyroid,” i.e., thyroid's secretory capacity (150).


Multiple studies, reviews and meta-analyses described reduced T3 concentrations and other phenotypes of non-thyroidal illness syndrome (representing a type 1 allostatic response being also known as euthyroid sick syndrome or TACITUS—thyroid allostasis in critical illness, tumors, uraemia and starvation) to be linked to cardiovascular and general mortality and arrhythmia as well (56, 78, 151–153). Up to now, it is still not established whether low-T3 syndrome represents an adaptive response, a maladaptive mechanism or a combination of both (79). We did not address this topic in detail here and even excluded studies on TACITUS from the systematic review part, since this association may reflect common causes of mortality rather than a direct effect of low-T3 syndrome on cardiac electrophysiology. However, some non-classical thyroid hormones, especially 3,5-T2, which is thyromimetic and upregulated in critical illness, may increase both heart rate and risk for arrhythmia (152, 154).

Type 1 allostatic response in heart failure may to a certain extent limit our conclusions since FT4 concentrations could rise if the pathway via deiodinases to T3 formation is down-regulated (56). Decreased deiodinase activity may result from critical illness, but also from therapy with certain drugs, including amiodarone, beta-blockers and glucocorticoids (155). Additionally, the free fraction of thyroid hormones may increase due to drug interference with plasma protein binding, which may originate, e.g., from the use of furosemide, aspirin, heparin or other substances (156–158). Therefore, elevated FT4 concentration might as well partly reflect therapeutic decisions in subjects with cardiac failure. It is, however, unlikely that major bias arises from this fact since most of the described effects are rapidly settled by the hypothalamus-pituitary-thyroid feedback loop and, therefore, of temporary nature, whereas the follow-up time in most of the included studies extended to several years (55, 159).

The selection criteria for the systematic review may have led to the under-representation of studies reporting the risk in alternative form, e.g., in form of quantiles. This potential bias may have been mitigated by the fact that we included publications from other sources, e. g., own archives. Unfortunately, it was impossible to sensibly combine quantile-based studies in a meta-analysis, since the numbers of quantiles (tertiles, quartiles and quintiles were used) differed among the publications. Qualitative analysis suggests, however, an association of FT4 in the highest tertiles or quartiles to cardiovascular risk.

In summary, basic research and physiological studies suggest a strong link of thyroid hormones to cardiac rhythm generation and the pathogenesis of arrhythmia. The clinical evidence suggests a monotonic and unambiguous relation of FT4 concentration to arrhythmia, which seems to be one of the most important mediators of major cardiovascular endpoints. The relationship of TSH levels to arrhythmia, mortality and other outcome measures is less clear and best explained by a U-shaped link, which may reflect the overlap of two different scenarios, a dyshomeostatic type of thyrogenic arrhythmia resulting from ensuing primary thyrotoxicosis, and an allostatic response with an increased set point of the feedback loop. This hypothesis may serve as a starting point for future targeted research projects.



Conclusions and outlook

Variations of thyroid function, even the slightest forms within the respective reference ranges of TSH and thyroid hormones, are strong predictors of major cardiovascular endpoints. However, the nature of this relation is more complex than previously assumed.

In addition to the well-established effects of primary thyrotoxicosis, central mechanisms of the hypothalamus-pituitary-thyroid (HPT) axis may play an important, but previously under recognized, role as well. This class of diseases includes secondary and tertiary hyperthyroidism in pituitary-related and hypothalamic disorders and in central resistance to thyroid hormone (RTH). These conditions are rare diseases, however, with respective prevalence of about 1 in 100 000 subjects. Much more common are adaptive responses representing type 2 allostatic load (160). Examples include post-traumatic stress disorder (PTSD), certain psychiatric diseases and long-term effects of social disparity. It could be demonstrated that conditions associated to type 2 allostatic load involve an elevated set point of the HPT axis and that they convey an increased risk for major cardiovascular events (5, 47, 56, 147, 161–163). The heterogeneity of pathophysiological mechanisms provides a plausible explanation for the U-shaped relation between TSH concentration and cardiovascular risk.

The new understanding of the dual etiology of the thyro-cardiac link has important therapeutic implications. First of all, the threshold for the treatment of thyrotoxicosis may be in future adjusted to include subclinical hyperthyroidism (SH) as well. This decision may be supported by results of a meta-analysis revealing a 24% increased risk of overall mortality in SH (164). However, the potentially beneficial effects of a more intensive correction of low-grade thyrotoxicosis have to be balanced against the risks resulting from treatment with thyrostatic agents and from definitive therapy (surgery or radioiodine treatment). The European Thyroid Association recommended treatment of SH in subjects of 65 years or older and in younger persons with concomitant cardiovascular disease (165).

The situation is more straightforward regarding the treatment of hypothyroidism. Here, it may prove advantageous if dosage titration algorithms for levothyroxine approach the target from below and prevent the free T4 concentration from entering the zone of the highest quartile of its reference range (166). This consideration also applies to the secondary prophylaxis of differentiated thyroid cancer (DTC). Accordingly, recent guidelines have also addressed cardiovascular concerns when overturning the previous recommendation of universal TSH suppression in low- and intermediate-risk DTC (167).

Treatment of type 2 allostatic load with a subsequently elevated set point of the HPT axis should address its origins. Sensible starting points include psychosocial support and lifestyle interventions (168–172). Early addressing of socioeconomic disparity and environmental factors may provide the basis for primary prevention of cardiovascular mortality (173, 174), and this may in part be due to a readjustment of thyroid homeostasis toward a healthier phenotype.

Where possible, future studies on the association of thyroid function with major cardiovascular endpoints should be based on validated criteria, including standardized MACE sets and uniform quantile definitions, in order to support replication, comparison and aggregation of results (118).
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Variable Univariate analysis Multivariable analysis
OR (95% CI) P value OR (95% CI) P value

fT3 0.647 (0.422- 0.991) 0.045 0.623 (0.399- 0.972) 0.037
NT-proBNP 1.000 (1.000- 1.000) 0.053

TT3 0.398 (0.148- 1.070) 0.068

LVEF 0.950 (0.926- 0.976) <0.001 0.957 (0.928- 0.986) 0.004
Age 1.031 (1.002- 1.061) 0.036

Systolic blood pressure 1.017 (1.001- 1.032) 0.032

fT3, free triiodothyronine; NT-proBNP, N-terminal pro-brain natriuretic peptide; TT3, total triodothyronine; LVEF, left ventricular ejection fraction; Cl, confidence interval: OR, odds ratio.
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Low T3 (n = 59) Normal fT3 (n = 159) P value

Age (years) 70.18 + 12.96 60.77 + 13.01 <0.001
Female, n (%) 34 (57.6) 74 (46.5) 0.146
BMI (kg/m2) 23.36 + 4.59 24.37 + 3.63 0.111
Smoking history, n (%) 21 (35.6) 62 (39.0) 0.646
Diabetes, n (%) 8(13.6) 25 (15.7) 0.692
Hypertension, n (%) 32 (54.2) 75 (47.2) 0.354
Hyperiipidaemia, n (%) 7(11.9) 31(19.5) 0.187
Atrial fibrillation, n (%) 8(13.6) 13(8.2) 0.231
Previous heart failure, n (%) 2(3.4) 4(2.5) 0.726
Alcohol use 5(8.5) 18(11.3) 0.543
LVEF (%) 48.75 + 13.69 56.49 + 11.01 <0.001
STEMI, n (%) 25 (42.4) 57 (35.8) 0.377
NSTEMI, n (%) 34 (57.6) 102 (64.2) 0.377
Systolic blood pressure (mmHg) 135.31 + 25.49 142.98 + 23.25 0.036
Diastolic blood pressure (mmHg) 75.06 + 13.22 82.13 +13.10 0.001
Heart rate, beats per minute 84.81 + 23.38 80.22 + 17.58 0.121

Values are expressed as mean = SD or number (%); BMI, body mass index; LVEF, left ventricular ejection fraction; STEMI, ST-segment elevation myocardial infarction; NSTEMI, non-ST-
elevation myocardial infarction; fT3, free triodothyronine.
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Low T3 (n = 59) Normal fT3 (n = 159) P value
laboratory findings
T3 (pmol/L) 295+ 0.49 4.59 £ 1.67 <0.001
TT3 (nmol/L) 099 +0.28 1.62 + 0.46 <0.001
T4 (pmol/L) 14.58 + 3.33 16.59 + 5.08 0.005
TT4 (nmol/L) 86.79 + 24.28 100.34 + 30.14 0.002
TSH (mIUL) 4.30 + 19.36 1.97 +1.50 0.133
cTnT (ng/mL) 069 +1.64 0.38 £ 0.77 0.053
CK-MB (ng/mL) 30.82 + 75.98 14.43 £ 27.39 0.020
Myoglobin (ng/ml) 285.63 + 471.78 99.15 + 164.94 <0.001
NT-proBNP (pg/mL) 4731.77 + 6846.12 1209.66 + 2681.39 <0.001
Angiographic data
Normal coronary arteries (0% stenosis), n (%) 22 (37.3) 76 (47.8) 0.166
Vessel with any stenosis (> 0 to < 50% stenosis), n (%)
1-vessel, n (%) 19(32.2) 46 (28.9) 0.639
2-vessel, n (%) 8(13.6) 31 (19.5) 0.310
3-vessel, n (%) 10 (16.9) 6(3.8) 0.002

Values are expressed as mean + SD or number (%); fT3, free triiodothyronine; TT3, total triodothyronine; fT4, free tetraiodothyronine; TT4, total tetraiodothyronine; TSH, thyroid stimulating

hormone; ¢TnT, cardiac troponin T: CK-MB, creatine kinase isoenzyme; NT-proBNP, N-terminal pro-brain natriuretic peptide.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		THYROID HORMONES AND CARDIAC ARRHYTHMIA



		Editorial: Thyroid hormones and cardiac arrhythmia



		The thyro-cardiac axis: Growing attention to a long-known connection



		Thyroid dysfunction and supraventricular arrhythmia



		Thyroid function and ventricular arrhythmic events



		Allostatic load – confounder or mediator of risk?



		Clinical evidence from prospective studies



		Physiological evidence and molecular mechanisms



		Aspects of therapy and prevention



		Prospectus



		Author contributions



		Acknowledgments



		Conflict of interest



		References









		The Two Faces of Janus: Why Thyrotropin as a Cardiovascular Risk Factor May Be an Ambiguous Target



		Introduction



		Methods



		Results



		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Low Free Triiodothyronine as a Predictor of Poor Prognosis in Patients With Myocardial Infarction With Non-Obstructive Coronary Arteries



		Background



		Methods



		Results



		Conclusion



		Introduction



		Methods



		Study Population and Participants



		Data Collection



		Biochemical Assessment



		Follow-Up and Endpoints



		Statistical Analysis









		Results



		Baseline Characteristics



		Association Between fT3 and the Primary Endpoints



		Predictive Factors of MACE



		Subgroup Analysis









		Discussions



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		References









		Targeted Temperature Management for In-hospital Cardiac Arrest Caused by Thyroid Storm: A Case Report



		Introduction



		Case Presentation



		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Supplementary Material



		Abbreviations



		References









		Predictive Value of Free Triiodothyronine to Free Thyroxine Ratio in Euthyroid Patients With Myocardial Infarction With Nonobstructive Coronary Arteries



		Background



		Methods



		Results



		Conclusions



		Introduction



		Methods



		Study Population



		Data Collection



		Definitions and Outcomes



		Statistical Analysis









		Results



		Baseline Characteristics



		Association Between fT3/fT4 Ratio and Outcomes



		Predictive Value of fT3/fT4 Ratio for MACE









		Discussion



		Limitation



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Crash Landing of Thyroid Storm: A Case Report and Review of the Role of Extra-Corporeal Systems



		Introduction



		Case Description



		Discussion



		Evidence of Use of Extra-Corporeal Systems in TS



		Beta-Blockade – A Double-Edged Sword in TS









		Conclusion



		Author Contributions



		References









		Hyperthyroidism With Atrial Fibrillation in Children: A Case Report and Review of the Literature



		Introduction



		Case Report



		Investigations



		Treatment and Follow Up















		Discussion



		Author Contributions



		Abbreviations



		References









		Levothyroxine Treatment and the Risk of Cardiac Arrhythmias – Focus on the Patient Submitted to Thyroid Surgery



		1 Introduction



		2 Levothyroxine (LT4): Structure, Brief History, Pharmacokinetics, Pharmacodynamics, Dosing Regimens



		3 Thyroid Diseases and Conditions Associated With LT4 Use



		4 LT4 Replacement Therapy in Cardiovascular Patients



		5 Pathophysiology of Cardiac Rhythm Disorders



		5.1 Cardiac Arrhythmias Associated With Thyroid Hormones



		5.1.1 LT4 Therapy and Cardiac Arrhythmias



		5.1.2 LT4 Combined With T3 Therapy and Cardiac Arrhythmias















		6 Cardiac Electrical Remodeling Associated With Hyperthyroidism and LT4 Treatment



		7 Conclusions



		Author Contributions



		Funding



		Acknowledgments



		References









		Abnormal Cardiac Repolarization in Thyroid Diseases: Results of an Observational Study



		Introduction



		Methods



		Study Design and Population



		ECG Measurements



		Laboratory Measurements



		Statistical Analysis









		Results



		Clinical Characteristics



		Phenotype of Thyroid Homeostasis









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Challenges in the Management of Atrial Fibrillation With Subclinical Hyperthyroidism



		1 Introduction



		2 Epidemiology of Atrial Fibrillation and Risk Factors



		3 Effects of Thyroid Hormones on Heart Rhythm and Function



		4 Association Between Thyroid Function and Atrial Fibrillation



		4.1 Findings From the Thyroid Studies Collaboration









		5 New Tools to Detect Atrial Fibrillation in Thyroid Disorders



		6 Management of Subclinical Thyroid Disorders and Gaps of Knowledge



		7 Management of Atrial Fibrillation With Thyroid Disorder



		8 Conclusion



		Author Contributions



		Funding



		Acknowledgments



		References









		The Association Between Subclinical Thyroid Dysfunction and Recurrence of Atrial Fibrillation After Catheter Ablation



		Introduction



		Materials and Methods



		Data Source



		Study Population



		AF Ablation Procedures



		Exposure Measurement



		Outcome



		Covariates Assessed



		Statistical Analysis









		Results



		Characteristics of the Cohort



		Study End Point



		Relationship Between TSH, fT3, fT4, and AF Recurrence









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		Abbreviations



		References









		Minor perturbations of thyroid homeostasis and major cardiovascular endpoints—Physiological mechanisms and clinical evidence



		Introduction



		Fundamental physiological evidence



		Links between thyroid hormone action and arrhythmogenesis



		Effects of thyroid hormones on normal automaticity



		Mechanisms linking thyroid dysfunction to cardiac arrhythmia









		Controversial topics and open questions









		Clinical evidence



		Review criteria



		Results of longitudinal studies









		Discussion



		Conclusions and outlook



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References























OPS/images/fendo.2020.542710/fendo-11-542710-g001.jpg
suay Mean SO TowlMean SO MemDifence MO 85%Cl Weigh
ecuscta i 18 2101 34 16 020 fo 047 (asz: 1oy sox
Freamansial 205 8 14307m0 43 173 00000 = o5t (oo aua aon
Gonmanatn 005 % 21007 % 160 0st00 = 9% ‘020 oam 95
e 2008 @ Seame @ 1 raie 261 (0w ses oo
Canose s 2004 S a0 3 1200 810 (014039 107
o 1950 i 30030 2 30 10000 B4 (035 10 tan
g onceaoL 2002 3 1930760 3 103 0600 050 [0z odsl aon
oeta 203 0 040070 100 059 a0 %8 (o2 012l 135
ot 1536 TR 2k e Qs wam e
e & iscomee M 1700 ot 005 75 135
o o 2000 B 13030 @ 20017000 a0 (0w om0 s
Saoa 214 S 1am0 @ om0 % (01 03 o7
151959 ke T iEome - o7 (o5 105 101
pandom tcts mosel, 602 s 017 (005 039 1000
ety £ o £ 00885 <001 T
2240123
Orncs TS concentsion )
suey Tott tesn 50 ol e S0 MemOMarenca WD 95%cl Waign
R R T a— o eszom 2e
Fraaan o 2008 Toaran 12 1o 20 - D2 (amos io
Kama o 2008 o Rrei- o Bt i —— % Loy am
K ks 2004 Rtechrol o S —— B3 farioen io
Kosen ot 1580 PR R ey —| oo {33633 05
Kormc Katcors 2002 38 1587 27700 3 1507 24300 T ompmram s
Mo var 1380 S iam i 11 171 om0 5 faen3ey 1o
e 552000 01000 24 2000 10000 o0 {aarion] %son
O 2506 55101021000 14 190 24000 F 060 (0.5 165 87
Seao i 010 i 'Sl oo @ ‘a7 17000 = % {oaos rim
Wang o1 199 2 esamo 18 177 o6k = 55 Hakiooa 2
Random stecs mosel 40 - 015 03%:010] 1000%
Py 0% 0.5 054 —r—
D T4 csnconvatin pnot)

iy ol Moan 50 Toul Mean S0 MemDifeooce MO 954 Wlgh
wovciastaizz 18 314070 34 371070 —— | 057 ponars 10z
Fromansiald0e 6 419060 42 397 Ogann t=—  om'bmos e
Camcrer o 2008 @ iisome @ amosie » 067 (013 02 120%
Karode s 004 @ Smamo 3 smom e owiomam mm
e Aoace o 20z % 59211160 3 546 0300 = o oo om) 10m:
o 1680 W lEomm 1 amome  ——le— o (s om sen
oot T34 o shamo 2 iosars = 108 oo 1) 12
Soaraa 214 G im0 @ ieoomo e 010 (019: 039 113%
a5, 1999 o T 60 = 0o o om 12
pandom tcts mosl, 399 . = o a0k o) uaon

TS oA, DT IO





OPS/images/fcvm-09-942971/fcvm-09-942971-g008.gif
ExprimttConsel g v
e T o eante W 95501 ko) (anoem
oz 9 s f—  ompmam om 2
TRome @ oam 1 SHREIN 0 IR
Smoie S T F—  Smpmam o i
001 oo 150 sty ] B0 w10y o ase
o otan oo “aos L oo ‘ae
ot b = Bk ¥ o
emesm ‘S F—  impera om e
fon o e ihpwin i
Gaen % —J—— @pwam os 3
ey T impman o oR
Choamm = s R i e
R e b it Rt
ey vt o0z poon — y
[EISTOO R S—
Expentconsel e o
e T e W osect fate) cansem
cxmosm 3 s —  ompmam om s
TRomn W% —  empamis o i
601 0 1158 sioro [] 0% ba iy sien sus
G a5t L TR emi e e
Gmoms G B — g 2o o
a7 T Rimi e A
12or saers 10w ram 000%
S itk o= gl
ey £t o p o Fanand
e S S
.

Egenmanacanuot o wegn
sy T Tom MR W osnct (e (anoom
Doomurna e 0momOs 16 Tt 0% s 00
g s 2605 o7 gie G
Comio o 556 6 e o
e T o ihlnia N8
Soumers 0 S G S8
s o> s To
ngarua 2o T mbwis oo
Man o Georms e 1w o dnmim
Finag ot ot w501 < s oo
Rariomtc o, 2 e agagptivey





OPS/images/fendo.2020.542710/fendo-11-542710-g002.jpg
P <000001 25 <0000t
21 pooo bt
20 g 244

5 £

> 10 & 234

2 10 5

5 e 3 22
174 5 5
B ' 20 Y+

01234567 123 456 7

1020 47 s a5 s

RREE = "
g

1010 g 4804

S H

€ 1005 - <

Y
4754

= 1000 - H J
2221 5 a0+
990 -

985 U——+——+—+—+—+ 465 ~——+—+——+—+—
01234567 12345567
510 ns 20047 5 Zoooom
s 195 peoor

5 505 - el

: g ]

- 500 | 1.80 -

1.75
o 1.70
165

01234567 1234567

BIOALS S






OPS/images/fcvm-09-942971/fcvm-09-942971-g009.gif
e e 0085, 10%)

e

Experimental Control
e o o

Demorr A b [
1% fiex e

6n 0102 a7 i
o5 8%k s it 18 %%
Smora 1 125 foui e
Sooin B 1% B 15
Smoi 8 o 25 fiisy
e e

Bt ks WAGE i e o

Cxpuiman Con
e e o

08117 00
el

o
st (i) (i

ozroxm @ i 129 15
im0 sars suomo 18110 oob
71 Oy oa e T e
Smor 1 aiien
SGoim % G T iy
0 sast0 {103 110) 100
o T

MR -0 ACE i e

g

[t
B

o
5
P

crommnuconsst g v
sy e T W e ) (aom
Copcntnioms a0 17 2 s et 23
Eiuazoto 003033 23 3501 e
Vanu s %o 3 e i
rgmnwisizote 057020 100 1o Frd
Smanme  eome o 'm i

Fiad ot mose 12 17 om0
Random s oo, Pl
o 2o <0052,






OPS/images/fendo.2022.1024476/fendo-13-1024476-g001.jpg
500

Number of publications






OPS/images/fendo.2020.542710/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.681978/fendo-12-681978-g002.jpg
Survivel Free from Cardiovascuiar Deatns (%)

100
90
a0
70
60
50
40

e —

— Lowms
— Normal T3

log-rank p =0.007

T T T T T

0 3 6 9 1215 18 21 24 27 30

Tine (monihs)





OPS/images/fcvm-09-942971/fcvm-09-942971-g004.gif





OPS/images/fendo.2021.681978/fendo-12-681978-g003.jpg
100

%0

80 — Lowrs
— Normaifr:

7
60,
50
40

log-rank p =0.027

Survivel Free from MACE (%)

0 3 6 9 1215 18 21 24 27 30
Vi Gl





OPS/images/fcvm-09-942971/fcvm-09-942971-g005.gif





OPS/images/fendo.2021.681978/crossmark.jpg
©

2

i

|





OPS/images/fcvm-09-942971/fcvm-09-942971-g006.gif
apeinentt o wegh
suey e “LoTe o R 95501 (Taed) andom)

Gussadoo st 204 012 00525 o7 prmoam g% a1z

Croarmis 2016 008 00321 3959 08 paton ezt
e o3 3016 001 00052 03 a1 o4 rame
Grooooltor 2021 002 03270 6054 0% o1z o1 sz
avaneioi 2015 008 0008 1304 Vo oz 1o s sir
Fsadstctmocet o 108 102100 00—
Random stects mode, ossios o~ 000
oy F < Ton <0008, <001
HR o s MAGE par . TSH

e o wegh
sy e e oz oo R 950t (ined) (andom)
Gusootal 04 01300825 29— | 087 rs0an it s
Craarsin 016 00a 0021 0089 = 0w pmsiton i @z

Fewen ool 2015 004 0oace 508 09 os2i113 Wor  rae

Groavolotss 221 00z 01270 Gost 0% bre1zs se  se
Fsedstictmosel o = o0 weraom 1000%
Random sects mode! = o oamiaon e

Ny 0.5 088 e





OPS/images/fendo.2021.681978/fendo-12-681978-g001.jpg
e ittt o

e

25

e

Lowrrs

e

G

Normat 113
e st dai






OPS/images/fcvm-09-942971/fcvm-09-942971-g007.gif
suey
Posen ot 216

Moty 55000014, 007

suey

Poscn ot 2016
Gussaoostal 004
oo v, 010

Gt o 2021

Fied atctmode

Rty - S7ert 0052007

1 eight wegh
e TN e R WA ool (ned) raniom)
omomms s e o8 (052105 taa 21
053 0020 1201 = ooy sew o
003 a0ior 'm0 o Tolionii ek e
000 ooia saar e 1 1 137 i T
e reog e o2y son e
1oo89 = wrpenimwos
= b T e

Mo ncusie MAGE pa . FTS
Experimensl weign wegn
e T o gt WA 9s-cl (ned) (andom)
omoms s —m— oss 052105 a0 s00n
00 00sr 3 e Shofion i men swon
000 0oia saar o o hoim o mox
0% aosos aaee e homina e s
1sern <= esponimmes -
= sl - oot

09 1

L CVD pot pel, FT





OPS/images/fcvm-09-942971/crossmark.jpg
(®) Check for updates





OPS/images/fcvm-09-942971/fcvm-09-942971-g001.gif





OPS/images/fcvm-09-942971/fcvm-09-942971-g002.gif
T i

s AUHED

J%

y;

= - i
T






OPS/images/fcvm-09-942971/fcvm-09-942971-g003.gif





OPS/images/fendo.2022.1024476/crossmark.jpg
©

2

i

|





OPS/images/fcvm-09-942971/math_2.gif
HRc=1+






OPS/images/fcvm-09-942971/math_3.gif
HRc=1+






OPS/images/fcvm-09-942971/math_4.gif





OPS/images/fcvm-09-942971/fcvm-09-942971-t001.jpg
Disorder Hypothyroidism Thyrotoxicosis

Disorders of impulse
formation
Automaticity
Normal automaticity Sinus bradycardia  Sinus tachycardia
Triggered activity
Early afterdepolarisations Ventricular
tachyarthythmia
Delayed Atrial and ventricular
afterdepolarisations sustained triggered

arthythmia
Disorders of impulse
conduction
Block and re-entry
Uni- or bidirectional block  SA block Decremental conduction
without re-entry AV block with paradox

bradycardia or heart

block
Unidirectional block with Atrial fibrillation
re-entry Ventricular flutter

Ventricular fibrillation

Ventricular tachycardia





OPS/images/fcvm-09-942971/fcvm-09-942971-t002.jpg
Study

Gussekloo etal.
(120)

Cappola etal.
(121)

Razvi etal. (122)

Schultz et al.
(123)

Frey etal. (124)

Mitchell etal.
(125)

Drechsler etal.
(126)

Perezetal. (127)

Selmer etal. (12)

Chaker et al. (36)

Rhee etal. (128)

Pearce etal. (129)

Langén et al.

(130)

Kannan etal.

a31)

Golledge etal.
(132)

Lietal. (133)

Seo etal. (134)

Groothof etal.
(39)

Inoue etal. (135)

Kimetal. (136)

Miller etal. (137)

Yang et al. (138)

Evron etal. (139)

Study population ~ Number
of

included

subjects

Population-based sample 599
of elderly subjects aged

85 years or older
Community-dwelling 3233
individuals aged 65 years

or older

Community-dwelling 2376

subjects from the

Wickham survey

Random sample from 605
general practitioners

aged 50-91 years with

normal LVEF

Subjects with systolic 758

heart failure

Subjects with heart 2,225
failure

1,000
patients
Patients with systolic 4,987

heart failure

Citizens of Copenhagen 563,700

without previous thyr
dysfunction undergoing

thyroid function testing

Community-dwelling 10318
individuals included

the Rotterdam study

Patients receiving 1,484
peritoneal dialysis
Members of the 643

Neweastle 85+ study,

recruited from general

(family) practices
Community-dwelling 5211
individuals aged > 30

years.

Patients with heart 1,365

failure enrolled in the
Penn Heart Failure Study
Community-recruited 3712
elderly men without

known thyroid disease

Euthyroid patients with 184
nonischemic dilated

cardiomyopathy

Patients with acute 1,977

myocardial infarction

Community-dwelling 6,054
euthyroid individuals

aged 28-75 years

Community-dwelling 9,020
individuals included in

the NHANES study

3

Patients undergoing

surgery

Euthyroid patients 115
undergoing implantation

of an ICD device

Patients receiving 1316

cardi

resynchronization

therapy

US veterans recciving 705,307
thyroid hormone

replacement therapy

Study design

Population-based
prospective cohort

study

Population-based
prospective cohort

study

Population-based
prospective cohort

study

Prospective
multicentre cohort

study

Prospective
multicentre cohort

study

Prospective
multicentre cohort
study

Prospective
multicentre cohort

study

Prospective
multicentre cohort

study

Population-based
prospective cohort

study

Population-based
prospective cohort
study

Prospective
multicentre cohort

study

Prospective cohort

study

Population-based
prospective cohort

study

Prospective
multicentre cohort
study
Population-based
prospective cohort

study

Prospective
unicentre cohort

study

Prospective
multicentre cohort
study
Population-based
prospective cohort

study

Population-based
prospective cohort

study

Retrospective
unicentre

case-control study

Prospective
unicentre cohort
study
Retrospective
unicentre cohort

study

Retrospective
cohort study based
onadata

warehouse system

Evaluation
period

Mean 3.7 years

Mean 12.5 years

Up to 20 years

Median 5 years

3 years

Median 3.8 years

4years

Median 2.7 years

Median 5.5 years

Median 9.1 years

Median 1.0 years

Up to 9 years

132 years

Median 4.2 years

Mean 9.5 years

Median 4.6 years

Median 3.5 years

Mean 7.9 years

Median 7.3 years

Mean 7.6 years

Mean 3.3 years

Median 3.6 years

Median 4 years

Outcome

All-cause mortality, disability,
depressive symptoms,

cognitive function

All-cause mortality, coronary
heart disease, cerebrovascular

disease, atrial fibrillation

Incidence and mortality of

ischaemic heart disease (IHD)

All-cause and cardiovascular

mortality, stroke

All-cause mortality

All-cause mortality

All-cause mortality, sudden
cardiac death, stroke,
combined CV events (sudden

death, MI or stroke)

Ca

iovascular mortality,
nonfatal myocardial

infarction, nonfatal stroke

Myocardial infarction (MI),
heart failure, stroke,
composite MACE (CVD,
nonfatal MI or nonfatal

stroke) and all-cause mortality

Sudden cardiac death

All-cause mortality.

All-cause and cardiovascular

mortality

All-cause mortality, sudden
cardiac death, CHD events,
CVD, stroke, MACE (CVD or
heart failure), AF

Composite end point of
all-cause mortality, cardiac
transplant or VAD placement.
Composite end point of
cardiovascular death,
myocardial infarction or
stroke

All-cause and cardiac
mortality, events of
ventricular arthythmia,
exacerbation of heart failure,

heart transplant

All-cause and cardiac

mortality

All-cause and cardiovascular

mortality

All-cause mortality

All-cause and cardiovascular
mortality, stroke,
hospitalization for heart
failure, coronary
revascularisation and MACE
(CVD, non-fatal MI, non-fatal
stroke or hospitalization for

heart failure)

Cardiovascular mortality,

appropriate ICD therapy

All-cause mortality,

appropriate ICD therapy

Cardiovascular mortality

Main results

Reduced TSH concentration
was associated with higher
all-cause and cardiovascular
mortality rate.

Reduced TSH was associated
with higher incidence of
all-cause death and atrial
fibrillation.

Elevated TSH concentration
in subclinical hypothyroidism
associated with higher rate of
fatal and nonfatal events and
mortality of IHD.

Reduced TSH was associated
with higher cary

mortality and risk of stroke

vascular

(after multivariable
adjustment associated with
stroke only)

Reduced TSH was associated
with increased mortality in
unadjusted model. No
association in adjusted model.
Both reduced and elevated
‘TSH was associated with
increased mortality.

Reduced TSH was associated
with doubled risk of sudden
cardiac death (in adjusted and
unadjusted models). Elevated
TSH was not associated with
outcome measures.

Elevated TSH was associated
with increased all-cause and
cardiac mortality in
unadjusted model. No
association after adjustment.
Reduced TSH concentration
was associated with MACE,
heart failure and all-cause
mortality. Elevated TSH was

associated with MI.

TSH concentration was not
associated with risk for

sudden cardiac death

Both reduced and elevated
TSH was associated with
increased mortality
(unadjusted and adjusted
models).

TSH concentration was not
associated with all-cause or
cardiovascular mortality after
adjustment

Elevated TSH was associated
with increased all-cause
‘mortality and SCD, no
association to other outcomes.
U-shaped association of TSH
o total mortality after spline
transformation.

Elevated TSH was associated
with increased hazard for
composite end point.

TSH concentration or its
quartiles were not associated

o the composite end point.

‘TSH concentration within its
reference range was positively
associated with risk for VA
events (unadjusted and
adjusted models). No
association to other outcome
measures.

Elevated TSH was associated
with higher all-cause and
cardiac mortality.

In subjects younger than 72
years TSH concentration
within reference range was
positively associated with
cardiovaseular mortality in
adjusted model.
Low-normal, high-normal
and elevated TSH was
associated with higher
all-cause mortality than
‘middle-normal TSH, partly
‘mediated by cardiovascular
disease.

Elevated TSH was associated
with higher all-cause and
cardiovascular mortality in
subgroup with ischaemic

161,

adjusted and unadjusted

heart disease (n

models), but not in group
with valvular heart disease
(n=104).

TSH within its reference
range was not associated with
mortality or ICD therapy.
Elevated TSH was not
associated with all-cause
‘mortality, but with increased
risk for appropriate ICD
therapy.

Risk for CVD was elevated in
both cohorts with TSH < 0.1
mIU/L and > 5.5 mIU/L.
Dose-dependent increase
toward the more extreme

phenotypes of dysregulation.
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Study population

Population-based sample
of elderly subjects aged

85 years or older

Community-dwelling
individuals included in

the Rotterdam study

Members of the
Newcastle 85+ study,
recruited from general
(family) practices
Patients with heart
failure enrolled in the

Penn Heart Failure Study

Community-recruited
elderly men without

known thyroid disease

community-dwelling
individuals aged 28-75
years

Euthyroid patients
undergoing implantation
of an ICD device

US veterans receivii

thyroid hormone

replacement therapy

Number
of

included

subjects

599

10,318

643

1,365

3712

6,054

115

705,307

Study design

Population-based
prospective cohort

study

Population-based
prospective cohort

study

Prospective cohort

study

Prospective
‘multicentre cohort

study

Population-based
prospective cohort

study

Prospective cohort

study

Prospective
unicentre cohort

study

Retrospective
cohort study based
onadata

warehouse system

Evaluation
period

Mean 3.7 years

Median 9.1 years

Up to9years

Median 4.2 years

Mean 9.5 years

Mean 7.9 years

Mean 3.3 years

Median 4 years

Outcome

All-cause mortality, disability,
depressive symptoms,

cognitive function

Sudden cardiac death

All-cause and cardiovascular

mortality

all-cause mortality, cardiac

transplant or VAD placement.

Composite end point of
cardiovascular death,
myocardial infarction or
stroke

All-cause and cardiovascular

mortality

Cardiovascular mortality,

appropriate ICD therapy

Cardiovascular mortality

Main results

Elevated FT4 concentration
was associated with higher
all-cause and cardiovascular
mortality rate.

FT4 concentration, even
within its reference ranges
was positively associated with
hazard for sudden cardiac
death. Risk for SCD was

FT4 was in the 3¢

increase
tertile of the reference range
unadjusted and adjusted
models).

FT4 concentration was not
associated with all-cause or
cardiovascular mortality after
adjustment.

FT4 concentration was
positively associated with
hazard for composite end
point.

Increased risk for the MACI

and myocardial infarction
the highest quartile for FT4
concentration.

FT4 concentration was
positively associated with both
all-cause and cardiovascular
‘mortality (unadjusted and
adjusted models).

FT4 in the 2nd and 3rd tertiles
of the reference range was
positively associated with
increased risk for appropriate
ICD therapy. FT4
concentration associated to
hazard for ICD therapy-free
survival (unadjusted and
adjusted models).

Risk for CVD was elevated in
both cohorts with FT4 < 9.0
pmol/L and > 24.5 pmol/L.
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and reduce heart rate
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Measure TSH,
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alleviate thyrotoxicosis symptoms and reduce heart rate
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weeks of OAC, or within < 3 weeks of OAC if a TOE excluded
LA/LAA thrombus

L 2

favoring rhythm-control (see Table 1) and beta-blockers to alleviate
thyrotoxicosis symptoms and reduce heart rate

AF onset within 48h: Early cardioversion after a check of OAC
AF onset > 48h or uncertain: Elective cardioversion after 3 weeks of
OAC, or within < 3 weeks of OAC if a TOE excluded LA/LAA thrombus

In all clinical situations: Continue OAC based on the CHA DS,-VASc score at 4 weeks of cardioversion
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N

Age (years)

Female (%)

BMI (kg/m?)

Atral fibrilation (%)

Thyroid disease
Acute or subacute thyroiditis
Amiodarone-induced thyroid disease
Toxic adenoma
Hashimoto's disease
Ord's disease
Graves' disease
Graves' disease with Hashimoto component
Schmidt-Carpenter's syndrome
Marine-Lenhart syndrome
Post-surgical or radiogenic hypothyroidism

Sodium (135-145 mmol/L)

Potassium (3.5-5 mmol/L)

Calcium (2.2-2.6 mmol/L)

Creatinine (71-124 umol/L)

HoATc (4-6%)

Betal-selective beta-blocker use

Unselective beta-blocker use

Cardiac glycoside use

Amiodarone use

Garbamazepine use

Methylphenidate use

Antipsychotic drug use

Selective serotonin reuptake inhibitor use

Tricyclic antidepressant used

Antiistamine use

Thyroid volume (mL)

Levothyroxine dosage (i.g/day)

Group 0 (normal subjects)

10
563+ 4.9
6(60%)
275+ 1.0
0(0%)

cooooooooo

1388+ 06
41£02
23+00

75.1 (35.4)"
58+03

3(30%)

0 (0%)tt
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)

2(20%)
0(0%)
110£06
0x0

Group 1 (hypothyroidism)

1

567+ 4.6
6 (54%)
32.7 £ 341

1(0%)

MO O Moo o = o

1399+ 1.0
41£04
22£0.1

97.2 35.4)11
6405
4(36%)

0 %)ttt

1(0%)
1(9%)
0(0%)
0(0%)
1(0%)
0(0%)
0(0%)
1(9%)

123 £341
5234230

Group 2 (full-dose
L-T4 substitution

therapy)

19
451£30

17 (89%)

261 £1.7"

0(0%)

© - ®wmnO =+ =00

139.6 £ 0.9
41£041
22:£0.11
61.988)
56+03
5(26%)
0(0%)t
0(0%)
0(0%)
16%)
1(6%)
1(6%)
1(6%)
1(6%)
0(0%)

8.4£32M
88.2 £ 22,71

Group 3 (thyrotoxicosis)

60

540+ 2.1
40 (67%)

250+0.7"
10 (17%)

o= o~ ®

>

1388 £ 0.4
41201
24£00

61.9(26.5)
56+0.1
27 (45%)

21 @5%)
2(3%)
7 (12%)
0(0%)
0(0%)
2(3%)
2(3%)
2(3%)
1%

2794214

83+53

Corrected p < 0.05 (*), < 0.0 (**), < 0.007 (***) compared to group 1 (hypothyroidism). Corrected p < 0.05 (*), < 0.01 (**), < 0.001 (1) compared to group 3. Corrected p < 0.001
(#%) compared to group 0. See Supplementary Tables 1-20 for detailed p-values.
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Parameter  Group 0 Group 1 Group 2 Group 3
(reference  (normal  (hypothyroidism) (full-dose  (thyrotoxicosis)

range) subjects) L-T4

substitution

therapy)

TSH 1.47 76.33 1.41 0.03 (0.04) 4%
(0.35-85 (911t (@2.4g)ttttits  (gagpetttt
miuzL)
FT4(8-18 122 39 129 45.0 2.5) 44
pmolL) @2yttt gttty (g gttt
FT3 49 3.0 (0.8)ttttt 4.7 16.1 (13.6) ¥4
8563 o el (1optttt
pmol)
SPINA-GT 2.74 031 NA 307.27
(1.4-8.7 (1.2ay=1tt (Oqg)ttitHE (940.48)++¥¥
pmol/s)
SPINA-GD 34.7 629 354 30.2(16.2"*
(20-60 @Ay (E0GHE 15,9yt
nmol/s)
il 20£02°  49£02 16+£05" 27404
(1.3-4.1)

Corrected p < 0.05 (), < 0.01 (), < 0.001 (), < Te~4 (***) compared to group 1.
Corrected p < 0.05 (f), <0.01 (), < 0.001 (1), < 1e~4 (t11?) compared to group 3.
Corrected p < 0.001 (%), < 1e—4 **#%) compared to group 0.
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Group 0 Group 1 Group 2
(normal  (hypothyroidism) (full-dose
subjects) L-T4
substitution
therapy)
Heart rate 75 £ 51t 71 £ 6t 77 £ 3
(min~")
QTinterval 362121 3990ttt 3pg gt
(ms)
Tp-e 733 83 %4t 733
interval (ms)
JTinterval 280 131 207 + ottt 278 £ 811t
(ms)
P wave 94x4 96£4 923
duration
(ms)

Group 3
(thyrotoxicosis)

100 3

330 £ 6

70+£2*

241 £ 5

93+2

Corrected p < 0.05 (), < 1e4 (****) compared to group 1. Corrected p < 0.05 (*), < 0.01

(1), < 0.001 (1), < 1e—4 (t111) compared to group 3.
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Heart rate (mi
FT4 (pmoll) 1292 2.06

Selective 825 391
beta-blocker
QT interval (ms)

TSH(MIUA) 496  1.82

FT3 (pmol/l) —18.97 7.29

Amiodarone  34.88 13.16

Tp-e interval (ms)
TSH(mIUA) 139 043
JT interval (ms)

TSH(mUL): 418 173
FT3 (pmoll) —16.32 6.98

Wald

39.2

44

75

68

70

10.2

58
5.1

df.

1

P

1.1e-8

0.04

0.008

001

0.009

0.002

002
0.02

OR (95% Cl)

4.1e5
(7143-2.3¢7)
38328
(1.8-8.2¢6)

1425
(4.1-5004.9)
5.8e-9
(8.60-15-9.30-8)
1.4e15
(8900.1-2.2626)

40(1.7-9.4)
65.4 (2.2-1953)

8.1e-8
(9.4e-14-0.07)

VIF

242

2.41

1.03

N/A

236
236

Veriables were chosen by a priori selection and step-wise model simplification as
described in the Methods section. Initial maximal models included BM), medication
(selective and unselective beta blockers, amiodarone, antihistamines) and serum
concentrations of TSH, FT4, FT3, calcium, and creatinine. B, Beta coefficient; SE,
standard error; Wald, Chi-squared from Wald's test; d.f, degrees of freedom; OR,
odds ratio; VIF, variance inflation fector. *Logarithmicall transformed to account for

asymmetrical distribution.
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Characteristic

Demographic data
Age (year)

Gender (Female)

BMI (kg/m2)

Current smoking
Current drinking
Paroxysmal AF
CHA2DS2-VASG score
AF duration (months)
Echocardiogram

LAD" (mm)

LVEF (%)

Initial laboratory tests
HGB(g/L)

Fasting glucose (mmol/L)
Creatinine (umol/L)

Total cholesterol (mmol/L)
Past diagnoses

cAD

Hypertension

Diabetes

Stroke

HF

Medications at baseline
Diuretics

Statin

ACEVARB

B-blockers

ccs

Procedure parameters

Procedure time (min)

RF power (W)
Duration of hospital stay (Days)
Ablation strategy (PVI Plus)
Thyroid condition

T3 (pmol/L)

T4 (pmol/L)

TSH (miuL)

Overall
(n=342)

63.00 (56.00, 69.00)
141 (41.2)
24.49 (23.15, 27.06)
53(15.5)

46 (13.5)
223(65.2)
2.00(1.00, 3.00)
12,37 (1.03, 39.57)

37.14(5.86)
65.40 (60.35, 68.65)

140.00 (130.00,
149.00)

5.18(4.76,5.78)
72.00 (61.00, 82.85)
3.99(3.42, 4.59)

50(173)
186 (54.4)
40(11.7)
39 (11.4)
36(10.5)

74(21.6)
117 (34.2)
78 (22.8)
127 (87.1)
50(14.6)

120.00 (100.00,
130.00)

35,00 (30.00, 40.00)
7.00 (6.00, 9.00)
39 (11.4)

486 (4.43, 5.44)
15.66 (14.21, 17.40)
1.93(1.15,3.00)

Subclinical
hyperthyroidism
(n=26)

65.50 (55.50, 71.26)
8(30.8)

23.94 (23.00, 25.30)
3(11.5)
3(115)
14(538)

1.50 (1.0, 3.00)

24.33(1.02, 62.72)

37.93 7.19)
60.40 (56.70, 67.20)

140.00 (127.75,
149.00)

5.12 (451, 6.24)
80.00 (75.25, 85.25)
3.74(3.03, 4.34)

4(15.4)
14 (53.8)
4(15.9)
6(23.1)
4(15.4)

7(269)
9(34.6)
4(15.4)
11 (423
138

120.00 (120.00,
130.00)

35.00 (33.75, 40.00)
7.00 (6.00, 8.00)
3(11.5)

5.62 (4.64, 6.45)
17.90 (14.63, 22.52)
007 (0.02,0.39)

Euthyroid state
(n=275)

63,00 (56.00, 69.00)
114 (41.5)
24.80 (28.42, 27.06)
46(16.7)

39 (14.2)
181(65.8)
2.00(1.00, 3.00)
12.63 (1.20, 40.07)

37.13(5.69)
65.90 (60.75, 69.20)

140,00 (181.00,
149.00)

5.20(4.79,5.74)
71.00 (61.00, 83.00)
4.00 (3.5, 4.60)

46 (16.7)
154 (56.0)
30(109)
29(105)
27(9.8)

61(222)
89 (32.4)
64(23.3)
99 (36.0)
43 (15.6)

120.00 (10000,
130.00)

40,00 (30.00, 40.00)
7.00 (6.00,9.00)
27 9.8)

486 (4.46, 5.32)
16.62 (14.26, 17.30)
1.85(1.22, 2.58)

hypothyroidism
(n=41)

63.00 (57.00, 68.00)
19 (46.3)
24.44 (22,72, 27.68)
4098
4(9.8)
28(68.3)
2.00(1.00, 3.00)
6.7 (0.95,24.35)

36.60 (6.29)
64,65 (60.92, 66.70)

187.50 (129.75,
148.00)

4.92 (4.48, 5.56)
72.00 (60.75, 80.50)
3.80 (3.2, 4.24)

9(22.0)
18 (43.9)
6(14.6)
4(9.8)
5(12.2)

6(14.6)
19 (46.3)
10 (24.4)
17 (41.5)
6(14.6)

120.00 (90.00, 132.00)

35.00 (30.00, 40.00)
8.00 (6.00, 10.00)
9(22.0)

4.60 (4.21,5.51)
15.37 (14.00, 16.70)
6.04(5.30, 8.13)

AF, atrel fibrilltion; LAD, left atrium diameter; LVEF, left ventricular ejection fraction; BMI, body mass index; HGB, hemoglobin; CAD, coronary artery disease; H, heart failure; ACE,
angiotensin-converting enzyme inhibitors; ARB, angiotensin-receptor blockers; CCB, calcium channel blockers; PVI Plus, cavotricuspid isthmus, superior vena cava, arhythmogenic
substrate modification or LA linear ablation beyond pulmonary vein isolation; RF power, radiofrequency power; TSH, thyroid-stimulating hormone; fT4, free thyroxine; fT3, free
triodothyronine. "Data s given as mean (SD); the other date are given as medlans (interquartile range) or frequencies (percenteges). Data on the LAD and LVEF level are missing
for 87 patients, RF power for 71, on the CHA2DS2-VASG score level for 62, on the AF duration level for 35, on the fasting glucose for 28, on the total cholesterol for 16, on the procedure
time for 14, creatinine for 8, HGB for 6, and BMI for 5.
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Analyses Recurrence

No. of events / No. at risk (%)

Subclinical hyperthyroidism 13/26 (50.0)
Euthyroid state 69/275 (25.1)
Subcinical hypothyroidism 9/41 (22.0)

Crude analyses— HR (95% CI)
Ref = Euthyroid state

Subcinical hyperthyroidism 1.98 (1.10-8.59)
Subciinical hypothyroidism 0.81(0.40-1.61)
Multivariable analyses— HR (95% CI)

Ref = Euthyroid State*

Modelt
Subclinical hyperthyroidism 2.12(1.17,3.86)
Suboiical hypothyroidism 0.80(0.40, 1.60)
Model2

Subcinical hyperthyroidism 2.93(1.66, 5.59)
Subelinical hypothyroidism 0.71(034, 1.46)
Modeld

Subclinical hyperthyroidism 3.07 (1.54, 6.14)
Subciical hypothyroidism 0.66(0.31, 1.43)

PS analyses— HR (95% CI)
Ref= Euthyroid State

With IPTW"

Suboinical hyperthyroidism 2.97 (1.44,6.19)
Subcinical hypothyroidism 052(0.23, 1.19)
With PSM#

Subcinical hyperthyroidism 2.92 (1.25, 6.85)
Subciical hypothyroidism 0.60(0.28, 1.28)
Adjusted for PS§

Subciinical hyperthyroidism 3.40 (1,65, 6.97)
Subciical hypothyroidism 0.62(0.28, 1.35)

“Model1 with adtional acjustment for age and gender. Model2 with adiitional acjustment
for age, current smoking status, duration of hospital stay, LAD, HGB, hypertension,
stroke, HF, ciuretics, ACEVARB, procedure time, and RF power using Akaike informetion
criterion (AIC) for model selection. Model3 with adliional adjustment for age, BMI,
gender, current smoking and drinking status, AF pattem, CHA2DS2-VASc score, AF
duration, echocardiogram information, past diagnoses, current medications, laboratory
tests, and procedure parameters. The analysis includes il 342 patients. | Adjust for the
‘same covariates in model3 with IPTW according to the PS. The analysis includes all 342
patients. *Without aditional adjustment because of the well balance of the covariates
after PSM. The analysis includes 78 patients (26 in subciinical hyperthyroicism state and
52 in the euthyroid state) and 123 patients (41 in subclinical hypothyroidism state and
82 in the euthyroid state), respectively. $Adjust for the same covariates in model3, with
addtional acjustment for the PS. The analysis includes all 342 patients. HR, hazard ratio;
G, confidence interval; PSM, propensity score matching; PS, propensity score; IPTW,
inverse probabilty treatment weighting.





OPS/images/fcvm-09-902411/fcvm-09-902411-t003.jpg
Variable T3 T4 TSH

Events/N Crude model Adjusted model Events/N Crude model Adjusted model Events/N Crude Adjusted model
(HR, 95%Cl) (HR, 95%Cl) (HR, 95%Cl) (HR, 95%Cl) model (HR, 95%Cl)
(HR, 95%CI)

Per SD increase 91/342 1.15 (095, 1.40) 1.15 (091, 1.45) 91/342 084 (0.68, 1.04) 0.83(0.66, 1.05) 91/342 086(0.72, 0.82 (0,68, 0.98)
1.01)

Quintiles

at 14/69 Ref Ref 24/69 Ref Ref 20/69 Ref Ref

Q2 19/69 1.44 (072, 2.87) 1.80(0.84, 3.85) 18/68 0.75(0.41, 1.39) 0.57 (0.29, 1.12) 19/69 1.00 (0.53, 1.06 (054, 2.11)
1.87)

Q3 14/68 1.04 (0.49,2.18) 0.85(0.38, 1.88) 13/68 0.55 (0.28, 1.08) 0.58 (0.28, 1.18) 18/67 0.97 (0.51, 0.88(0.44, 1.76)
1.89)

Q4 18/67 1.43(0.71, 2.88) 1.91(0.90, 4.05) 20/68 0.90(0.50, 1.63) 0.90(0.47, 1.76) 19/68 1.08(0.58, 0.94(0.47, 1.89)
2.03)

Qs 26/69 2.23(1.16, 4.28) 2.13(1.04, 4.37) 16/69 0.66 (0.35, 1.25) 0.62 (0.32, 1.22) 15/69 0.73(0.37, 0.70(0.34, 1.41)
1.43)

P for trend —~ 0.024 0.055 = 0.342 0.463 - 0.485 0.291

TSH, thyroid-stimulating hormone; T4, free thyroxine; T3, free triodothyronine; AF, atrial firiletion; Ci, confidence interval; HR, hazard retio; SD, standard deviation. Adjusted model: adjust for age, BMI, gender, current smoking and
drinking status, AF pattern, CHA2DS2-VASc score, AF duration, echocardiogram information, past diagnoses, current medications, laboratory tests, and procedure parameters. TSH, T4, and fT3 are modeled with Log transformation.
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Younger age

First AF episode or short history of AF onset

Rate control target unachievable
Tachycardia-mediated cardiomyopathy

No or few comorbidities/heart disease

AF precipitated by acute illness or reversible events
AF-related symptoms

Patient's choice
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435 consecutive patients received AF RFCA

procedure from Januar

1,2017 to June 1, 2021, at

the Second Hospital of Hebei Medical University,

China.

93 patients were excluded

32 Lack of follow-up data
28 Non-initial radiofrequency ablation
16 Lack of 1, 14, results
8 History of hypoth
‘Taking thyroid hormone replacement
5 History of hyperthyroidism or
Taking antithyroid drugs
2 Long-term use of amiodar
2 Overt thyroid dysfunction

342 eligible patients analyzed in the study

[ I ]

Subclinical Euthyroid State Subel
Hyperthyroidism Y

(n=26) (n=275)

(n=:

)

Hypothyroidism
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Study

Koh et al. (4)
Wong et al. (5)
Eyadiel et al. (6)
Manuel et al. (7)

Cheo et al. (19)

Hsu et al. (20)

White et al. (21)

Pong et al. (22)

Allencheril et al. (23)
Kiriyama et al. (24)

Kim et al. (25)
Genev et al. (26)

Vol et al. (27)

Chao et al. (26)
Al-Saadi et al. (29)
Kauth et al. (30)
Karahalios et al.

(1)
Starobin et al. (32)

Patient
gender

Male

Male

Female

Male

Male
Male
Female
Male
Female
Male
Male
Female

Male
Female

Male
Female
Male

Female

Male
Female

Female

Female
Male
Male
Female

Male

Patient
age

a4

44

27

26

a7
43
a7
42
33
a7
43
37

42
57

33
35
29

54

52

37

35

35

29

53

29

33

Indication for
ECMO

PEA collapse with
shock

Recurrent PEA
collapse

Cardiogenic shock
PEA collapse with
shock

Refractory shock

Cardiogenic shock
PEA collapse

PEA collapse

Shock
PEA collapse

Cardiogenic shock
Cardiogenic shock
PEA collapse

Cardiogenic shock

Cardiogenic shock
Cardiogenic shock

Recurrent PEA
collapse with shock

PEA collapse
Cardiac arrest
PEA collapse
PEA collapse

Cardiogenic shock

Duration of
ECMO

~3days

3days

6 days

24 hours

19-115.6 hours
(mean 82 hours)

19 hours
114 hours

94 hours

102 hours
10 days

4 days
4days
7 days

18 days

6days
8 days

3days

65 hours
6 days
12 days

2 weeks

Pre-ECMO
LVEF

20-25%

20%

<10%

20-40%
(Mean 24%)

32%
20%

32%

29%
<10%

10%
17%
<20%

<20%

<20%
30%

<20%

5%

<20%

Biventricular
failure*
10%

Post-ECMO
LVEF

35%

Almost
completely
recovered*

38-64% (mean
55%) on day 6

64%
60%

58%
20-30%

51%
52%
45-49%

Almost
completely
recovered”

40%
35%

Normalized"
65%
Normalized*

Improved*

Normalized*

Other extra-corpo-
real system used

Biochemical response after
extra-corporeal treatment

TPE (4 cycles), CRRT  fT4 from 57 to 22pmol/L;

TPE (3 days)

TPE (3 cycles)

TPE (2 cycles) via
ECMO circuit

fT3 from 12.4 to 6.0pmol/L.

T4 from 61.3 to 22.0pmol/L;
T3 from 23.5 to 4.3pmol/L

Normalization of T3*

174 >100pmol/L at baseline, reportedlly
improved on discharge*

T4 54.8-308.9pmol/L at baseline, reportedly
improved on discharge*

174 31.1pmolL at baseiine;

serum T3 3.64 improved to 1.69nmoL
174 96.5 improved to 19.3pmol/L

174 57.9 improved to 18.3pmol/L
Giinical improvement.

Improvements in thyroid hormone not
documented*

T4 55pmolL, normalized after 1 week
174 44pmolL, normalized after 4 days
Ciinical improvement

Improvements in thyroid hormone not
documented*

174 49.30mollL, T3 7.04pmol/L at baseline,
reportedly improved on discharge®

T4 100.0pmollL, T3 7.04pmol/L at baseline,
reportedly improved on discharge®

174 from 60.5 to 12.9pmol/L;

113 from 13.6 to 2.5pmol/L.

T4 79pmollL, T3 47pmollL, reportedly
improved on discharge®

T4 100.80mollL, fT3 16.3pmollL, reportedly
improved on discharge*

T4 83.5pmolL, T3 7.04pmolL at baseline,
reportedly improved on discharge*

T4 66.20mOlL, T3 19.20molL, normalized on
discharge®

T4 79.8pmol/L at baseline

Outcome

Survived.
Underwent
thyroidectomy.
Survived.
Underwent
thyroidectomy.
Survived.

Survived.
Underwent
thyroidectomy.
Expired, from
mult-organ failure
Expired, from
hepatic failure
Survived

Survived

Survived

Expired

Survived

Survived

Survived
Survived

Survived
Survived
Survived

Survived

Survived
Survived
Survived.
Underwent
thyroidectomy.
Survived
Survived
Sunvived

Survived

Survived

denotes incomplete data from articles, while -* denotes absence of reported data.
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CV outcomes Tertile1 (n=387) Tertile2 (n=386) Tertile3 (n=389) p value

MACE 39 (10.0%) 54 (13.9%) 71 (18.2%) 0.005
Death, nonfatal MI, stroke or revascularization 21 (5.4%) 33 (8.5%) 45 (11.5%) 0.035
All-cause death 3(0.7%) 3(0.7%) 10 (2.5%) 0.047
Nonfatal MI 9 (2.3%) 12 (3.1%) 19 (4.8%) 0.072
Revascularization 7 (1.8%) 18 (4.6%) 21 (6.3%) 0.031
Nonfatal stroke 4 (1.0%) 3(0.7%) 5(1.2%) 0.359
Hospitalization for UA 14 (3.6%) 24 (6.2%) 32 (8.2%) 0.018
Hospitalization for HF 12 (3.1%) 10 (2.6%) 24 (6.1%) 0.022

Tertile1: fT3/fT4=2.64, Tertile2: 2.28< fT3/fT4 <2.64, Tertile3: fT3/fT4 <2.28. MACE, major adverse cardiovascular events; MI, myocardial infarction; UA, unstable angina; HF, heart failure.
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Group Unadjusted Model 1 Model 2

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value
fT3/fT4 ratio, per 1SD increase 0.49 (0.33-0.71) <0.001 0.53 (0.36-0.77) 0.001 0.57 (0.38-0.84) 0.005
Tertile 1 1 (reference) 1 (reference) 1 (reference)
Tertile 2 1.71 (1.12-2.61) 0.013 1.69 (1.11-2.56) 0.014 1.58 (1.05-2.39) 0.030
Tertile 3 2.22 (1.28-3.33) <0.001 2.17 (1.25-3.26) 0.001 2.06 (1.17-3.11) 0.006

Tertile1: fT3/fT422.64, Tertile2: 2.28< fT3/fT4 <2.64, Tertile3: fT3/fT4 <2.28. Model 1 included age and sex. Model 2 included age, sex, M classification (NSTEM or STEMI), hypertension,
diabetes and dyslipidemia in the multivariate Cox analysis. fT3, free triodothyronine; T4, free thyroxine; HR, hazard ratio; Cl, confidence interval; SD, standard deviation.
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Variable Tertile1 (n=387) Tertile2 (n=386) Tertile3 (n=389) p value
Male, n(%) 300 (77.5%) 291 (75.3%) 265 (68.1%) <0.001
Age, years 54.0£12.3 55.1£11.6 57.8+11.1 <0.001
BMI, kg/mz 25.2+3.5 25.4+3.8 25.8+3.9 0.252
STEMI, n(%) 128 (33.0%) 155 (40.1%) 173 (44.4%) 0.022
Past history
Hypertension 195 (50.3%) 204 (52.8%) 220 (56.5%) 0.035
Diabetes 51 (13.1%) 57 (14.7%) 75 (19.2%) 0.043
Dyslipidemia 231 (69.6%) 225 (58.2%) 217 (65.7%) 0.172
Previous MI 18 (4.6%) 20 (5.1%) 20 (5.1%) 0.931
Killip class>2, n(%) 21 (5.4%) 29 (7.5%) 36 (9.2%) 0.036
LVEF, % 61.2+6.0 60.9+6.0 59.4+7.5 <0.001
TIMI risk score 3.2+1.1 3.4x+12 3.7+1.5 0.002
Laboratory test
T3, pg/mL 3.03+0.36 2.87+0.31 2.56+0.39 <0.001
T4, ng/dL 1.04+0.13 1.17£0.13 1.28+0.19 <0.001
fT3/fT4 ratio 2.93+0.27 2.46x0.10 2.01x0.21 <0.001
TSH, plU/mL 2.13+1.51 2.14+1.59 2.08+1.33 0.162
FBG, mmol/L 5.53+1.55 5.60+1.51 5.95+1.92 0.001
LDL-C, mmol/L 2.28+0.78 2.30+0.73 2.29+0.76 0.901
Creatinine, pmol/L. 78.9+14.5 79.9£15.2 81.4+18.7 0.566
hs-CRP, mg/L 1.98 (0.95, 4.40) 2.09(1.07, 5.17) 2.86 (1.17, 8.40) <0.001
NT-proBNP, pg/mL 302 (107, 658) 351 (118, 695) 403 (121, 786) 0.023
Tnl, ng/mL 1.31(0.32, 3.73) 1,52 (0.41, 4.85) 1.76 (0.72, 5.13) 0.011
In-hospital medication
DAPT 353 (91.2%) 364 (94.3%) 361 (92.8%) 0.253
Statin 372 (96.1%) 368 (95.3%) 373 (95.8%) 0.856
ACEl or ARB 243 (62.7%) 238 (61.6%) 263 (67.6%) 0.186
Beta-blocker 269 (69.5%) 284 (73.5%) 295 (75.8%) 0.133

Patients were divided according to decreasing tertile levels of fT3/fT4 ratio (Tertile1: fT3/T4>2.64, Tertile2: 2.28< fT3/fT4 <2.64, Tertile3: fT3/fT4 <2.28). BMI, body mass index; STEMI,
ST-segment elevation myocardial infarction; LVEF, left ventricular ejection fraction; TIMI, Thrombolysis in Myocardial Infarction; fT3, free triiodothyronine; fT4, free thyroxine; TSH, thyroid-
stimulating hormone; FBG, fasting blood glucose; LDL-C, low-density lipoprotein cholesterol; hs-CRP, high-sensitive C-reactive protein; NT-proBNP, N-terminal pro-B-type natriuretic
peptide; Tnl, Troponin I: DAPT, dual anti-platelet therapy; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor antagonist.
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Lab values Pre-treatment

Free T4 (pmol/L) 75.4
Free T3 (pmol/L) >30.8
TSH (mU/L) 0.01
Thyroperoxidase antibody (IU/ml) 114
TSH receptor antibody(U/L) 25
Hematocrit 0.391
Sodium (mmol/L) 143
Potassium (mmol/L) 41
Creatinine (umol/L) 38

5months post-treatment

16.7
6.7
<0.06

Reference range

10.5 - 20
35-6.5
0.3-6.0
0-9
<18
0.350 - 0.440
135 - 145
35-5.0
39-97

T4, Thyroxine; T3, Trilodothyronine; TSH, Thyroid stimulating hormone.

Thyroid function was tested frequently after initiation of methimazole until stabilization. This thyroid panel represents 5 months after presentation when thyroid function stabilized.
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Parameters Value Z score
LV end-diastolic dimension 6.1cm 3.18
LV end-systolic dimension 4.2cm 3.25
Interventricular septum thickness in diastole 1.0cm 1.37
LV posterior wall thickness in systole 1.2cm 0.31
LV posterior wall thickness in diastole 0.6 cm 0.49
LV ejection fraction 59%

LV fractional shortening 31.9%

LV wall stress 128.3 g/cm?

LV Cardiac Index 2.73 Vmin/m?

Left atrial diameter 4.9 cm

Mitral Valve E/A 1.0

Mitral Valve E Velocity 1.3 m/s

LV, Left Ventricle; E/A, Ratio of E (early diastolic wave)/A (late diastolic wave); E Velocity, early diastolic velocity.
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