

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-4100-5
DOI 10.3389/978-2-8325-4100-5

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





The thyroid and COVID-19, volume II

Topic editors

Gabriela Brenta – Dr. César Milstein Care Unit, Argentina

Marco António Campinho – University of Algarve, Portugal Celia Regina Nogueira – Sao Paulo State University, Brazil

Jose Sgarbi – Medical School of Marilia, Brazil

Citation

Brenta, G., Campinho, M. A., Nogueira, C. R., Sgarbi, J., eds. (2023). The thyroid and COVID-19, volume II. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-4100-5





Table of Contents




Editorial: The thyroid and Covid-19, volume II

Gabriela Brenta, Marco António Campinho, Celia Regina Nogueira and Jose Sgarbi

Causal associations between thyroid dysfunction and COVID-19 susceptibility and severity: A bidirectional Mendelian randomization study

Zhihao Zhang, Tian Fang and Yonggang Lv

Effect of COVID-19 pandemic on diagnosis and treatment of thyroid cancer in Brazil

Vitor Bock Silveira, Wallace Klein Schwengber, Guilherme Moreira Hetzel, André B. Zanella, Rafael Selbach Scheffel, Ana Luiza Maia and Jose Miguel Dora

COVID-19 and thyroid function: What do we know so far?

Camila Lüdke Rossetti, Juliana Cazarin, Fabio Hecht, Fabyan Esberard de Lima Beltrão, Andrea Cláudia Freitas Ferreira, Rodrigo Soares Fortunato, Helton Estrela Ramos and Denise Pires de Carvalho

Effect of SARS-CoV-2 BNT162b2 mRNA vaccine on thyroid autoimmunity: A twelve-month follow-up study

Shuhei Morita, Tomoyuki Takagi, Hidefumi Inaba, Yasushi Furukawa, Shohei Kishimoto, Shinsuke Uraki, Naoki Shimo, Ken Takeshima, Saya Uraki, Kei Doi, Mitsuyo Imagawa, Mika Kokawa, Tomomi Konami, Hitomi Hara, Yoshihiro Hara, Emiko Sone, Hiroto Furuta, Masahiro Nishi, Asako Doi, Shinobu Tamura and Taka-aki Matsuoka

Thyroxine changes in COVID-19 pandemic: A systematic review and meta-analysis

Ziqi Li, Pengwei Hou, Shuwen Mu, Renzhi Wang, Hui Miao, Ming Feng, He Wang, Wentai Zhang, Yihao Chen, Tianshun Feng, Shousen Wang and Yi Fang

Increased prevalence of autoimmune thyroid disease after COVID-19: A single-center, prospective study

Alessandro Rossini, Sara Cassibba, Francesca Perticone, Simone Vasilij Benatti, Serena Venturelli, Greta Carioli, Arianna Ghirardi, Marco Rizzi, Tiziano Barbui, Roberto Trevisan and Silvia Ippolito

Thyroglobulin levels in COVID-19-positive patients: Correlations with thyroid function tests, inflammatory markers, and glucocorticoid use

Renata Świątkowska-Stodulska, Agata Berlińska and Ewelina Puchalska-Reglińska

Thyroid function and associated mood changes after COVID-19 vaccines in patients with Hashimoto thyroiditis

Yifei Ma, Jiling Zeng, Yongluo Jiang, Yi-Wei Xu, Youlong Wang, Guanqing Zhong, Nianqi Liu, Yanqi Wang, Zhiying Zhang, Yiming Li, Shuqin Chen, Xiao-Long Wei, Pengfei Zhu, Guangmin Jian, Xiajie Lyu, Yu Si Niu, Mingwei Li, Shuang Liang, Guangzhen Fu, Shaohui He, CanTong Liu, Ao Zhang and Xinjia Wang

Case report: Preliminary study on the diagnosis and treatment of respiratory distress in patients with giant nodular goiter complicated with severe COVID-19

Fang Wang, Xing Yu, Zhangxia Ren and Yong Wang





EDITORIAL

published: 27 November 2023

doi: 10.3389/fendo.2023.1331452

[image: image2]


Editorial: The thyroid and Covid-19, volume II


Gabriela Brenta 1*, Marco António Campinho 2,3, Celia Regina Nogueira 4 and Jose Sgarbi 5


1 Endocrinology, Dr. César Milstein Care Unit, Buenos Aires, Argentina, 2 Faculty of Medicine and Biomedical Sciences, Universidade do Algarve, Faro, Portugal, 3 Algarve Biomedical Center-Research Institute, Universidade do Algarve, Faro, Portugal, 4 Department of Internal Medicine, Medical School Botucatu, São Paulo State University (UNESP), Botucatu, Brazil, 5 Thyroid Unit, Division of Endocrinology and Metabolism, Department of Medicine, Faculdade de Medicina de Maríli, Marilia, Brazil




Edited and Reviewed by: 

Terry Francis Davies, Icahn School of Medicine at Mount Sinai, United States

*Correspondence: 

Gabriela Brenta
 gbrenta@gmail.com


Received: 01 November 2023

Accepted: 16 November 2023

Published: 27 November 2023

Citation:
Brenta G, Campinho MA, Nogueira CR and Sgarbi J (2023) Editorial: The thyroid and Covid-19, volume II. Front. Endocrinol. 14:1331452. doi: 10.3389/fendo.2023.1331452



Keywords: COVID - 19, thyroid, pandemic (COVID19), COVID 19 vaccines, thyroid cancer


Editorial on the Research Topic 


The thyroid and Covid-19, volume II





More insights into thyroid and COVID-19

Coronaviruses are enveloped RNA viruses of wide distribution in humans associated with mild respiratory disease. By contrast, severe acute respiratory syndrome coronavirus (SARS-CoV) is one of those coronaviruses that can cause fatal illness. In late December 2019, an outburst of pneumonia of unknown cause in Wuhan, China, was identified as the early stage of the coronavirus disease (COVID-19) pandemic outbreak, and the SARS-CoV-2 was found responsible (1).

Two main proteins expressed by SARS-CoV-2 are essential for the manifestations of COVID-19. The first is the transmembrane protease serine 2 (TMPRSS2), which acts on the transcription and replication of the virus. The second is the Spike protein found on the surface of viral particles, which binds to angiotensin-converting enzyme 2 (ACE2) in tissue cells and is a determinant for transmitting infection. Therefore, SARS-CoV-2 infection depends on two steps: ACE2 receptor recognition via Spike protein and cell membrane fusion via transmembrane protease (2).

ACE2 is expressed in different tissues, and the thyroid is no exception (3). It has been shown that the thyroid gland has high expression levels of ACE2, which may explain the direct effects on the thyroid parenchyma, making it more susceptible to viral attack (3).

SARS-CoV-2 infection can lead to thyroid diseases by severely destroying parafollicular and follicular epithelial cells, leading to follicle rupture. As a result, SARS-CoV-2 virus infections are associated with inflammatory thyroid diseases such as subacute thyroiditis, Graves’ disease, thyrotoxicosis, Hashimoto’s thyroiditis, and euthyroid patient syndrome (4). As regards thyroid cancer, the COVID-19 pandemic has also affected its traditional management, and the consequences of this strategic change are largely unknown. Furthermore, it is intriguing that if the virus attacks the thyroid gland, it can also modulate thyroid cancer behavior (5).

In this second volume of COVID-19 and the Thyroid of Frontiers in Endocrinology, nine articles have been included that describe the association between the thyroid gland and the SARS-CoV-2 infection. The topics covered referred to thyroid hormone dysregulation in COVID-19-infected patients and after COVID-19 vaccination, as well as the strategic management of thyroid nodular disease during the pandemic.

In this regard, Silveira et al. described the adapted management of a whole country by retrospectively analyzing the data of thyroid cancer-related procedures in the Brazilian public health system from 2019 to 2021. According to medical guidelines recommendations, there was a considerable reduction in the number of FNABs (29%), oncologic thyroidectomies (17%), and RAI therapies (28%) in 2020. Due to the lack of information about patients’ clinical and oncological features, the long-term consequences of this adopted strategy on thyroid cancer care could not be evaluated. However, since the proportion of thyroidectomies decreased during the pandemic but not significantly, it may be speculated that surgery for high-risk thyroid cancer was prioritized. Therefore, this study may exemplify active surveillance for low-risk thyroid tumors in a large-scale model.

In other terms, the challenging situation of managing respiratory distress due to giant goiter and concomitant severe COVID-19 disease was reported in four patients by Wang et al. In three cases where emergency thyroid surgery was implemented, the respiratory tract obstruction was relieved, and dyspnea improved post-surgically. However, the Authors reckon that anesthesia stimulation may have aggravated the inflammatory response attributable to the viral infection. Given the small size of this study, solid conclusions are difficult to obtain. However, as thyroid surgery was generally avoided during the COVID-19 pandemic, this small case-series study reveals critical details of the pros and cons of emergency thyroid surgery in this exceptional context.

As regards thyroid dysfunction during COVID-19, a systematic review and meta-analysis of the English and Chinese population thyroxine levels carried out by Li et al. found that compared to healthy patients, COVID-19 infection showed decreased TSH and FT3 levels, whereas FT4 was increased. Moreover, these findings also indicate that the severity of the infection was positively correlated with the observed changes in thyroxine levels. These results support the notion that FT3, in particular, could constitute an essential clinical index to understand the impact of COVID-19 infection on thyroid function.

It is particularly interesting if post-COVID-19 patients are more predisposed to develop thyroid autoimmunity. Rossini et al. addressed this question by assessing thyroid function and antibodies in a prospective cohort of 599 COVID-19 survivors. The results were compared to a historical control group from the same institution without thyroid disease. TPOab prevalence was almost double (15.7% vs 7.7%) in the COVID-19 group, raising awareness of the immunogenic potential of this disease upon the thyroid, a gland with a high propensity to autoimmunity.

Among the many thyroid function markers found to be impaired by COVID-19 is thyroglobulin. Swiątkowska-Stodulska et al. assessed thyroglobulin (TG) levels as a marker of possible thyroid destruction in 174 patients hospitalized for COVID-19 and after glucocorticoid treatment. TG levels decreased over time in the whole group and did not differ between the patients with normal and abnormal thyroid function tests. However, it is interesting that the decrease was primarily observed in the subgroup of individuals under glucocorticoid therapy. Although this therapeutical approach is widely used in subacute thyroiditis, its potential use to protect the thyroid gland in the setting of SARS-CoV-2 is entirely original.

Using a cohort of Japanese health workers immunized against COVID-19 with the SARS-CoV-2 BNT162b2 mRNA vaccine, Morita et al. found that this vaccine can disrupt thyroid autoimmunity, leading to Graves´ disease. The 12-month follow-up study found that after two doses of the SARS-CoV-2 BNT162b2 mRNA vaccine, several serum markers of Graves´ disease, most notably anti-TSH receptor antibody, increased in female patients. Moreover, after the third dose, there was also an increase in anti-thyroglobulin antibodies. Although larger cohort epidemiologic studies are required, this evidence argues that clinical surveillance on thyroid status should be considered after immunization against COVID-19 to prevent relapse of new onset of Graves’ disease and allow early identification and clinical management of this condition.

To investigate mood changes and thyroid disorders after COVID-19 vaccination in susceptible populations, Ma et al. performed a retrospective multi-center study in Hashimoto’s thyroiditis patients. The thyroid function tests, thyroid antibodies, CRP levels, and Beck Depression Inventory scores of 2765 patients before and 24 weeks after two doses of inactivated CoronaVac (BBIBP-CorV) vaccines were compared to propensity score matched 1288 non-vaccinated controls. Increased levels of TSH were observed in the vaccinated patients, followed by mood changes. Increased baseline levels of TSH, CRP, and TPOab were predictors of a higher incidence of mood changes. These findings might serve to support the long-debated argument on the relationship between depression and thyroid autoimmunity.

Finally, Rossetti et al. elaborated a comprehensive narrative review of several studies reporting the consequences of COVID-19 on the thyroid, focusing on the mechanistic pathways whereby COVID-19-induced cytokine storm might lead to NTIS and thyrotoxicosis. This review is complemented by the study by Zhang et al. also included in this second volume of the Research Topic on the Thyroid and COVID-19. Data obtained from the ThyroidOmics Consortium served for thyroid function analysis, while data on COVID-19 susceptibility and severity were extracted from the COVID-19 Host Genetics Initiative. It was shown that COVID-19 susceptibility might be a risk factor for hypothyroidism, opening the possibility of adding COVID-19 infection to the list of case-finding for hypothyroidism.
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Background

Observational studies have reported an association between coronavirus disease 2019 (COVID-19) risk and thyroid dysfunction, but without a clear causal relationship. We attempted to evaluate the association between thyroid function and COVID-19 risk using a bidirectional two-sample Mendelian randomization (MR) analysis.



Methods

Summary statistics on the characteristics of thyroid dysfunction (hypothyroidism and hyperthyroidism) were obtained from the ThyroidOmics Consortium. Genome-wide association study statistics for COVID-19 susceptibility and its severity were obtained from the COVID-19 Host Genetics Initiative, and severity phenotypes included hospitalization and very severe disease in COVID-19 participants. The inverse variance-weighted (IVW) method was used as the primary analysis method, supplemented by the weighted-median (WM), MR-Egger, and MR-PRESSO methods. Results were adjusted for Bonferroni correction thresholds.



Results

The forward MR estimates show no effect of thyroid dysfunction on COVID-19 susceptibility and severity. The reverse MR found that COVID-19 susceptibility was the suggestive risk factor for hypothyroidism (IVW: OR = 1.577, 95% CI = 1.065–2.333, P = 0.022; WM: OR = 1.527, 95% CI = 1.042–2.240, P = 0.029), and there was lightly association between COVID-19 hospitalized and hypothyroidism (IVW: OR = 1.151, 95% CI = 1.004–1.319, P = 0.042; WM: OR = 1.197, 95% CI = 1.023-1.401, P = 0.023). There was no evidence supporting the association between any phenotype of COVID-19 and hyperthyroidism.



Conclusion

Our results identified that COVID-19 might be the potential risk factor for hypothyroidism. Therefore, patients infected with SARS-CoV-2 should strengthen the monitoring of thyroid function.





Keywords: COVID-19, hypothyroidism, hyperthyroidism, Mendelian randomization, thyroid dysfunction



Introduction

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). It has rapidly become a global epidemic and a serious health threat (1). Currently, several studies have shown that some susceptible populations include type 2 diabetes, obesity, hypertension, and other metabolic diseases (2–5). However, thyroid disease is not covered in the report.

SARS-CoV-2 virus infection and thyroid-promoted inflammatory responses are related and interact in a complex way. Several small observational case studies now support that thyroid dysfunction is a predisposing factor for COVID-19 (6, 7) and that hospital mortality is higher in patients with COVID-19 hypothyroidism than in patients with COVID-19 normal thyroid function (8). However, some studies have taken the opposite view (9–11), suggesting that the real cause of COVID-19 progression is antithyroid drug-induced neutropenia rather than thyroid disease status. In addition, SARS-CoV-2 may impair the hypothalamic–pituitary–thyroid axis or damage thyroid problems through a viral inflammatory process, which may increase the risk of future partial thyroid dysfunction (12–14). However, these findings remain vulnerable to confounding factors and reverse causality that cannot be fully excluded in observational studies. Further investigation is needed to determine the causal relationship between thyroid dysfunction and COVID-19 infection.

Mendelian randomization (MR) is a new epidemiological approach that uses genetics as a tool to study correlations between exposure and outcome (15). MR is biologically based on the random distribution of gametes in meiosis and has the advantage of overcoming the limitations of confusion and reverse causality often encountered in observational studies (16). In this study, we performed bidirectional MR to explore the causal association between thyroid dysfunction and COVID-19 risk.



Methods


Study design

We conducted a bidirectional two-sample MR study to assess the causal relationship between thyroid dysfunction (hypothyroidism and hyperthyroidism) and COVID-19 susceptibility and its severity. The instrumental variables must satisfy three basic principles: (1) Genetic variation is strongly correlated with exposure; (2) genetic variation is not strongly related to potential confounders; and (3) genetic variation does not directly affect the outcome (17). We performed bidirectional MR in this study, and forward MR: thyroid dysfunction genome-wide association study (GWAS) data were used to explore the effect of thyroid dysfunction on COVID-19. Reverse MR: COVID-19 GWAS was used as an exposure to explore the effect of COVID-19 on thyroid dysfunction (Supplementary Figure 1).



Data sources

Data from genome-wide association studies of COVID-19 cases were obtained from the COVID19 Host Genetics Initiative GWAS meta-analysis, round 5 (18). In our study, the COVID-19 susceptibility phenotype comprised 38,984 European patients with COVID-19 defined as individuals with laboratory confirmation of SARS-CoV-2 infection or electronic health records [using the International Classification of Diseases (ICD) or physician annotations] or self-reported, with 1,644,784 control individuals. We then used two cohorts to assess the COVID-19 severity phenotype. The first cohort was compared to 9,986 hospitalized patients versus 1,877,672 control individuals. The second cohort compared 5,101 very severe patients, defined as patients who died or required respiratory support (including continuous positive airway pressure (CPAP), bilevel positive airway pressure (BiPAP), intubation, or high-flow nasal cannula). A total of 1,383,241 control individuals were not included as cases (https://www.COVID19hg.org/blog/2021-03-02-freeze-5-results/). Details of the phenotypes are shown in Table 1.


Table 1 | Sources of data for the analysis.



Summary statistics of thyroid dysfunctions were from The ThyroidOmics Consortium (https://transfer.sysepi.medizin.uni-greifswald.de/thyroidomics/datasets/). The GWAS summary comprised 19 independent cohorts (19). The hypothyroidism cohort included 3,340 cases with thyroid-stimulating hormone (TSH) levels above the reference range, and the hyperthyroidism cohort included 1,840 cases with TSH levels below the cohort-specific reference range. In addition, 49,983 control individuals with TSH levels within the reference range were included in the cohort. Patients receiving medication for thyroiditis were excluded. Genotype data were estimated from the 1,000 genomes, Project Phase 1, Version 3 ALL Population Reference Panel; and all analyses were adjusted for age, age squared, and sex. Details of the 19 cohorts can be found in the original article (19).

The ethical approval and consent information for the above summary statistics were taken from the original publication.



Selection of genetic instruments

Single nucleotide polymorphisms (SNPs) that met the p < 5 × 10−8 threshold and minor allele frequency >1% were included to avoid potential statistical bias from the original GWAS. We then retained only those SNPs with linkage disequilibrium (R2 < 0.01) clustered in genomic regions 5,000 kbp apart. We used the PhenoScanner database (http://www.phenoscanner.medschl.cam.ac.uk/phenoscanner) to examine the selected instruments variables associated with other phenotypes that may at risk of affecting outcome. rs597808, selected SNP for exposure of hypothyroidism, was correlated significantly with hematological phenotypes (e.g., platelet count, total eosinophil basophil count, percentage of neutrophils in granulocytes, and lymphocyte count). Some studies have shown that changes in blood counts are a marker of SARS-CoV-2 infection and severity, with 25% of patients with COVID19 showing various forms of leucopenia (WBC < 4.00E+09 cells/liter) and the majority (63%) showing lymphocytopenia (20). One other study found that reduced platelet counts can lead to severe COVID-19 (21). Therefore, we conducted MR analysis before and after removed rs597808. We did not detect any SNP association with body mass index, smoking, or drinking, which may be at risk of affecting hyperthyroidism or hypothyroidism when the outcome of MR was thyroid dysfunction (22, 23).

R2 represents the ability of genetic variables to explain the exposures. In our study, the explained variances ranged from 7.1% to 17.6%. In addition, we used F statistics to avoid any weak instrumental variables (F > 10). The detailed information for the selected SNP is shown in the Supplementary File.



Mendelian randomization analysis

We performed a Wald ratio to assess the effect of exposure on an outcome for each genetic instrument. Then, we used the inverse variance-weighted (IVW) method by combining each effect size as the main analysis to estimate the causal effect of exposure on outcome in the fixed-effects model (24). Moreover, the MR-Egger and weighted-median (WM) methods were applied as supplements. The MR-Egger method was based on the Instrument Strength Independent of Direct Effect assumption. The MR-Egger method often takes inaccurate and statistically low results, especially in the case of the small size of SNPs (e.g., <10) (25). In addition, the value of the MR-Egger intercept term is far from zero, indicating horizontal pleiotropy (P < 0.05). Therefore, the MR-Egger method was mainly conducted to detect pleiotropy in our MR study. The WM analysis was more reliable if more than one-half of SNPs are invalid genetic instruments (e.g., due to pleiotropy) (26). We applied Cochrane’s Q-value to examine the heterogeneity, and we adopted the IVW random-effects method as the main effect size if heterogeneity existed. In addition, MR-PRESSO (27) was performed to detect any outlier which may lead to the heterogeneity. If we detected outliers, then they would be removed, and we reassessed the MR effect. We adjusted the multiple testing by a Bonferroni-corrected threshold of p < 0.0083 (p< 0.05/3/2). The p-values between 0.0083 and 0.05 were considered suggestive associations. A flow chart about how the MR analysis was performed step by step is shown in Figure 1.




Figure 1 | Flow chart about the analytical methods and how the MR analysis was performed step by step.



We applied the “TwoSampleMR” and “MR-PRESSO” packages to our MR study; all statistical analyses were performed on the basis of the R software 4.1.1, and the data visualization was conducted in R software and STATA 12.0.




Results


Causal association of thyroid dysfunction with COVID-19 via forward MR

There was no evidence supporting hypothyroidism as a risk or protective factor for COVID-19 susceptibility, hospitalization, and very severe disease phenotype (IVW: OR = 0.971, 95% CI = 0.826–1.083, P = 0.193; OR = 0.983, 95% CI = 0.862–1.121, P = 0.798; and OR = 0.911, 95% CI = 0.746–1.112, P = 0.359; respectively). In addition, the association between hyperthyroidism and COVID-19 susceptibility, hospitalization, and very severe disease phenotype risk was not observed (IVW: OR = 0.983, 95% CI = 0.948–1.019, P = 0.705; OR= 0.938, 95%CI= 0.873-1.007, p=0.077; and OR = 0.921, 95% CI = 0.826–1.026, P = 0.136; respectively).

We detected a significant correlation between the genetic instrument rs597808 and hematological features of hyperthyroidism, which may be a confounding factor for the COVID-19 phenotype. We then removed rs597808 and reassessed the MR analysis but reached the same conclusions as the former. On the basis of Q-tests, MR-Egger intercepts, and MR-PRESSO to detect associations between thyroid dysfunction and COVID-19 risk, there was no significant heterogeneity, horizontal pleiotropy, or outliers. Detailed results of the different MR analyses are shown in Table 2.


Table 2 | MR estimates for the causal effect of thyroid dysfunction on COVID-19.





Causal association of COVID-19 with thyroid dysfunction via reverse MR

The IVW estimate suggested that the susceptibility of COVID-19 and its severity may increase the risk of hypothyroidism. In addition, we deem that the association was suggestive because the p-values were between 0.0083 and 0.05 (Bonferroni-corrected threshold P = 0.0083). The MR results are shown in Table 3 and Figures 2, 3.


Table 3 | MR estimates for the causal effect of COVID-19 on thyroid dysfunction.






Figure 2 | Scatter plots (A) for estimating causal effects of genetically predicted susceptibility on risk of hypothyroidism. Each black point representing the effect sizes of each SNP on the exposure (horizontal axis) and on the outcome (vertical axis) is plotted with error bars corresponding to each standard error (SE). The slope of each line corresponds to the combined estimate using each method of the IVW (light blue line), the MR-Egger regression (blue line), and the weighted median (light green line). Forest plots (B) of susceptibility on the risk of hypothyroidism; the red points showed the combined causal estimate using all SNPs together in a single instrument, using two different methods (MR-Egger and IVW).






Figure 3 | Scatter plots (A) for estimating causal effects of genetically predicted susceptibility on risk of hypothyroidism. Each black point representing the effect sizes of each SNP on the exposure (horizontal axis) and on the outcome (vertical axis) is plotted with error bars corresponding to each standard error (SE). The slope of each line corresponds to the combined estimate using each method of the IVW (light blue line), the MR-Egger regression (blue line), and the weighted median (light green line). Forest plots (B) of susceptibility on the risk of hypothyroidism; the red points showed the combined causal estimate using all SNPs together in a single instrument, using two different methods (MR-Egger and IVW).



COVID-19 susceptibility (IVW: OR = 1.577, 95% CI = 1.065–2.333, P = 0.022; WM: OR = 1.527, 95% CI = 1.042–2.240, P = 0.029) and hospitalization (IVW: OR = 1.151, 95% CI = 1.004–1.319, P = 0.042; WM: OR = 1.197, 95% CI = 1.023-1.401, P = 0.023) have a suggestive association with hypothyroidism. There was no association between the severe disease phenotype of COVID-19 and hypothyroidism. The light heterogeneity was excited when the susceptibility and the severe disease phenotype of COVID-19 were used as the exposure, so we performed the IVW random-effects method as the main analysis. The directional pleiotropy was not detected by the MR-Egger intercept. An outlier was detected by the MR-PRESSO test when the severe disease phenotype was used as the exposure, and we reassessed the MR after removing the outlier (Table 3).

Any type of COVID-19 phenotypes was not the risk or protective factor for hyperthyroidism (P > 0.05) in our study. The light heterogeneity was excited when the susceptibility phenotype of COVID-19 was used as the exposure, so we used the IVW random-effects method for our MR analysis. The directional pleiotropy and outliers were not detected by the MR-Egger intercept and MR-PRESSO, respectively.

The detailed MR results and sensitivity analysis for the previous results are presented in Table 3.




Discussions

Our bidirectional two-sample MR study included two independent consortiums, and only European ancestry was retained. All genetic instruments were rigorously screened by conducting the PhenoScanner. Finally, our MR studies inferred suggestive causal effects of COVID-19 susceptibility and its severity on a higher risk of hypothyroidism.

Some previous observational studies have provided evidence of COVID-19–related primary hypothyroidism (8, 28, 29). Several studies have suggested that hypothyroidism may be caused by direct damage caused by SARS-CoV-2. Angiotensin-converting enzyme 2 (ACE2) and transmembrane protease serine 2 (TMPRSS2) binding is a key complex in SARS-CoV-2–infected hosts (30, 31). Notably, ACE2 and TMPRSS2 are expressed at high levels in the thyroid gland, even higher than in the lung tissue (32). Tee et al. (29) reported a case of overt primary hypothyroidism induced by autoimmune thyroiditis a week after mild COVID-19 symptoms were resolved. A case of hypothyroidism due to Hashimoto’s thyroiditis in a 45-year-old man was described (29). A study described that about 7% of patients who survived from severe COVID-19 might have a risk of persistent hypothyroidism, mostly due to Hashimoto’s thyroiditis (33). Another study reported that an 18-year-old woman who was hospitalized with severe viral thyroiditis had a positive oropharyngeal swab for SARS-CoV-2 15 days earlier and had mild symptoms of COVID-19 (34). In addition, some other studies reported that subacute viral thyroiditis appears 16–36 days after symptoms of COVID-19 disappear (35, 36). It is worth noting that the original GWAS defined hyperthyroidism and hypothyroidism based on TSH levels, and some patients with subclinical hypothyroidism might be included in the GWAS. There are some observational studies regarding subclinical hypothyroidism after COVID-19 infection. A clinical study by Burekovic et al. (37) showed that, at an average of 2 months after COVID-19 infection, some patients developed subclinical hypothyroidism, and another study (38) showed that seven of the 71 patients infected with COVID-19 included developed subclinical hypothyroidism.

Hypothyroidism is a broad spectrum of disorders that may be related to autoimmune disease or other processes such as viral thyroiditis. COVID-19 is associated with some autoimmune diseases other than thyroid disorder, which have been described in many studies, such as Guillain–Barre syndrome, autoimmune hemolytic anemia, and systemic lupus erythematosus (39). Antibodies against SARS-CoV-2 can react with various organs, including the thyroid gland, which can cause damage (40). ACE-2, the receptor through which SARS-COV-2 infects the host cells, is expressed by various tissues, including the thyroid. Therefore, the SARS-COV-2 virus will be present not only in the lung tissue but also in the thyroid cells. Hence, the patients may develop subacute thyroiditis following SARS-CoV-2 infection (41). Our MR study was limited by the original GWAS datasets, which were unable to distinguish between these different types of thyroid dysfunction, which may be the main source of heterogeneity. However, combining the results of this study with previous observational studies, we deem that COVID-19 susceptibility and its severity on the higher risk of any type of hypothyroidism.

At present, WHO has already made elderly, pregnant women, and people with heart failure, uncontrolled diabetes, and cancer-related complications as susceptible people of COVID-19. However, such general guidelines do not provide information about the COVID-19 risk of patients with thyroid problems. Most (42–46) epidemiological studies deem that thyroid dysfunction did not have higher rates of COVID-19 susceptibility and its severity, which is consistent with our conclusion. In an epidemiological study in Europe, patients with hyperthyroidism and hypothyroidism did not have an increased risk of COVID-19 infection (45). Two retrospective studies in the US (10) and Iran (46) show that patients with COVID-19 with hypothyroidism will not increase the rates of hospitalization or mortality. There may be multiple impacts of thyroid dysfunction on the risk of COVID-19 susceptibility and its severity due to mixed confounding factors such as an antithyroid drug. Boelaert et al. (47) reported that antithyroid drug-induced neutropenia, but not thyroid disorder status, may promote the progression of COVID-19 and its symptoms (47). We think that whether thyroid dysfunction increases the risk of COVID-19 requires further study, which can provide guidance on the management of thyroid disorder during the COVID-19 pandemic. We note that a recent MR study on COVID-19 and thyroid function showed that patients with COVID-19 susceptibility but not severe were more likely to develop hypothyroidism (48). We point out that the reason our study also found a potential correlation between patients with severe COVID-19 and hypothyroidism is that we included a larger number of patients with COVID-19 GWAS compared to study by Li et al. In addition, our inclusion criteria for genetic instruments were more stringent, as we excluded any genetic instruments that could be associated with confounding factors, whereas the study by Li et al. did not, thus giving our study more credibility.

Our study used the MR method by performing genetic instruments to examine the causal relationship between the characteristics of thyroid dysfunction and COVID-19 risk, and MR analysis can eliminate confounding factors as much as possible. In addition, a large size of independent datasets was used to obtain genetic instruments, which can mitigate the risk of bias in our results due to a few cases. However, there are some limitations to our study. This study included heterogenous in datasets, and the original GWAS datasets are unable to distinguish between these different types of thyroid dysfunction. However, combined with previous epidemiological studies, we point out that COVID-19 is associated with various types of hypothyroidism; thus, further research is required. As a two-sample MR analysis requires that both samples come from the same population, our study includes only participants of European ancestry; therefore, the generalization of these results to other populations requires further study.



Conclusion

Our results identified that COVID-19 susceptibility and its severity might increase the risk of hypothyroidism. Therefore, patients infected with SARS-CoV-2 should strengthen the monitoring of thyroid function. However, the effect of thyroid dysfunction on COVID-19 susceptibility and its severity was not found in this MR study.
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Introduction

The COVID-19 pandemic delayed the diagnosis, treatment, and follow-up visits of patients with thyroid cancer. However, the magnitude with which these restrictions affected the Brazilian health care is still unknown.



Methods

Retrospective analysis of thyroid cancer-related procedures performed in the Brazilian public health system from 2019 to 2021. Data were retrieved from the Department of Informatics of the Unified Health System (DATASUS). The following procedures were evaluated: fine-needle aspiration biopsies (FNABs), oncologic thyroidectomies, and radioiodine (RAI) therapies for thyroid cancer. The year of 2019 served as baseline control.



Results

Compared with 2019, FNABs, oncologic thyroidectomies, and RAI therapies performed in 2020 decreased by 29%, 17% and 28%, respectively. In 2021, compared with 2019, FNABs increased by 2%, and oncologic thyroidectomies and RAI therapies decreased by 5% and 25%, respectively. Most pronounced reductions were observed in the first months of the pandemic. In April 2020, FNABs decreased by 67%, oncologic thyroidectomies by 45%, and RAI therapies by 75%. In 2021, RAI therapies were the only procedure with a statistically significant decrease.



Conclusion

The restrictions to public health care during the COVID-19 pandemic resulted in a significant reduction in diagnostic and treatment procedures for thyroid cancer in Brazil. The effects of these transitory gaps in thyroid cancer care, due to COVID-19, are still unclear.
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Introduction

In late March 2020, community transmission of COVID-19 was identified within Brazil, and actions were taken to reduce exposure (1). Healthcare providers temporarily postponed cancer screenings, in-person consultations were shifted to telemedicine, and surgeries and other in-office procedures were delayed. In addition to restrictions and sparing of resources to fight an unprecedented health crisis, oncologic patients were oriented to keep distance from hospitals due to a greater risk of SARS-CoV-2 infection complications and death (2).

Most thyroid cancers are considered low risk and have an excellent prognosis (3). Hence, during the COVID-19 pandemic, medical societies released statements suggesting that fine-needle aspiration biopsies (FNABs), thyroid cancer surgeries, and radioiodine (RAI) therapies could be safely postponed without changes to individual prognosis for most cases (4, 5). Restrictions for these services were observed worldwide (6, 7). In Italy, data from 28 surgical units showed that the number of oncologic thyroidectomies decreased by 27.1% during the first wave of the COVID-19 pandemic (from March 2020 to August 2020) (8).

The Brazilian health system, a mix of public-private services, has three parts: the public (SUS), the private, and the private health insurance subsectors. Most of the Brazilian health services are provided by the public subsector, in which services are financed by the government (9). Indeed, data from 2019 show that more than 70% of Brazilians (approximately 150 million people) rely exclusively on the public subsector (10).

Since the peak of COVID-19, cases and hospitalizations have decreased, and it is time to look back and evaluate the effect those restrictions had on the diagnosis and treatment of thyroid cancer. We performed a retrospective analysis of thyroid cancer-related procedures, pre- and post-pandemic. The procedures analyzed were: FNABs, oncologic thyroidectomies, and RAI therapies.



Methods

A retrospective analysis of thyroid cancer-related procedures was performed in the Brazilian public health system from 2019 to 2021. Data were retrieved from the Department of Informatics of the Unified Health System (DATASUS). The FNABs, oncologic thyroidectomies, and RAI therapies for thyroid cancer were analyzed. Data were collected following standardized procedure codes used in DATASUS (Supplemental Table 1). April 2020 was considered as the onset of the COVID-19 pandemic in Brazilian healthcare, and 2019 as the baseline control year. All comparisons included the period of January to December of each year.

Statistical analysis was performed with Statistical Package for the Social Sciences (SPSS) version 18 (IBM Corp., Armonk, NY). Data for continuous variables were expressed as mean ± standard deviation of the mean. Welch’s ANOVA was used with Games-Howell post-hoc test. Results were considered statistically significant if P-value < 0.05.



Results


Fine-needle aspiration biopsies

In 2019, 59,411 FNABs were performed in the Brazilian public health system. The number of FNABs decreased to 42,087 (29% decrease) in 2020 and increased to 60,583 (2% increase) in 2021 (Figure 1). Comparing FNABs performed in 2020 and 2021 with the monthly average of FNABs performed in 2019, April 2020 represented the most pronounced decline (67% decrease). FNABs persisted below the monthly average of 2019 from April 2020 to May 2021 (Figure 2A). Table 1 shows a summary of the data and statistical analysis. Figure 3A shows the post-hoc pairwise comparisons.




Figure 1 | Number of procedures performed by year in Brazil’s public health system. FNABs, fine-needle aspiration biopsies; RAI, radioiodine therapy.






Figure 2 | The percentage difference for each month of 2020 and 2021 in comparison with the 2019 monthly average of each procedure. (A) Fine-Needle Aspiration Biopsies; (B) Oncologic Thyroidetomies; (C) Radioiodine therapies.




Table 1 | Number of fine-needle aspiration biopsies, oncologic thyroidectomies, and radioiodine therapies in 2019, 2020, and 2021.






Figure 3 | Games-Howell post-hoc test. Simultaneous 95% confidence intervals of differences between means of each procedure. (A) Fine-Needle Aspiration Biopsies; (B) Oncologic Thyroidetomies; (C) Radioiodine therapies. *Statistically significant. If an interval does not contain zero, the corresponding means are significantly different. Differences are expressed as absolute values.





Oncologic thyroidectomies

In 2019, 4,470 oncologic thyroidectomies were performed in the Brazilian public health system. The number of oncologic thyroidectomies decreased to 3,694 (17% decrease) in 2020 and to 4,242 (5% decrease) in 2021 (Figure 1). The greatest reductions occurred from April to July 2020, with new significant drops in December 2020 and April 2021 (Figure 2B). Table 1 shows a summary of the data and statistical analysis. Figure 3B shows the post-hoc pairwise comparisons.



Radioiodine therapy

In 2019, 4,105 RAI therapies were performed in the Brazilian public health system. The number of RAI therapies decreased to 2,942 (28% decrease) in 2020 and to 3,084 (25% decrease) in 2021 (Figure 1). Since January 2020, all months had fewer RAI therapies than the monthly average of 2019. April 2020 presented the greatest reduction (Figure 2C). Table 1 shows a summary of the data and statistical analysis. Figure 3C shows the post-hoc pairwise comparisons.




Discussion

Our study aimed to evaluate the effect of COVID-19 on thyroid cancer care in Brazil. The number of FNABs, oncologic thyroidectomies, and RAI therapies largely decreased over the first few months of the pandemic. Despite following an increasing trend thereafter, oncologic thyroidectomies and RAI procedures have not returned to pre-pandemic levels.

In the context of diagnosis, experts in the area recommended that FNABs be deferred for most asymptomatic thyroid nodules (5). In Brazil, 17,324 (−29%) fewer FNABs were performed in 2020 in comparison to 2019. Considering that 6% of all FNABs are classified as Bethesda V or VI (11), the number may imply that more than 1,000 malignant or suspicious for malignancy lesions were not diagnosed.

In 2021, the number of FNABs was similar to pre-pandemic levels, despite still having new reductions from January to May 2021, as seen in Figure 2A. However, a consistent increase in FNABs procedures from June to December 2021 is observed, and it compensated for the prior reductions. Possibly, FNABs had a faster recovery because they are not dependent on hospital beds.

On the other hand, we should consider that, to some extent, nodules with relevant clinical and ultrasound features must have been prioritized during periods of service restrictions. In Brazil, the number of oncologic thyroidectomies decreased by 17% and 5% in 2020 and 2021, respectively, when compared to 2019. These results did not achieve statistical significance when we compared the monthly average of oncologic thyroidectomies (Figure 3B). The smaller reductions observed in oncologic thyroidectomies, compared with FNABs and RAI therapies, could be attributed to efforts to prioritize patients in more need of care.

Brazilian data shows that almost one-third of RAI therapies for thyroid cancer were postponed in 2020. The greatest reductions were in the first two months of service restrictions: a 75% reduction in April and a 59% reduction in May 2020. Different from FNABs and oncologic thyroidectomies, the number of RAI therapies had a significant reduction in 2021 as well. There was a 25% drop for RAI therapy in 2021 when compared with 2019, a percentage close to what was observed in 2020. We hypothesize that this discrepancy is due to disruptions observed in the national RAI supply chain in 2021 (12). Moreover, previous studies showed that there is a great disparity in the availability of RAI therapies between Brazilian states (13). Therefore, it is possible that the COVID-19 outbreak, and supply chain disruptions decreased the availability of this resource in states which were already underserved.

Efforts to reestablish thyroid cancer care to pre-pandemic levels should not result in low-value care. Thyroid cancer overdiagnosis due to the widespread use of diagnostic procedures has also been present in developing countries, including Brazil (14). In the context of current thyroid cancer epidemiology being composed mostly of low-risk tumors, some authors suggest that the effect the COVID-19 pandemic had on thyroid cancer management may serve as an opportunity to implement more conservative treatment options on a large scale, such as active surveillance (15). Our study quantified numbers of thyroid cancer-related procedures showing that COVID-19 disrupted thyroid cancer management patterns in a high magnitude. Nevertheless, little is known about the consequences due to the unprecedented nature of this pandemic. Thus, in addition to strategies to manage a growing amount of patients, discouragement of thyroid exams/procedures related to low-value care is timely (16, 17).

Additionally, thyroid cancer patients have suffered from more pronounced emotional and psychological distress when compared to the general population since the COVID-19 outbreak, as demonstrated in surveys conducted in China (18) and Italy (19). In this matter, appropriate psychological support is also necessary.

This study has limitations. The DATASUS database is composed of aggregated ecological data. Thus, since DATASUS was not designed as a cancer registry, it is prone to bias and does not include information about patients’ clinical and oncological features. Notwithstanding, considering that the DATASUS system is based on billing information, it is audited by competent authorities, which contributes to a minimal curation of the data. Additionally, our study encompasses data retrieved from the public health system, with no records from the private subsector or the private health insurance subsector. The SUS, however, is the world’s largest public health system, providing health care coverage for a population of 210 million people. This study aimed to measure the effect of the COVID-19 pandemic on thyroid cancer procedures in a developing country at a national level.

This study shows that the restrictions during the COVID-19 pandemic resulted in a significant reduction in diagnostic and treatment procedures for thyroid cancer within Brazil’s public health system. The effects of these transitory gaps in thyroid cancer care due to COVID-19 are still unclear.
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Coronavirus disease 2019 (COVID-19) was characterized as a pandemic in March, 2020 by the World Health Organization. COVID-19 is a respiratory syndrome that can progress to acute respiratory distress syndrome, multiorgan dysfunction, and eventually death. Despite being considered a respiratory disease, it is known that other organs and systems can be affected in COVID-19, including the thyroid gland. Thyroid gland, as well as hypothalamus and pituitary, which regulate the functioning of most endocrine glands, express angiotensin-converting enzyme 2 (ACE2), the main protein that functions as a receptor to which SARS-CoV-2 binds to enter host cells. In addition, thyroid gland is extremely sensitive to changes in body homeostasis and metabolism. Immune system cells are targets for thyroid hormones and T3 and T4 modulate specific immune responses, including cell-mediated immunity, natural killer cell activity, the antiviral action of interferon (IFN) and proliferation of T- and B-lymphocytes. However, studies show that patients with controlled hypothyroidism and hyperthyroidism do not have a higher prevalence of COVID-19, nor do they have a worse prognosis when infected with the virus. On the other hand, retrospective observational studies, prospective studies, and case reports published in the last two years reported abnormal thyroid function related to acute SARS-CoV-2 infection or even several weeks after its resolution. Indeed, a variety of thyroid disorders have been documented in COVID-19 patients, including non-thyroidal illness syndrome (NTIS), subacute thyroiditis and thyrotoxicosis. In addition, thyroid disease has already been reported as a consequence of the administration of vaccines against SARS-CoV-2. Overall, the data revealed that abnormal thyroid function may occur during and in the convalescence post-COVID condition phase. Although the cellular and molecular mechanisms are not completely understood, the evidence suggests that the “cytokine storm” is an important mediator in this context. Thus, future studies are needed to better investigate the pathophysiology of thyroid dysfunction induced by COVID-19 at both molecular and clinical levels.
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1 Introduction

In December, 2019, a pneumonia of unknown origin emerged in Wuhan, China. On January, the virus responsible for the pneumonia was identified as a new coronavirus, later named severe acute respiratory syndrome coronavirus 2, SARS-CoV-2, and the disease was named coronavirus disease 2019 (COVID-19) (1). The genetic material of the virus was rapidly sequenced (2), and the transmission could not be prevented. The viruses rapidly spread across China and then all over the world, so on March 11th 2020, World Health Organization (WHO) declared that COVID-19 reached pandemic levels. Since then, life on earth was totally affected by the pandemic, with changes in the way humans interact with each other, millions of deaths, ills and a great economic impact. On August 20th, 2022, according to WHO, the number of confirmed cases was higher than 595 million and confirmed deaths surpassed 6.4 million.

Most coronavirus strains that infect humans cause a mild respiratory disease; however, SARS-CoV-2 causes a serious illness, which can lead to severe respiratory syndrome and eventually to death. The most frequent symptoms include fever, dyspnea, sore throat, anosmia, dysgeusia, fatigue, and can progress to pneumonia, acute respiratory distress syndrome, and multiorgan dysfunction. SARS-CoV-2 genetic material is a positive-sense single-stranded RNA and the virus consists of a spherical particle, enveloped, with a diameter of approximately 120 nm (3). The origin of SARS-CoV-2 is controversial and the Huanan seafood wholesale market in Wuhan was suggested to be the place where the virus jumped to humans, with bat (Rhinolophus affinis) and pangolin (Manis javanica) being most probably the natural and intermediate hosts, respectively (4).



2 COVID-19 and Thyroid gland: General concepts

Despite being initially described as a respiratory disease, in the course of time it was observed that other organs and systems could be affected by COVID-19, such as cardiovascular system (5), central nervous system (6), kidney (7), liver (8), among others. Endocrine system is also affected by COVID-19, including pancreas, adrenal, testicle, reproductive tract, parathyroid gland and the thyroid gland (9–14) (
Figure 1
). Moreover, endocrine-metabolic disturbances, such as diabetes mellitus and obesity, are highly associated to severe illness (15, 16).




Figure 1 | 
SARS-Cov-2 infection affects and damages a wide-ranging of human organs and systems. The manifestation of endocrine disorders, including thyroid-related pathologies, have been diagnosed in COVID-19 patients, suggesting a possible causal relationship between these conditions.




It is not surprising that the endocrine system can be affected by SARS-CoV-2 since both hypothalamus and pituitary, which regulate the functioning of most endocrine glands, express angiotensin-converting enzyme 2 (ACE2), the main protein to which SARS-CoV-2 binds to enter host cells (17, 18). ACE2 is a transmembrane protein with carboxypeptidase activity, which cleaves angiotensin I to angiotensin 1-9 and angiotensin II to angiotensin 1-7. The viral envelope contains a spike glycoprotein, which interacts with ACE2 with high specificity and affinity, which contributes to the high transmissibility and infectivity of SARS-CoV-2. Then, virus particle enters the cell by endocytosis or by fusion of the viral envelope with the cell membrane. The spike protein is not cleaved, thus the enzymatic activity of ACE2 is not relevant for the virus entry in host cell (19).

Besides hypothalamus and pituitary, thyroid gland also express ACE2 and may be directly affected by COVID-19 (20, 21). Thyroid gland is responsible for the production of thyroid hormones: the prohormone tetraiodothyronine (T4) and the active hormone triiodothyronine (T3). In fact, around 90% of the circulating T3 in humans is produced by the peripheral conversion of T4 to T3, by enzymes called deiodinases. T3 and some of its metabolites are the main regulators of basal metabolic rate, with effects on central nervous system, cardiovascular system, respiratory system, skeletal muscles, among others.

Thyroid hormones regulate to some extent the immune system (22). It has already been shown that one of the targets of thyroid hormones are immune system cells and that THs modulate specific immune responses, including cell-mediated immunity, natural killer cell activity, the antiviral action of interferon (IFN) and proliferation of T- and B-lymphocytes (22–24). In healthy subjects, there is a positive correlation between serum thyroid hormone levels and inflammatory markers, monocyte-activated IL-6 expression, the percentage of memory T cells, the quantity of natural killer T cells and the quantities of CD3+/CD4+/CD45RO+ memory T helper cells. On the other hand, serum thyroid hormones are negatively correlated with lymphocyte death and to the ratio of naïve: cytotoxic CD3+/CD8+/CD45RO+ memory T cells (25). These data suggest that THs stimulate the immune system to strongly react to infection.

Even though it has already been shown that hypothyroidism and hyperthyroidism have opposite effects on some parameters of the immune response, there is no evidence that patients with poorly controlled thyroid disorders are more susceptible to contract viral infections. However, considering the role of thyroid hormones on the immune system, it is plausible that patients with uncontrolled thyroid dysfunction may be at higher risk of complications due to these infections (26). Contrasting results have been reported for other immune functions, and so it is difficult to establish a clear correlation between immune function and hyper- or hypothyroid conditions (22). Overall, hypothyroidism tends to impair the activation of the immune system while hyperthyroidism results in the activation of the immune response (27).

Therefore, thyroid function could have an impact in the prognosis of COVID-19 and conversely COVID-19 could have an impact on thyroid function. In fact, abnormal thyroid function has been reported during SARS-CoV-2 infection or even several weeks after its resolution. Indeed, a variety of thyroid disorders have been documented in COVID-19 patients including non-thyroidal illness syndrome (NTIS), subacute thyroiditis (SAT), thyrotoxicosis and hypothyroidism in retrospective observational studies and case-reports (
Figure 1
). Although a cause-effect association between the infection and the onset of thyroid dysfunction has not yet been demonstrated from a mechanistic point-of-view, these reports raise the concern about whether thyroid function should or not receive a special attention in COVID-19 patients. Herein, we review important aspects of the relationship between COVID-19 and thyroid, including the interaction of thyroid hormones with immune system, the effect of infectious agents on the incidence of thyroid disorders and recent data regarding the relationship between COVID-19 and thyroid.



3 Pre-existing thyroid dysfunction and COVID-19


3.1 Hypothyroidism

Hypothyroidism is the insufficient production of thyroid hormones. This disease can be congenital, due to mutations in proteins that are essential for thyroid hormones synthesis pathway and defects in thyroid gland formation, or even the absence of the gland. Hypothyroidism can also be acquired, due to iodide deficiency, tumors or infections in the thyroid gland or in the pituitary, and autoimmunity. Hashimoto’s thyroiditis is an idiopathic thyroid atrophy due to a chronic autoimmune inflammatory reaction, being the most common form of hypothyroidism in humans (28). Hashimoto’s autoimmune thyroid disease is characterized by the production of autoantibodies against thyroglobulin (Tg-Ab) and thyroperoxidase (Tpo-Ab) that are essential for hormonal synthesis. Hypothyroid patients have lower metabolic rate, decreased thermogenesis, bradycardia, lethargy and drowsiness (29).

Animal models have shown that the experimental induction of hypothyroidism leads to an involution of the spleen and lymph nodes as well as a decrease in the humoral and cell-mediated immune response (30, 31). Hypothyroidism induced by chronic restraint stress seems to be related to the reduction of T-cell lymphoproliferative response, since T4 replacement reversed it. Besides, in these chronic stress mice bearing tumors, T4 reversed the alteration of lymphoma growth, interleukin-2 production and specific cytotoxic response against tumor cells (32). Furthermore, B-lymphocytes can also be regulated by thyroid hormones. In mouse strains deficient in the production of anterior pituitary-derived hormones, and consequently secondary hypothyroid, the frequency and absolute number of pro-B- and B-lymphocytes are lower, showing that THs can regulate the proliferative potential of T- and B-lymphocytes (33–35). Clinically, patients with severe hypothyroidism due to autoimmune thyroiditis experience a dramatic decrease in lymphocyte function, which is restored when T4 is normalized by exogenous hormone administration (36).

Considering that hypothyroidism leads to immune system dysfunctions, and that ACE2 is expressed in thyroid gland, one could speculate that hypothyroidism might impact the outcomes in COVID-19 patients. A retrospective study conducted in the New York City health system evaluated a cohort of 3703 COVID-19 patients, of which 251 patients (6.8%) had pre-existing hypothyroidism. The authors found that hypothyroidism was not associated with increased risk of hospitalization or an increased risk of mechanical ventilation or death (37). Other studies have also shown that the prevalence of hypothyroidism appears similar in COVID-19 patients compared to the general population, which indicates that hypothyroidism does not increase the chance of COVID-19 infection, and also that hypothyroidism is not associated with a greater COVID-19 death risk (38, 39). Despite this, previous studies show that, although well-managed hypothyroidism is not associated with increased infection risk, poorly controlled hypothyroidism may increase the susceptibility to infections (36, 40). Therefore, it is important that patients with thyroid disorders maintain their treatment during the COVID-19 pandemic.



3.2 Hyperthyroidism

Hyperthyroidism is characterized by higher levels of circulating thyroid hormone. It is mostly an acquired condition, which is most frequently caused by Graves’ disease, toxic multinodular goiter or toxic adenoma (41). Graves’ disease is an autoimmune disorder, in which thyroid-stimulating antibodies activate the thyroid-stimulating hormone (TSH) receptors, triggering increased thyroid hormone synthesis. The clinical condition observed in Graves’ disease is thyrotoxicosis, resulting from excessive amounts of thyroid hormones in the tissues and blood. In those patients, whole-body metabolism is activated leading to body weight loss, sweating, heat intolerance, increased heart rate, overactive bowel movement, tremor, nervousness, and exophthalmos (42).

Hyperthyroidism is associated with unbalanced immune responses, including abnormal antibody production (either increased or decreased) (43), increased migration of polymorphonuclear leukocytes (44), increased lymphocyte proliferation (45) and increased macrophages reactive oxygen species (ROS) production (27, 46). Compared to healthy controls, hyperthyroid patients present higher levels of serum immunoglobulins M and G (IgM, IgG) and higher levels of p65 and p-IκBα in B-lymphocytes, which are indicators of NF-κB activation. In addition, these patients have higher serum oxidative stress levels (47). These results suggest that hyperthyroidism increases ROS production activating the NF-κB pathway that, in turn, enhances the production of Ig’s by B-lymphocyte.

Due to this hyper-responsiveness of the immune system during hyperthyroidism, it is plausible that uncontrolled hyperthyroid patients, especially with thyrotoxicosis, may be at higher risk of complications from any infection (42). On the other hand, angiotensin converting enzyme activity and the counter-regulatory components of the RAS (renin-angiotensin system) is increased in patients with hyperthyroidism (48, 49). A study conducted in China shows that COVID-19 patients with thyroid disease had a significantly higher fatality rate (20% vs 0%) and they were more likely to stay in the hospital for more than 28 days than were those without thyroid disease (80% vs 56.52%) (50). However, the authors defined thyroid disease as an abnormal thyroid function test result, and included patients with overt thyrotoxicosis, overt hypothyroidism, subclinical hypothyroidism, subclinical hyperthyroidism, and euthyroid sick syndrome. Therefore, it is not possible to estimate the contribution of each thyroid disease to a worse prognosis of COVID-19.

In general, previously published data show that patients with controlled hyperthyroidism are not considered to be at higher risk of contracting COVID-19 (26, 51, 52), but there are two exceptions. It is known that patients taking antithyroid drugs present higher risk of developing neutropenia or agranulocytosis, which occurs in 0.2-0.5% of patients taking these medications (42, 53). Neutropenia is associated with increased risk of infections. Therefore, patients with neutropenia caused by the administration of antithyroid drugs may be more prone to complications during COVID-19 infection due to reduced immune response. Likewise, patients with Graves’ ophthalmopathy who are undergoing immunosuppressive agents, like glucocorticoids, may also be considered to be more vulnerable to COVID-19 infection (26, 51). Additionally, since thyroid hormones regulate vascular tonus and multi-organ dysfunction is associated to hypoxia, T3 treatment has been suggested to be potentially useful in the treatment of severe COVID-19 (54).




4 Thyroid dysfunction during COVID-19


4.1 Non-thyroidal illness syndrome (NTIS) and COVID-19

The first reports of abnormal serum thyroid hormone concentrations after severe illness or starvation in patients with no history of thyroid disease has been made nearly 60 years ago (55, 56). In mild-to-moderate illness, the most typical laboratory finding is a reduction in serum T3 and, remarkably, no concomitant increase in TSH. Accordingly, this condition has been named “low T3 syndrome”, “euthyroid sick syndrome” or “non-thyroidal illness syndrome”. Elevated reverse T3 (rT3) has long been considered another hallmark of NTIS, but now some authors argue that its levels may be normal or even reduced in some patients with NTIS (57). Reduced levels of rT3 have already been observed in AIDS patients that present NTIS, and this phenomenon has also been observed in COVID-19 and NTIS patients (58–60). Additionally, a decline in T4 and TSH may also be observed in critically ill patients. Thus, NTIS is a complex condition with no unique phenotype, which greatly depends on disease severity. Pro-inflammatory cytokines, like interleukin-6 and IL-1β, are recognized as major players in the pathogenesis of NTIS since the 90’s, when an inverse correlation between serum T3 and IL-6 in hospitalized patients was first observed (61). Moreover, the chronic treatment of rodents with these cytokines recapitulated several hallmarks of human NTIS, including low T3, T4 and hypothalamic TRH mRNA expression (62, 63).

The entire hypothalamus-pituitary-thyroid (HPT) axis is profoundly affected by severe illness (
Figure 2
). At the hypothalamic level, TRH decrease is largely mediated by a T3-induced feedback mechanism in illness. The TH transporters MCT10 and OATP1C1 are upregulated in the hypothalamus of prolonged ill rabbits, which may further contribute to the negative feedback (64). Several subsequent animal studies using different illnesses models revealed a consistent upregulation of iodothyronine deiodinase 2 (D2) both in the PVN and in tanycytes, suggesting an increase in local T3 production, which helped explain the abnormal negative feedback resulting in TRH downregulation besides low levels of serum T3 (65, 66). Deiodinase 3 (D3) is negatively regulated by LPS in the PVN of mice and in cultured neuroblastoma cells, leading to increased intracellular T3 levels in these cells (67, 68). Although logical, the increase in intra-hypothalamic levels of T3 still lacks direct experimental evidence in vivo. At the pituitary level, illness leads to an impaired TSH response to low levels of circulating T3 and T4 (64) and lack of pulsatile secretion (69). This disturbed TSH response can be partially attributed to diminished TRH stimulus and to a direct effect of cytokines like IL-1β and TNF-α (70, 71). The contribution of pituitary’s D2 and/or D1 activity to these responses is still disputable.




Figure 2 | 
Mechanistic insights into COVID-19-induced Non-thyroidal illness syndrome (NTIS). Multiple mechanisms might be involved in the pathogenesis of NTIS. During severe illness, the hypothalamus-pituitary-thyroid (HPT) axis is profoundly affected, which is primarily mediated by pro-inflammatory cytokines. In the hypothalamus, illness promotes TRH downregulation due to abnormal T3-induced negative feedback. Potential mechanisms involved include increased local T3 production by D2 and increased expression in TH transporters (MCT10 and OATP1C1). At the pituitary level, illness impairs TSH response to low levels of circulating T3 and T4, which can be secondary to reduced TRH levels or the direct effect of pro-inflammatory cytokines. Modulation of deiodinase activity might be additionally involved. Cytokines also inhibit multiple steps of TH biosynthesis and D1 activity in the thyroid gland, decreasing hormonal synthesis and secretion. In other peripheral tissues, suppressed D1 and increased D3 expression/activity could contribute to low T3 and high rT3 levels observed in sick individuals.




The thyroid gland is also directly influenced by illness (
Figure 2
). Data from a vast collection of in vivo and in vitro models report that cytokines (e.g., IL-1α, IL-1β, TNF-α, IFNγ) can inhibit several steps of the TH synthesis machinery, including TSH receptor expression (72), iodide incorporation by NIS (73–75), iodide organification by TPO (76–78), DUOX expression (77), thyroglobulin production (79) and deiodinase 1 expression and activity (80–82). Collectively, these effects lead to a decrease in the synthesis and secretion of TH by the thyroid gland.Yet, most of the circulating T3 is not produced by the gland itself but through deiodination of T4 in peripheral tissues, such as liver, kidney and muscle (83, 84). During illness, alterations in the expression and function of D1 (85, 86), D2 (85, 87–89) and D3 (85, 86) might also contribute to serum TH abnormal levels (
Figure 2
).

There is still limited data on the literature outlining NTIS during viral infectious diseases. Although the few reports involve different populations and different viruses, they congregate in terms of clinical manifestations. In a cohort of HIV+ and AIDS patients, fT3 levels were lower than in healthy controls while calculated TBG capacity was increased (59). A subsequent study from Nigeria showed that, among 108 HIV-1+ individuals, 52% had abnormalities in thyroid function. Of these, 8.5% had subclinical hypothyroidism and 45.5% had NTIS. The HIV−1+ individuals had significantly lower TSH, T3 and T4 when compared with HIV-1- controls (90).

Viruses that attack the respiratory tract have been also linked to the development of NTIS. The influenza A virus subtype H7N9 (A/H7N9) is a bird flu strain of the Influenza virus A (avian influenza) that infected humans in China in 2013. Of patients infected with H7N9, 70.6% presented abnormally low total T3 levels, 58.8% had low free T3 and TSH levels and 29.4% had abnormally low total and free T4 levels (below the lower limit of the reference ranges for each hormone) (91).

At the time of this publication, thyroid function tests of more than 2,000 COVID-19 patients have been reported in the literature. Collectively, they make clear that low serum fT3 and NTIS at admission strongly predict poor outcomes in these patients, although the utility of measuring fT3 at admission is still disputable in terms of cost-effectiveness since other biochemical indicators provide similar predictive value. Here we present some of the relevant clinical data regarding NTIS in COVID-19 patients.

Only three months after the beginning of the outbreak the first report of altered thyroid hormones in COVID-19 patients was presented in a retrospective analysis of 274 COVID-19 cases in the region of Wuhan. The authors revealed that serum levels of fT3 and TSH were significantly diminished in deceased patients compared to recovered patients, even though the decrease in TSH was still within the normal range (92). Similar observations were consistently reported in several other papers, although the incidence of decreased levels of fT3 and NTIS varied greatly, probably as a result of the huge discrepancies in the disease severity of the cohort included in each study.

In a study with 50 patients confirmed with moderate to critical COVID-19 with no history of thyroid disease, Chen et al. reported altered thyroid function in more than 60% of patients (93). Low TSH with or without lower-than-normal levels of tT3 were the most frequent alterations found in these patients. Interestingly, TSH and tT3 levels were lower in patients with COVID-19 when compared with healthy patients and non-COVID-19 pneumonia patients, suggesting that these clinical observations could be characteristic of SARS-CoV-2 infection. However, it is important to highlight that in this study thyroid function was evaluated while most of COVID-19 patients were under glucocorticoid treatment, which may affect thyroid function. In another cohort, Zhang and collaborators identified thyroid disorders in 28% of 71 COVID-19 patients, which included mainly NTIS (48%) and subclinical hypothyroidism (28%) (50). In agreement, NTIS was also found in more than 25% of COVID-19 in another Chinese cohort and its occurrence was associated with inflammation and disease severity (94).

A retrospective study published in October of 2020 conducted in Changsha (China) analyzed clinical and laboratory data of 149 patients with mild COVID-19 infection within the first 3 months of the pandemic and detected that 28% had NTIS, characterized by fT3<2.3 pg/mL and low or normal TSH. Compared to non-NTIS patients, NTIS-patients had lower tT3 (0.66 vs. 0.96 ng/mL, p<0.0001), tT4 (8.3 vs. 9.5 µg/dL, p<0.0001), and non-statistically significant lower TSH (1.36 vs. 1.74 µIU/mL, p = 0.06). Also, NTIS patients had a higher ESR, CRP and lymphopenia. NTIS was identified as an independent risk factor for disease severity by Cox-regression model (HR = 2.5 [95%CI 1.05-6.02]) and receiver operating characteristic (ROC) analysis (AUC = 0.81) (94). Another study searched for predictors of mortality in 121 ICU-admitted severe COVID-19 patients and detected that fT3 was the second-best predictor of death (AUC from ROC = 0.86), only after Sequential Organ Failure Assessment (SOFA) (AUC from ROC = 0.96) (95). Similar results were obtained in a cohort of moderately severe COVID-19 patients in which only 31.5% were admitted to the ICU (AUC from ROC = 0.84) (96).

Likewise, Gao et al. followed 100 COVID-19 patients (66% of then were severely or critically ill) and showed that fT3, TSH and fT3/fT4 ratio decreased with clinical deterioration and were lower in non-survivors. Moreover, the reduction in fT3 levels was independently associated with all-cause mortality (97). The prospective analysis of 115 COVID-19 patients in Italy, in which 18% had NTIS also observed that low fT3 was associated with mortality and inflammation. The following of these patients thought the hospitalization revealed that, not unexpectedly, the number of patients with decreased levels of fT3 and TSH increased during hospitalization. However, most of them were under corticosteroids therapy, emphasizing the need for cautious interpretation of TSH and TH after ICU admission (98).

A recent prospective analysis of 245 hospitalized patients with moderate or critical (ICU-admitted) COVID-19 patients in Brazil corroborated previous findings that fT3 is negatively associated with survival. Similar to previous findings, only 6.5% of patients had NTIS (characterized as fT3<2.0 pg/mL and low or normal TSH) but this diagnosis significantly increased the risk of death (OR = 7.05). This was the first study to measure rT3 levels in COVID-19 patients and it revealed that they were elevated (>0.35 ng/mL) in 63% of the patients and were significantly higher in critical patients compared to non-critical patients. Interestingly, although rT3 is frequently considered a hallmark of NTIS and NTIS increases the risk of death by COVID-19, serum rT3 levels were not associated to death risk, but the opposite. Patients with simultaneously fT3<2.6 pg/mL and rT3<0.38 ng/mL had a significantly worse clinical outcome (36% mortality rate) than patients with only fT3<2.6 pg/mL (17%), only rT3<0.38 ng/mL (20%), or none of these alterations (5%). Moreover, the authors showed that the value obtained from the mathematical product of T3 × rT3 had the strongest predictive value for mortality amongst all analyzed parameters (AUC from ROC = 0.7). Remarkably, the OR for death in patients with T3×rT3<1.29 was 8.08 (60).

These results shed light on a possible underappreciated protective role of rT3 in critically ill patients. Rastogi et al. (2018) evaluated the efficacy of intravenous rT3 administration as a neuroprotective agent in rat model of middle cerebral artery occlusion induced cerebral ischemia-reperfusion and in an in vitro model of oxygen glucose deprivation/reoxygenation. The authors demonstrated that the administration of rT3 significantly reduced markers of neuronal injury, oxidative stress [levels of malondialdehyde, glutathione and reactive oxygen species (ROS)], infarct size and neurological deficit after ischemic insult (99). The authors’ explanation would be the inhibition of rT3-induced DIO2 synthesis, with a decrease in T3 action at the brain level, reducing O2 consumption and oxidative stress. Interestingly, this finding contrasts with the prognostic value of rT3 in other conditions such as acute myocardial infarction, in which rT3 > 0.27 ng/mL increases the risk of 1-year mortality (HR = 3.0) (100). Of note, a rapid decrease in rT3 has also been observed in animal models of acute illness by turpentine-induced sterile abscess (67) and in critically ill HIV+ patients with or without secondary infections (59).

Consistent data has been obtained about the prognostic value of thyroid hormones abnormalities during COVID-19 illness and their impact on patient outcome. However, no advances have been obtained yet regarding the mechanisms accountable for fT3 reduction. More specifically, the contribution of thyroid hormone production and peripheral tissue TH metabolism (both through deiodination and minor metabolization routes) and also the role of TH metabolites like rT3. Increased rT3 is often observed in critically ill patients and is mostly attributed to decreased liver D1 activity and, with less certainty, to increased liver D3 (85). However, the finding by Beltrão et al. (2021) that decreased levels of rT3 leads to less favorable outcomes in COVID-19 raises the question of whether and how disturbances in TH metabolism in peripheral tissues may impact the course of the disease (60).

Recently, Beltrão et al. (2022) showed a protective role of the polymorphic variant DIO2 (Thr92Ala) heterozygous state in COVID-19 mortality. In his study, heterozygous in-hospital patients were protected by 47-62% of risk mortality. The protective role of Thr92Ala’s heterozygous advantage was supported in a meta-analysis of 21 studies on thousands of cases with different diseases, such as ischemic stroke, myocardial infarction, and left ventricular hypertrophy. This protection could be explained by the gene Thr92Ala-DIO2 expression association with endoplasmic reticulum stress, inflammation, oxidative stress, apoptosis, and mitochondrial dysfunction that are mechanisms also related to the pathophysiology of COVID-19 (101).

It must also be highlighted that even mild decreases in fT3 that remain within the normal range can indicate a poor clinical outcome. Schwarz et al. (2021) divided a small cohort of COVID-19 patients into fT3 tertiles and observed that the bottom tertile (that included patients below the normal range and in the lower part of the normal range) had a mortality rate 6-times higher than the two greater tertiles (96). Other studies also proposed fT3 cut-off values above the bottom limit of the normal reference range that efficiently indicated increased risk of death in COVID-19 (60, 95).

Several studies were published about COVID-19 patients and poor outcomes related to thyroid dysfunction during hospitalization. However, it is still unclear if the relation is accurate. To answer this question, we did a systematic review. We only selected studies with a sample of adults and greater than 50 subjects, excluding studies with children and pregnant women. After applying the eligibility criteria, we found 27 studies on the subject, counting 4554 patients. Our research focused on two main types of studies: (i) retrospective studies (
Table 1
) and prospective studies (
Table 2
). Most studies were retrospective (18 studies). The number of patients evaluated in the studies ranged from 50 to 506. Most patients were critical and had several comorbidities (mainly hypertension and DM), and the mortality rate ranged from 0 to 29%. In thyroid function assessment in-hospital, most studies evaluated the levels of TSH, fT4, and fT3 in their patients, while only two studies evaluated rT3 and thyroglobulin. Some patients were diagnosed with NTIS and thyrotoxicosis during hospitalization, and the prevalence ranged from 1.7-66.3% and 0-28%, respectively (
Tables 1
, 
2
).


Table 1 | 
Retrospective studies that analyzed thyroid function in COVID-19 patients during admission.





Table 2 | 
Prospective studies that analyzed thyroid function in COVID-19 patients during admission.




The abnormalities in TH and TSH in COVID-19 seem to be, as for other critical illnesses, transient. Khoo et al. (124) compared the levels of T4 and TSH at admission and after COVID-19 recovery with the patient-matched baseline level assayed in 2019 (i.e., before the pandemic) and confirmed that after recovery serum hormone levels returned to baseline. The lack of knowledge about the precise role of thyroid hormone fluctuations during illness makes it challenging to estimate the potential of a TH replacement therapy in COVID-19. An ongoing randomized placebo-controlled clinical trial (NCT04348513) aims to investigate whether the administration of T3 (liothyronine, 0.8g/kg i.v.) to ICU-admitted COVID-19 patients alleviates their need for cardiorespiratory support (54).

Importantly, most of the above-mentioned studies presented clinical data of patients admitted throughout the first 6 months of 2020, when SARS-CoV-2 variants of concern (VOC) were still not widespread. Whether the clinical course of patients infected by VOC will differ from the course of the disease caused by the original strain is still to be elucidated.



4.2.  Subacute thyroiditis.

Subacute Thyroiditis (SAT), also known as De Quervein’s thyroiditis or subacute granulomatous thyroiditis, is a self-limited inflammatory disorder of the thyroid gland that usually disappears in a few months. Patients usually show neck pain and enlarged thyroid and tenderness upon palpation. Symptoms as low fever, fatigue, malaise and myalgia are common (125). The development of subacute thyroiditis has been linked to viral infection or post inflammatory reaction to several different viruses, including mumps virus, measles virus, rubella virus, adenovirus, cytomegalovirus, enterovirus, Coxsackie virus, HIV, influenza virus and dengue fever virus (126). The inflammatory process causes damage and rupture of follicular cells, which leads to the release of T3 and T4 in circulation, inducing thyrotoxicosis symptoms in the first weeks of disease (
Figure 3
).




Figure 3 | 
The course of Subacute Thyroiditis (SAT). Subacute Thyroiditis is a self-limited inflammatory disorder of the thyroid gland that often follows a viral infection. The damage and rupture of follicular cells, caused by the inflammatory process, results in the release of T3 and T4 in circulation, inducing thyrotoxicosis symptoms in the first weeks of disease. When extensive follicular destruction occurs, subacute thyroiditis can progress to hypothyroidism before returning to the euthyroid state.




A study published in 1967 demonstrated that 45% of patients with subacute thyroiditis presented an increase of at least four times in viral antibodies during their thyroid disease (127). Curiously, clusters of subacute thyroiditis have been reported during outbreaks of viral infection (126) and a higher prevalence of this disease has been reported during the summer, which is the season of the highest incidence of enteroviruses and enterobacteria (128). It is well known that infections can cause direct effects as tissue damage, and also non-infectious consequences, such as malignancies, immunodeficiency syndrome, peptic ulcer and autoimmune diseases. It has been demonstrated that several infectious agents are involved in the development of autoimmune diseases, such as rheumatic fever, lupus erythematosus, insulin-dependent diabetes, among others (129). In this context, thyroid diseases thought to be of infectious etiology (e.g. subacute thyroiditis) have been shown to be associated with thyroid autoimmune phenomena. When follicular destruction is extensive, subacute thyroiditis can progress and cause hypothyroidism (Hashimoto’s thyroiditis) (
Figure 3
). In fact, thyroid autoantibodies (anti-thyroglobulin and anti-thyroid peroxidase) have been found in 40-60% of patients with subacute thyroiditis (127, 130). Around 30% of those patients will experience subsequent hypothyroidism before returning to euthyroid state (125). There are also reports of the sequential occurrence of Graves’ disease and subacute thyroiditis (131, 132).

Several mechanisms have been proposed for induction of thyroid autoimmunity by viral agents including: (1) viral induction of changes in self antigen expression, or exposure of cryptic epitopes; (2) induction of local inflammation (e.g. by cytokine release), resulting in activation of autoreactive T-cells (bystander mechanism); (3) molecular mimicry between viral antigens and thyroidal antigens; (4) induction of heat shock proteins in the thyroid; and (5) induction of aberrant expression of MHC class II molecules on thyroid cells (129). However, these autoimmune phenomena seem to represent a non-specific and transient response to the inflammatory release of thyroid antigens and classical autoimmune thyroid disease is only rarely triggered by viral infections (128).

Viruses that attack the respiratory tract have been linked to the development of thyroiditis. Cases of De Quervain thyroiditis, with low TSH levels and high levels of free T3 and T4, were described in the course of H1N1 influenza infection (133, 134). The H1N1 virus has also been linked to the occurrence of thyroid storm, which is a potentially fatal intensification of thyrotoxicosis, and is characterized by hyperthermia, tachycardia, severe agitation and altered mental status (135, 136). In 2009, a 31-year-old female diagnosed with community-acquired bronchopneumonia with possible influenza A (H1N1) viral pneumonia, presented tachycardia and T3 levels 16 times higher than the threshold. The diagnosis of thyroid storm was made, but despite treatment with propylthiouracil (PTU), the patient progressed from multiorgan failure to brain death (135). A recent case report also presented the occurrence of a thyroid storm associated with Influenza A infection in a 10-year old girl (137).

A prospective study followed 61 survivors of the 2002 SARS epidemy (with no pre-existing endocrine diseases) 3 months after recovery and observed that 6.7% of them became biochemically hypothyroid (with one case of primary and three of central hypothyroidism) and 39% had hypocortisolism (two of hypocortisolic patients had also transient subclinical thyrotoxicosis). The authors speculated that these effects might be due to SARS-induced reversible hypophysitis or a direct effect of the virus on the hypothalamus (138). In addition, in subjects who died of SARS, follicular epithelial damage in the thyroid gland were found during the autopsy, with large numbers of cells exfoliated into the follicle and undergoing apoptosis (139). A subsequent study also observed in autopsies that the adenohypophysis of SARS patients had profound alterations including lower positive-cell count and staining intensity for TSH, GH and ACTH (140).

In May of 2020, an Italian case-report provided the first case of subacute thyroiditis potentially associated with a prior mild COVID-19 infection (141). An 18-year-old female patient reported neck pain radiated to the jaw, fever and palpitation 15 days after a positive RT-PCR for SARS-CoV-2. The patient showed painful and enlarged thyroid to palpation and laboratory findings typical of acute phase of destructive thyroiditis, including elevated fT3 and fT4, undetectable TSH, detectable thyroglobulin (Tg) and anti-Tg antibodies. Antibodies against TPO and TSH receptor were absent, and the inflammatory markers CRP, ESR and white blood count were elevated. Neck ultrasound revealed diffuse hypoechoic areas. The patient was diagnosed with SAT and treated with prednisone. Forty days after diagnosis thyroid function and inflammatory markers were normalized. Subsequent studies also reported additional isolated cases of painful symptomatic SAT developed 16 to 42 days after COVID-19 infection (142, 143) and also cases during active COVID-19 disease (144–147), reinforcing a possible association between SARS-CoV-2 infection and SAT (
Table 1
).

The THYRCOV study retrospectively evaluated the thyroid function in a cohort of 287 patients hospitalized for COVID-19 in non-intensive care units and found that thyrotoxicosis was the thyroid disorder with higher prevalence (104). In this cohort, around 55 patients (20.2%) showed low TSH (≤0.10 mU/L), from whom 31 patients presented overt thyrotoxicosis. From those 31 patients, 10 had atrial fibrillation. Fifteen patients (5.2%) were diagnosed with high TSH (>4.80 mU/L), and overt hypothyroidism was present in two of those patients (104). Thyrotoxicosis was significantly associated with higher serum IL-6 levels. Thyroid function was spontaneously improved during the follow-up, which raised the hypothesis that the thyrotoxic state could be related to destructive thyroiditis, but it was not properly investigated in this cohort.

Corroborating this findings Muller and colleagues found a thyrotoxicosis’ (TSH <0.28 mU/L and/or fT4>1.7 ng/dL) prevalence of 15% (13 in 85 patients) in patients with COVID-19 (HICU-20) admitted in high intensity of care units (HICUs), compared to 2% (2 in 41 patients) in those admitted in low intensity of care units (LICU-20) and only 1% (1 of 78 patients) in patients admitted in HICUs in 2019 for non-COVID-19 related reasons (HICU-19). Free T3 equally low in all groups. TSH levels were lower in HICU-20 than other groups, while fT4 was higher in HICU-20 only when compared to LICU-20 (117). However, it is important to mention that fT4 and fT3 were only measured in patients whose TSH levels were less than 0.45 mIU/L. Since a greater proportion of HICU-20 group (24,7%) showed low TSH levels (TSH <0.45 mIU/L) when compared to HICU-19 (17,7%) and LICU-20 (9,8% groups), TH levels were more frequently measured in HICU-20, which might be a bias. CRP levels were higher in COVID-19 patients than the non-COVID-19 group. From the 6 patients with thyrotoxicosis that were followed post-discharge, all had normal thyroid function 1.5-2 months later and were negative to thyroid autoantibodies and 3 of them had ultrasound and CT scans suggestive of subacute thyroiditis. However, since no patient reported neck pain, TSH levels were not extremely low, fT4 was not very high and lymphopenia and not leukocytosis were present, it was probably not a typical case of subacute thyroiditis. The authors suggested a routine evaluation of thyroid function in patients in ICU due to increased risk of thyrotoxicosis.

A Chinese cohort of 367 patients with predominantly mild to moderate COVID-19 detected abnormal thyroid function in 62 patients (16,9%) (120). Twenty-seven patients (7,4%) had non-thyroidal illness syndrome (NTIS) and 30 patients (8,2%) had biochemical alterations that were suggestive of distinct phases of thyroiditis such as: isolated low TSH and high-normal fT4, isolated slightly elevated fT3, high-normal Ft4 or isolated low fT4. None had overt thyrotoxicosis. Of these 30 patients with subnormal TSH, 5 presented anti-TPO or anti-TSHR autoantibodies, suggesting an autoimmune component in these cases. Pre-existing autoimmune thyroid disorder was present in 5 patients.

In contrast with the previous studies, Khoo and collaborators, did not found any case of overt thyrotoxicosis in a cohort 334 patients admitted with COVID-19 in intensive therapy unit, either during the disease or follow-up (124). Most COVID-19 patients (86.6%) were euthyroid but 5.7% present subclinical hyperthyroidism and a small proportion present overt hypothyroidism (0,6%), which did not differ from non-COVID patients. A small significant reduction in TSH and fT4 was observed in patients with COVID-19 when compared with non-COVID-19 patients which might be compatible with a nonthyroidal illness syndrome and did not justify any treatment. A negative correlation between TSH and Cortisol or CRP was observed.

Of note, since the beginning of COVID-19 vaccination campaigns, some studies show the development of thyroid disease, especially thyroiditis, after the vaccines administration. Currently, more than 30 articles reporting data of SAT onset after COVID-19 vaccine. This relation seems more prevalent in women and the main symptoms are neck pain, palpitations, fatigue, fever and weight loss (148, 149). The patients almost always presented with thyrotoxicosis and elevated serum inflammatory markers (148, 150). Two cases of vaccine-induced Graves’ disease have been reported in two female health-care workers of 28 and 40 years of age. The patients presented typical symptoms of thyrotoxicosis 2-3 days after receiving the first dose of the Pfizer-BioNTech vaccine (151). A sistematic review concluded that the thyroid disease onset occurred an average of 11 days after the administration of the vaccine (150). Cases of SAT had already been observed after the administration of the H1N1 vaccine (152, 153). The first mechanism suggested to explain the relation between COVID-19 vaccination and thyroid disease is the autoimmune/inflammatory syndrome induced by adjuvants (ASIA) (148, 151). But it is also already shown that antibodies against SARS-CoV-2 proteins could cross-react with tissue antigens, including thyroid peroxidase (TPO) (154). Despite that, considering that billions of vaccines against COVID-19 have already been administered around the world, the development of thyroid disorders following SARS-CoV-2 vaccination is a very rare side effect.



4.3.  Thyroid features in COVID-19 patients.

In 2002, the Severe Acute Respiratory Syndrome (SARS) caused by SARS-CoV, a member of the Coronaviridae family, became an epidemic and rapidly spread to 26 countries (155). Extensive follicular damage, with large numbers of cells exfoliated in the follicle, was observed in the thyroid glands obtained from five SARS patients. The follicular architecture was prominently affected, showing follicular distortion and collapse (139).

In the first report of subacute thyroiditis (SAT) associated with COVID-19 infection, diffuse hypoechoic areas in the thyroid ultrasound were reported, in addition to the alterations in FT3, FT4, TSH, and the presence of TgAb (142). Subsequently, other studies found alterations in the thyroid ultrasonography of COVID-19 patients that developed SAT, including bilateral hypoechoic areas (145–147, 156), heterogeneity in the parenchyma (144), a relative diffuse decrease of vascularity (144, 146, 147) and increased vascularity (145) and inflammation (104). Thoracic computed tomography also showed that COVID-19 patients present altered thyroid tissue density during their infective states compared to prior infection. In these patients, the iodine content in thyroid tissue decreased, suggesting thyroiditis (157). Likewise, a case report of SARS-CoV-2-associated thyroid storm also detected ultrasound changes in the thyroid. The patient, a 25-year-old woman, presented exophthalmos, tachycardia, diffusely enlarged goiter with a bruit, and fine tremor. Laboratory results demonstrated very low TSH levels (TSH<0.01 mIU/L) and high levels of FT4 (5.34 ng/dL) and TT3 (654 ng/dL). Thyroid ultrasound revealed heterogeneous echotexture with increased vascularity (158).

As discussed before, viral infections are considered a major factor in the pathogenesis of autoimmune thyroid diseases, and a link between SARS-CoV-2 infection and Hashimoto thyroiditis and Graves’ disease has already been reported. In a patient who started to present hyperthyroidism symptoms (fatigue, shortness of breath, palpitations, and weight loss) nearly 3 weeks after a mild SARS-CoV-2 infection, the ultrasound showed a diffusely heterogeneous and irregular thyroid and a nodular image below the sternal notch. Thyroid scintigraphy confirmed Graves’ disease pattern (159). Not many studies have evaluated the post-mortem thyroid of patients who died of COVID-19. Of these, some found no significant damage of follicular thyroid cells (102), while others reported chronic inflammation of the thyroid, follicular epithelial cell disruption, or interstitial lymphocytic infiltration (160, 161).

Importantly, thyroid morphological changes persist even after COVID-19 resolution. A study conducted in China evaluated the thyroid of 79 COVID-19 survivors approximately one month after acute COVID-19 infection. At this time, all patients presented normal T4, T3 and TSH levels. Interestingly, higher SARS-CoV-2 viral load on presentation was associated with smaller thyroid volumes among the male survivors. The authors also observed that 13.9% of the COVID-19 survivors had ultrasonographic features suggestive of thyroiditis (5 had heterogeneous echogenicity, 6 had abnormal vascularity and 3 had micro-nodulation) (162). A similar result was also found in patients whose thyroid was evaluated 6 months after COVID-19 infection. In the Turkish cohort, the mean thyroid gland volume was significantly lower in COVID-19 survivors (10.3 ± 3.4 mL) than in non-COVID patients (14 ± 5.3 mL). There were no differences in thyroid gland volume between males and females (163). These findings encourage longitudinal follow-up to clarify a possible direct viral effect of thyroid atrophy.




5 COVID-19 and thyroid: State-of-art

Herein, we present an overview of the current knowledge regarding the relationship between thyroid dysfunction and SARS-CoV-2 infection. Overall, these data revealed that abnormal thyroid function may occur during and in the convalescence post-COVID condition phase. Although the cellular and molecular mechanisms are not completely understood, the evidence suggests that the “cytokine storm” is an important mediator in this context. It is very likely that indirect mechanisms (e.g., increased serum cytokines and immune cells) are responsible for most of the effects observed in the whole HPT axis. On the other hand, some authors have also proposed that the thyroid cells could be directly infected by SARS-CoV-2. It has been consistently demonstrated in multiple datasets that ACE2 mRNA is expressed in both human thyroid tissues and primary cultured cells, suggesting that the thyroid could be vulnerable to direct viral infection and its cytopathic effects (21, 164). However, stringent immunohistochemistry analysis from the The Human Protein Atlas performed with 7 different antibodies against human ACE2 reveals that thyrocytes do not have ACE2 protein. Indeed, ACE2 protein has been detected in endothelial cells within the thyroid gland, which may explain the detection of ACE2 mRNA in whole tissue extracts. Hence, thyroid function alteration during COVID-19 is more likely a result of pro-inflammatory signals and impaired central control than a direct infection of follicular cells by SARS-CoV-2.

However, it is important to highlight that the studies found in the literature have limitations. First of all, they were retrospective and, in most of them, thyroid function tests were performed only at admission and/or days after resolution, which did not allow the observation of dynamic alterations in thyroid function during disease progression. Some studies did not assess thyroid function on all cohort, while others measured only TSH or limited fT3 or fT4 measurements only to patients with abnormal TSH. Moreover, only one study measured rT3 levels. Thus, future studies are needed to better investigate the pathophysiology of thyroid dysfunction induced by COVID 19 at both molecular and clinical levels. Furthermore, future prospective studies are crucial to clarify the prevalence of thyroid function alterations in COVID-19 patients, as well as to provide more clinical data to elucidate how it could impact the disease outcome.
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Objectives

Graves’ disease (GD) has been highlighted as a possible adverse effect of the respiratory syndrome coronavirus-2 (SARS-CoV-2) vaccine. However, it is unknown if the SARS-CoV-2 vaccine disrupts thyroid autoimmunity. We aimed to present long-term follow-up of thyroid autoimmunity after the SARS-CoV-2 BNT162b2 mRNA vaccine.



Methods

Serum samples collected from seventy Japanese healthcare workers at baseline, 32 weeks after the second dose (pre-third dose), and 4 weeks after the third dose of the vaccine were analyzed. The time courses of anti-SARS-CoV-2 spike immunoglobulin G (IgG) antibody, thyroid-stimulating hormone receptor antibody (TRAb), and thyroid function were evaluated. Anti-thyroglobulin antibodies (TgAb) and anti-thyroid peroxidase antibodies (TPOAb) were additionally evaluated in thirty-three participants.



Results

The median age was 50 (IQR, 38-54) years and 69% were female. The median anti-spike IgG antibody titer was 17627 (IQR, 10898-24175) U/mL 4 weeks after the third dose. The mean TRAb was significantly increased from 0.81 (SD, 0.05) IU/L at baseline to 0.97 (SD, 0.30) IU/L 4 weeks after the third dose without functional changes. An increase in TRAb was positively associated with female sex (β = 0.32, P = 0.008) and low basal FT4 (β = -0.29, P = 0.02) and FT3 (β = -0.33, P = 0.004). TgAb was increased by the third dose. Increase in TgAb was associated with history of the thyroid diseases (β = 0.55, P <0.001).



Conclusions

SARS-CoV-2 BNT162b2 mRNA vaccine can disrupt thyroid autoimmunity. Clinicians should consider the possibility that the SARS-CoV-2 vaccine may disrupt thyroid autoimmunity.
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Introduction

For the COVID-19 pandemic, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) mRNA vaccines have been authorized and have provided durable benefits in reducing the risk of the severe outcomes of hospitalization and death (1, 2). To date (May 2022), three doses of SARS-CoV-2 mRNA vaccination (the initial two doses and the third ‘booster’ dose) have been introduced in the many countries, including Japan. As the fourth doses of the SARS-CoV-2 mRNA vaccines were only authorized for those older than 50 years in the US, the vaccination program is speculated to be continued specifically in the population who are at greatest risk and who might gain most benefit from vaccination. This includes immunocompromised individuals and people older than 50 years, given the prevalence of comorbidities that increase the risk of severe disease and death in such individuals (1, 2).

Despite the robust beneficial data on the SARS-CoV-2 mRNA vaccine, adverse effects of the vaccines related to endocrine disorders have also recently been highlighted (3–8). Among the endocrine organs possibly targeted as adverse effects of the vaccine, the thyroid gland is the most common one (4, 7). Notably, an increasing number of cases of new-onset or relapse of Graves’ disease (GD) has been recently reported to occur following the SARS-CoV-2 mRNA vaccines (3, 4, 7, 9). Such case reports and series have raised speculation of the development of thyroid autoimmunity due to the mRNA vaccine. However, there is limited epidemiological evidence or basic findings to clarify if the SARS-CoV-2 mRNA vaccine induces thyroid autoimmunity. Furthermore, if the mRNA vaccine disrupts thyroid autoimmunity, further clinically important questions arise: if the disruption has the potential to induce functionally overt situations, how long does the vaccine affect thyroid autoimmunity, and what factors predict its disruption?

In this study, we present a twelve-month clinical follow-up of thyroid-stimulating hormone (TSH) receptor antibody (TRAb) as a marker of thyroid autoimmunity disease, GD, and thyroid function from the baseline to after the third dose of the SARS-CoV-2 BNT162b2 (Pfizer/BioNTech) mRNA vaccine in Japanese healthcare workers. In addition, if induction of TRAb could be observed after the vaccine, we aimed to investigate factors that could be used to predict it.



Materials and methods


Study design and timeline

In this study, 99 healthcare workers, all employees of Wakayama City Medical Association, were enrolled. The initial interviews and the first serum sampling for the baseline were conducted in March and April 2021. Negativity for SARS-CoV-2 antibodies was confirmed at baseline. Participants received first and second doses of the BNT162b2 mRNA vaccine 3 weeks apart in April and May 2021, and a third dose in January 2022. Serum samples were prospectively collected at 4, 24, and 32 weeks after the second dose, and 4 weeks after the third dose in March 2022 as shown on the time schedule in Figure 1. Anti-SARS-CoV-2 antibody titers were measured at each time point. The remaining serum samples were preserved at -80°C until the assessment of thyroid autoimmunity and function. Participants who had consistently elevated titers were evaluated for infection via anti-nucleocapsid antibodies.




Figure 1 | Timelines and trends of logarithmically transformed anti-SARS-CoV-2 S IgG titers at 0 (baseline), 4, 24, and 32 weeks after the second dose of vaccine and 4 weeks after the third dose of vaccine (n = 70). Each circle denotes individual log IgG titers. Mean values of anti-SARS-CoV-2 S IgG titer are indicated by red bars. Mean values are also presented in Table 1. TRAb and thyroid function were analyzed at 0 (baseline), 32 weeks after the second dose, and 4 weeks after the third dose of vaccine. TgAb and TPOAb were also assessed at 32 weeks after the second dose and 4 weeks after the third dose of vaccine in 33 participants.



Exclusion criteria were as follows: i) pregnant and breastfeeding females, ii) thyroid cancer, iii) individuals with serious medical diseases including liver or kidney dysfunction, iv) individuals with breakthrough infections of COVID-19, and v) non-completion of the time schedule. Regarding criterion iii), all the participants were assessed by both medical interview and laboratory test at baseline, especially for liver and renal function, including blood cell counts, glutamic oxaloacetic transaminase, glutamic pyruvic transaminase, γ-glutamyl transpeptidase, creatinine, and creatinine-based estimated glomerular filtration rate.

Among the 99 participants enrolled, several participants were excluded from analysis: three contracted breakthrough infections, five did not receive a third dose of the vaccine, and one was treated for GD with positive TRAb (3.7 IU/L) at baseline were excluded from the analysis. Among the 90 remaining participants, samples from 70 participants whose serum samples at all the time points were sufficient for measurement of thyroid autoimmune antibodies and functions were retrospectively analyzed (Figure S1). None of these 70 participants met the exclusion criteria. In a limited number of the participants (n = 33), anti-thyroglobulin antibodies (TgAb) and anti-thyroid peroxidase antibodies (TPOAb) were also analyzed at 32 weeks after the second dose (pre-third dose) and 4 weeks after the third dose (post-third dose) to assess the response of these antibodies to the third dose.

This study was approved by the ethics committee of Wakayama City Medical Association Seijinbyo Center Ethics Committee (No. 202103-1). All participants provided written informed consent.



Measurement of Anti-SARS-CoV-2 S antibodies

Elecsys Anti-SARS-CoV-2 S immunoassay (Roche Diagnostics, Basel, Switzerland) was used to measure anti-spike immunoglobulin G (IgG) SARS-CoV-2 antibody titers on a Roche Cobas e411 analyzer (Roche Diagnostics) according to the manufacturer’s instructions. Samples with a titer >250 U/mL were serially diluted until the titer became ≤250 U/mL, according to the manufacturer’s protocol. Anti-nucleocapsid antibodies (Elecsys Anti-SARS-CoV-2, Roche Diagnostics) were measured according to the manufacturer’s protocol.



Measurement of thyroid autoimmune antibodies and functions

TRAb (Elecsys Anti-TRAb v2, Roche Diagnostics; reference range, <2.0 IU/L), TgAb (Elecsys Anti-Tg, Roche Diagnostics; reference range, <28.0 IU/mL), and TPOAb (Elecsys Anti-TPO, Roche Diagnostics; reference range, <16.0 IU/mL) were measured on a Roche Cobas e801 analyzer (Roche Diagnostics) according to the manufacturer’s instructions. TSH (Elecsys TSH v2, Roche Diagnostics; reference range, 0.500-5.000 μIU/mL), free T4 (FT4, Elecsys FT4III, Roche Diagnostics; reference range, 0.90-1.7 ng/dL), and free T3 (FT3, Elecsys FT3III, Roche Diagnostics; reference range, 2.30-4.00 pg/mL) were measured on a Roche Cobas e801 analyzer (Roche Diagnostics) according to the manufacturer’s instructions. Increases of TRAb, TSH, FT4, and FT3 from baseline to 4 weeks after the third dose were defined as ΔTRAb, ΔTSH, ΔFT4, and ΔFT3, respectively, which were calculated as:

(value at 4 weeks after the third dose) - (value at baseline).

Increases of TgAb and TPOAb from 32 weeks after the second dose (pre-third dose) to 4 weeks after the third dose (post-third dose) were also defined as ΔTgAb and ΔTPOAb, respectively, and calculated as:

(vales at 4 weeks after the third dose) - (values at 32 weeks after the second dose).

Responders to increase in TRAb were defined as the subjects who exhibited increase in TRAb in a time dependent manner and had TRAb >1.2 IU/L at 4 weeks after the third dose.



Statistical analysis

The differences in TRAb, TSH, FT4, and FT3 of each group at each pair of time-points were analyzed using Kruskal-Wallis test followed by Dunn’s multiple comparisons test. The differences in TgAb and TPOAb between 32 weeks after the second dose (pre-third dose) and 4 weeks after the third dose (post-third dose) were analyzed by Wilcoxon matched-pairs signed-rank test. To identify the predictive factors of increase TRAb and TgAb, the associations between ΔTRAb or ΔTgAb and baseline characteristics were analyzed using univariate linear regression. Similarly, the associations between TRAb or TgAb at 4 weeks after the third vaccine and baseline characteristics were also analyzed using univariate linear regression. Differences between responders and non-responders were analyzed using Mann-Whitney U test. A two-sided P < 0.05 was considered significant. Statistical analysis was performed using GraphPad Prism version 9.1.0 (GraphPad Software, San Diego, CA, USA) and JMP Pro16 (SAS Inc., Cary, NC, USA).




Results


Clinical characteristics and time course of anti-SARS-CoV-2 S antibodies

Clinical characteristics of the 70 participants are shown in Table 1. The median age was 50 (interquartile range [IQR], 38-54) years and 69% were female. The time course of anti-SARS-CoV-2 S antibody titer is shown in Table 1 and Figure 1. During the period between 32 weeks after the administration of the second dose and 4 weeks after the third dose, the median antibody titer increased from 325 (IQR, 169-546) U/mL to 17627 (IQR, 10898-24175) U/mL (Table 1 and Figure 1). The period from 32 weeks after the administration of the second dose to 4 weeks after the third dose was 91 (IQR, 91-93) days. All participants had an increase in the antibody titer (Figure 1). No major adverse events were reported.


Table 1 | Baseline cohort characteristics and time course of Anti-SARS-CoV-2 S IgG antibody, TRAb, TSH, FT4, and FT3 (n = 70).





Time course of TRAb and thyroid function

The mean TRAb increased from 0.81 (SD, 0.05) IU/L at baseline to 0.91 (SD, 0.15) IU/L 32 weeks after the second dose (P <0.0001) and 0.97 (SD, 0.30) IU/L 4 weeks after the third dose (P <0.0001) (Figures 2A, 3, Table 1). On the other hand, thyroid functions assessed by TSH, FT4, and FT3 were not significantly changed between each time points, although TSH showed a trend of time-dependently decrease following the mRNA vaccine (Figures 2B–D, Table 1). No participants showed definite symptoms of hyperthyroidism at any time point.




Figure 2 | Time course of (A) TRAb, (B) TSH, (C) FT4, and (D) FT3 (n = 70). Each circle denotes individual values. Mean values were indicated by red bars. Mean values are also presented in Table 1. ns, not significant; ****P <0.0001.






Figure 3 | Time courses of TRAb in individuals whose TRAb is more than the lower limit of the range (0.8 IU/L) at any time point. Each circle denotes an individual value. n = 44.





Predictive factors for the increase of TRAb

To investigate the factors which could contribute to the increase of TRAb, we first calculated ΔTRAb as described in the Materials and Methods section. Univariate analysis for ΔTRAb was then performed to identify the predictive variants at baseline. ΔTRAb was positively associated with female sex (β = 0.315, P = 0.008), low basal FT4 (β = -0.285, P = 0.02), and low basal FT3 (β = -0.333, P = 0.004) (Table 2). As confirmation, similar findings were also observed by univariate analysis for TRAb 4 weeks after the third dose (Table 2).


Table 2 | Univariate analysis for increases of TRAb (ΔTRAb) and TRAb 4 weeks after the third dose vaccine (n = 70).







Response of TgAb and TPOAb by the third dose of SARS-CoV-2 BNT162b2 mRNA vaccine

Clinical characteristics of the 33 participants, whose serum samples were analyzed for TgAb and TPOAb, are shown in Table 3. The mean TgAb was increased from 140 (SD, 459) IU/mL 32 weeks after the second dose (pre-third dose) to 174 (SD, 626 IU/mL) 4 weeks after the third dose (post-third dose) (P = 0.003). The mean TPOAb was not significantly changed between those two time points [mean (SD); 48 (128) vs. 51 (133) (IU/mL), P = 0.08]. To investigate the predictive factors for the increase of TgAb, ΔTgAb was calculated as described in the Materials and Methods section, similarly to TRAb. By univariate analysis, ΔTgAb was positively correlated with the history of thyroid disease (β = 0.553, P = 0.0008) and TRAb (β = 0.384, P = 0.03), TgAb (β = 0.975, P <0.0001) and TPOAb (β = 0.763, P <0.0001) 32 weeks after the second dose (pre-third dose) (Table 4). TgAb 4 weeks after the third dose was also associated with history of thyroid disease (β = 0.605, P = 0.0002) (Table 4).


Table 3 | Baseline cohort characteristics for TgAb and TPOAb analysis (n = 33).




Table 4 | Univariate analysis for increases of TgAb (ΔTgAb) and TgAb 4 weeks after the third dose vaccine (n = 33).






Discussion

In this twelve-month follow-up study in a cohort of Japanese healthcare workers, we showed the first evidence of the SARS-CoV-2 BNT162b2 vaccine increasing TRAb, as a maker of thyroid autoimmunity. In addition, we presented candidate predictive factors to increase TRAb by the vaccine: female sex, baseline low FT4 and FT3. Furthermore, as confirmation of the disruption of the thyroid autoimmunity by the vaccine, we demonstrated that the third dose of mRNA vaccine increased TgAb in 4 weeks.

One of the main findings of this study is that TRAb was significantly increased by the first two doses of the SARS-CoV-2 BNT162b2 vaccine and that the effect was still evident at 32 weeks. Furthermore, although without statistical significance, TRAb tended to be additionally increased by the third dose of the vaccine within 4 weeks. Since most of the participants (67/70) had baseline TRAb under the lower limit of the reference range (<0.8 IU/L), it is assumed that the SARS-CoV-2 BNT162b2 vaccine not only disrupted the steady state of GD, but also newly induced the disruption of thyroid autoimmunity. These findings support previous cases and series that showed the relapse or even new onset of GD potentially associated with the SARS-CoV-2 BNT162b2 mRNA vaccine (3, 7, 10). Similar to TRAb, TgAb was also increased after the third dose, additionally supporting the evidence about the disruption of thyroid autoimmune owning to the vaccine. Although all the participants received the BNT162b2 mRNA vaccine in this study, since GD was also newly induced or enhanced by other SARS-CoV-2 mRNA vaccines in previous case reports, the effects may be considered as a class effect of the drug (3, 7, 10, 11). Supportively, a recent study in patients with GD also showed an increasing trend of TRAb from one month after to three months after the administration of inactivated SARS-CoV-2 vaccines (12). Together, our data with the results of previous case reports provide evidence that the SARS-CoV-2 mRNA vaccine disrupts thyroid autoimmunity.

In this study, no participants had new onset of GD with clinically overt hyperthyroidism. The criteria for GD was immunologically fulfilled in 4.3% of the participants (3/70) with the positivity of TRAb (TRAb>2), but none had overt hyperthyroidism. Conversely, although not significantly, TSH was decreased in a time-dependent manner, suggesting the possibility of progression in subclinical hyperthyroidism after the vaccine. Supportively, the responders to increase in TRAb showed less increase of TSH and more increase of FT4 than non-responders (Table S1). Conversely, FT3, and to a lesser extent FT4, was tended to be decreased after the third vaccine in the overall subjects. This might be because of non-thyroidal illness or disturbance of FT4 to FT3 conversion following the mRNA vaccination in non-responders. Further clinical evidence from studies with larger samples is required to clarify if the mRNA vaccine could have the potential to induce GD.

The mechanisms of how the SARS-CoV-2 mRNA vaccine developed thyroid autoimmunity is still debatable. Besides GD and subacute thyroiditis, silent thyroiditis, concurrent GD and SAT, and painless thyroiditis have also been reported as COVID-19 vaccination-related thyroid diseases (4, 13). Two possible mechanisms that have been mainly discussed to date are the induction of the autoimmune/inflammatory syndrome induced by adjuvants (ASIA), and molecular mimicry of the SARS-CoV-2 mRNA vaccines encoding proteins that may cross-react with thyroid antigens (3, 14–18). ASIA is induced by adjuvants and develops through disruption of the host’s immunological balance in genetically-susceptible subjects, involving post-vaccination autoimmune phenomena. Adjuvants are included in vaccines to enhance immune responses specifically against pathogens. However, some adjuvants can trigger adverse immune reactions, as evidenced in animal models (15, 16). The RNA-based vaccines are delivered to the host cells via adjuvants including lipid nanoparticles (19). Exposure to the adjuvants can potentially induce an exaggerated immune response (20) and precipitate the development of thyroid autoimmunity (3, 14, 17, 21). A review article of 83 reported cases of patients that received various types of COVID-19 vaccines, including mRNA-based, viral vector-based, and inactivated vaccines, revealed that the most cases of thyroid abnormalities following the vaccinations were observed after mRNA-based vaccines (4). The mechanisms are still unknown, but one of the reasons may be because mRNA itself acted as an adjuvant due to its intrinsic immunostimulatory properties (22). Furthermore, since the intrinsic adjuvant activity of the vaccines can trigger the innate sensors, the study to evaluate the associations between production by innate sensors, such as cytokines and thyroid function or thyroid autoimmune antibodies, would be expected to further support the effect of ASIA on thyroid autoimmunity (22).

As for the molecular mimicry of the mRNA vaccines, SARS-CoV-2 spike protein is known to cross-react with thyroid peroxidase (18). This may explain the discrepancy of the induction between TgAb and TPOAb following the mRNA vaccine, suggesting the predominant possibility of ASIA rather than molecular mimicry. As for TRAb, molecular similarity of SARS-CoV-2 spike protein and TSH receptor remains unclear, but the expression of TSH receptor has been reported to be increased during SARS-CoV-2 infection (23). We therefore speculate that both TSH receptor and SARS-CoV-2 spike protein epitope could be bound and presented by antigen-presentation cells in disease-susceptible hosts, as was reported in patients with GD (24–26). In addition, the cross-reactivity of SARS-CoV-2 with thyroid target proteins may also facilitate the triggering of ASIA syndrome. Conversely, considering incidences of the other autoimmune antibody-related diseases possibly due to the SARS-CoV-2 mRNA vaccine, such as type 1 diabetes or isolated adrenocorticotropic hormone deficiency, there may be production of new autoimmune antibodies against target endocrine organs (8, 21, 27, 28). Further studies to elucidate how the mRNA vaccine disrupts the thyroid autoimmunity are anticipated.

Another feature of this study is that we presented the factors associated with the increase of TRAb (ΔTRAb) and TgAb (ΔTgAb) after the vaccine, which could be possible predictive factors for future development of thyroid autoimmunity. Female sex and low FT4 and FT3 at baseline were candidate predictive factors for the increase of TRAb by the vaccine. The factor of female sex may suggest that those with the clinical background of autoimmune thyroid disease are prone to be affected by the vaccine. Similarly, low FT4 and FT3 at baseline associated with ΔTRAb may suggest pre-existing thyroid autoimmunity to induce hypothyroidism, such as Hashimoto’s thyroiditis undetected at the initial interview. On the other hand, past history of thyroid disease and TRAb, TgAb and TPOAb before the third vaccine were candidates for the increase of TgAb after the third vaccine. These findings further suggest that thyroid autoimmune disease-prone clinical backgrounds may play an important role in disruption of thyroid autoimmunity triggered by the vaccine. Clinically, since some of these factors (sex and history of thyroid diseases) were ascertained by simple interview, this knowledge might be useful for the endocrinologists and primary care physicians in prediction of future progression or new onset of autoimmune thyroid disease at the timing of the additional booster shots.

Regarding the interpretation and the limitations of this study, it should be noted that the majority of the participants were female, and the sample size was comparatively small. Overt autoimmune thyroid disease was not discovered in this vaccination study with the limited sample size. Nonetheless, an increase in TRAb, which was in the absence of disease manifestations, may be due to a bystander activating effect of certain B-cell clones which potentially contributes to the development of GD. On the other hand, the evaluation of thyroid autoimmunity by TgAb and TPOAb was performed in limited subjects and over a relatively short time periods, and this could be a cause of discrepancies in the significant increase in between TRAb and TgAb/TPOAb. Careful interpretation is required if the effect of current study is specific to SARS-CoV-2 mRNA vaccine. Setting a control group of participants who had received another vaccine such as seasonal flu shot would be helpful in future studies to clarify the specific effect of SARS-CoV-2 mRNA vaccine.

Other limitations of this study include the lack of measurement of cellular immunity and neutralizing antibody titers against SARS-CoV-2 and morphological assessment of thyroid with ultrasonography. In this study, there was no association between SARS-CoV-2 IgG antibody and TRAb. Despite evidence of a correlation between IgG response and protection against COVID-19, cellular immunity or neutralizing antibody titers might provide a more accurate association with thyroid autoimmunity (29, 30).

In conclusion, this is the first study to demonstrate the induction of TRAb after the SARS-CoV-2 BNT162b2 mRNA vaccine. Furthermore, this study presented several candidate factors to predict the increase of TRAb after the vaccine. In addition, this study also presented the increase of TgAb after the third dose. These findings support the increasing number of previous case reports regarding disruption of thyroid autoimmunity. There is abundant beneficial evidence of the mRNA vaccine against the severe outcomes of hospitalization and death. However, early identification of relapse or even new-onset of GD should also be considered to facilitate prompt diagnosis and initiation of treatment. Further epidemiological evidence with a larger cohort within mechanistic studies is required to confirm the associations between the SARS-CoV-2 mRNA vaccines and the development of thyroid autoimmunity.
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Objective

COVID-19 infection may affect thyroid function. However, changes in thyroid function in COVID-19 patients have not been well described. This systematic review and meta-analysis assess thyroxine levels in COVID-19 patients, compared with non-COVID-19 pneumonia and healthy cohorts during the COVID-19 epidemic.



Methods

A search was performed in English and Chinese databases from inception to August 1, 2022. The primary analysis assessed thyroid function in COVID-19 patients, comparing non-COVID-19 pneumonia and healthy cohorts. Secondary outcomes included different severity and prognoses of COVID-19 patients.



Results

A total of 5873 patients were enrolled in the study. The pooled estimates of TSH and FT3 were significantly lower in patients with COVID-19 and non-COVID-19 pneumonia than in the healthy cohort (P < 0.001), whereas FT4 were significantly higher (P < 0.001). Patients with the non-severe COVID-19 showed significant higher in TSH levels than the severe (I2 = 89.9%, P = 0.002) and FT3 (I2 = 91.9%, P < 0.001). Standard mean differences (SMD) of TSH, FT3, and FT4 levels of survivors and non-survivors were 0.29 (P= 0.006), 1.11 (P < 0.001), and 0.22 (P < 0.001). For ICU patients, the survivors had significantly higher FT4 (SMD=0.47, P=0.003) and FT3 (SMD=0.51, P=0.001) than non-survivors.



Conclusions

Compared with the healthy cohort, COVID-19 patients showed decreased TSH and FT3 and increased FT4, similar to non-COVID-19 pneumonia. Thyroid function changes were related to the severity of COVID-19. Thyroxine levels have clinical significance for prognosis evaluation, especially FT3.
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Introduction

COVID-19 pneumonia is caused by SARS-CoV-2 and broke out in 2019, causing unprecedented issues worldwide. SARS-CoV-2 infection can trigger systemic inflammatory symptoms involving systemic multi-organ multisystem dysfunction (1, 2). Since the pandemic outbreak, several studies have demonstrated varying degrees of impaired thyroid function in patients with COVID-19 (3, 4). Viral infections may affect thyroid function through hormones and immunoregulatory signaling molecules. However, changes in thyroid function in patients with COVID-19 have not been well described, and the particular mechanism is still controversial. Some mechanisms proposed are the virus’s direct or indirect invasion of the thyroid gland, effects of systemic inflammatory immune responses, and nonspecific adaptive mechanisms (5, 6). Previous studies have examined whether thyroid diseases increase the risk of adverse outcomes in patients with COVID-19. Some studies concluded that thyroid diseases do not affect the progression of COVID-19, whereas some reported poor outcomes in patients with COVID-19 and thyroid diseases (7, 8). Several narrative and systematic reviews have revealed conflicting results about the relationship between thyroid and COVID-19, arguing that thyroid diseases are unrelated to SARS-CoV-2 infection and deterioration (9–11). Conclusions may be controversial due to the lack of large-scale clinical studies. This study aims to evaluate available evidences systematically, assess the level of thyroid function in patients with COVID-19 through meta-analysis, and analytically compare differences in thyroid function among different populations during the epidemic. Non-COVID-19 pneumonia patients and healthy people during the epidemic were included in the study as controls.



Methods


Protocols and registration

Our methods were based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (MOOSE) guidelines (eMethods 1 in the Supplement)and were registered in the International Prospective Register of Systematic Reviews (PROSPERO) database. The protocol number is CRD42022346568.



Search strategy

We systematically searched PubMed/MEDLINE, Cochrane Reviews, Cochrane Central Register of Controlled Trials (Central), Web of Science and Embase databases in August 2022 without language restrictions. All published articles related to thyroid-related hormones and COVID-19 were searched. The literature search strategy was based on the following keywords: ([T3 OR FT3 OR triiodothyronine] or [T4 OR FT4 OR thyroxine] or [TSH or thyrotropin]) and (COVID-19 OR SARS-CoV-2 OR 2019 novel coronavirus). We then performed a manual search of studies meeting our inclusion criteria to identify articles apart from those found in the electronic databases. Two independent reviewers (ZL and PH) performed the first step of title/abstract screening and the second step of full-text assessment in the search process, and any disagreement that arose during this process was discussed until an agreement was reached.



Study selection

We included observational studies in China and English language, to evaluate the correlation between COVID-19 disease and thyroxine levels. The complete list of articles obtained through the systematic search was screened to remove duplicates and exclude ineligible articles, including reviews, case reports, and studies with less than 20 patients. According to the inclusion or exclusion criteria, the full texts of all potentially qualified studies were independently reviewed by two reviewers (ZL) and (PH). Disagreements were addressed through discussion. A third reviewer (SM) resolved disagreements when a consensus could not be reached.



Main outcomes and measures

The primary analysis assessed thyroid function in COVID-19 patients, comparing non-COVID-19 pneumonia and healthy cohorts. Secondary outcomes included different severity and prognoses of COVID-19 patients. Thyroxine levels of follow-up were also included.



Data extraction

Basic Information, including author, country, type of study, sample size, mean or median age, sex ratio, and primary outcomes, such as death, severity, and survival, was extracted from the selected studies. The levels of thyroid hormones (FT3, FT4, and TSH) were extracted from patients in acute admission, survivors during follow-up, and deceased patients, in addition to those of healthy people and non-COVID-19 pneumonia patients during the pandemic. All extracted data were tabulated, and indexes measured by each research center were converted and unified.

We extracted data using standardized data abstraction forms. In case of missing data needed to conduct our meta-analyses, we contacted the authors, with a reminder 2 weeks later. Non-published data obtained from authors by communication are mentioned in the results section below, as applicable, with permission, and authors who responded are listed in Acknowledgments section.



Quality assessment

Two reviewers independently assessed the risk of biases, including selection, performance, detection, attrition, and reporting biases, rated as low, high, or unclear risk. The quality of the included studies was evaluated using the Newcastle–Ottawa scale (eTables 1, 2 in the Supplement). The scale has a score of nine, and a seven or higher indicates high quality. Two reviewers performed data extraction and quality assessment independently, and a third reviewer checked the results. Disagreements were resolved by discussion.



Statistical analysis

Continuous data (thyroxine levels: TSH, FT3, and FT4) were synthesized using mean difference (MD) with standard deviation from each study for the calculation of the average MD with a 95% confidence interval (CI). We applied Wan’s formula to estimate the relative means and standard deviations when continuous data were presented as medians and ranges (12). Adjusted SMD based on corrected data and other potential confounders were also presented. Meta-analyses were performed using the inverse variance method with the random-effects model when heterogeneity was statistically significant. The DerSimonian-Laird method with the fixed-effect model was used when heterogeneity was not statistically significant. Heterogeneity was assessed using Cochrane Q-test and I2 statistic, and a p-value of <0.05 indicated statistically significant heterogeneity. According to the Cochrane Handbook for Systematic Reviews of Interventions, the ranges of interpretation for I2 are as follows: 0%–40%, unimportant; 30%–60%, moderate heterogeneity; 50%–90%, substantial heterogeneity; and 75%–100%, considerable heterogeneity. All analyses were conducted using RevMan (version 5.4.1).




Results

The search time was up to August 2022, 635 relevant articles were screened, and 523 articles were excluded according to the titles and abstracts (Figure 1). The full texts of 112 articles were reviewed. Finally, 41 articles from 38 studies were included in the final analysis, totaling 5873 COVID-19 patients (13–38) (Figure 2). The control group included 269 patients with non-COVID-19 pneumonia and 1052 healthy people during the epidemic. The Characteristics of the included studies are presented in Table 1.




Figure 1 | Flow diagram of the study selection process.






Figure 2 | Forest plot for all studies.




Table 1 | Description of eligible studies reporting the association between thyroid-related hormones and COVID-19.




Thyroxine levels at admission

A total of 36 studies recorded thyroxine levels at admission, including 5752 cases (13–24, 26, 38, 39). eFigure 1 in the Supplement depicts the pooled estimates of TSH (SMD = 1.46, 95% CI, [1.29, 1.62]), FT3 (SMD = 3.86, 95% CI, [3.59, 4.13]), and FT4 levels (SMD = 15.97, 95% CI, [15.24, 16.70]) by a mixed-effected model, including thirteen East Asian studies, six South Asian studies, three Asian studies, twelve European studies, one American study, and one African study. Subgroup analyses of Asian and European studies were performed (eFigure 2 in the Supplement). The pooled results suggested that high heterogeneity in TSH level (I2 = 92.9%, p < 0.001) and FT3 level (I2 = 80.3%, p = 0.02) but not in FT4 levels (I2 = 0.0%, p= 0.81).



Thyroxine levels in non-COVID-19 pneumonia and healthy cohort in the COVID-19 pandemic

Six studies recorded the thyroxine levels of healthy cohorts as control groups (n = 1052). The pooled estimates of TSH, FT3, and FT4 levels were 1.78 (95% CI, [1.56, 2.01]), 4.76 (95% CI, [4.44, 5.08]), and 14.03 (95% CI, [12.93, 15.13]), respectively (eFigure 3 in the Supplement) (14, 18, 36, 40–42). Five studies included the thyroxine levels of non-COVID-19 pneumonia patients (n = 269) (14, 18, 42–44). The pooled estimates of TSH, FT3, and FT4 levels were 1.22 (95% CI, [1.05, 1.40[), 3.66 (95% CI, [3.48, 3.83]), and 18.19 (95% CI, [15.61, 20.78]), respectively. TSH and FT3 levels were significantly lower in patients with COVID-19 and non-COVID-19 pneumonia than in the healthy cohort (p< 0.001), whereas FT4 levels were significantly higher than in the healthy cohort (p< 0.001).



Thyroxine levels in patients with different levels of COVID-19 severity

According to the results of single-arm meta-analysis (eFigure 4 in the Supplement), patients with non-severe COVID-19 (n = 1697) and severe COVID-19 (n = 1022) showed significant heterogeneity in TSH level (I2 = 89.9%, P = 0.002) and FT3 level (I2 = 91.9%, P < 0.001). Patients with non-severe COVID-19 had higher TSH and FT3 levels, and no heterogeneity in FT4 levels was found between the groups (I2 = 0.0%, P = 0.72). Ten articles compared patients with severe and non-severe COVID-19 in terms of thyroid function. Differences in the three indicators were statistically significant, and the pooled estimates of TSH, FT3, and FT4 levels were 0.40 (P = 0.010), 0.79 (P < 0.001), and −0.18 (P = 0.03), respectively. Three studies of the WHO classified COVID-19 severity compared patients with non-severe and severe COVID-19 (7, 28, 45). The results suggested no significant differences in TSH level (P = 0.54) and FT3 level (P = 0.06) between non-severe and severe patients, and only FT4 levels (P = 0.006) were significantly different (eFigure 5 in the Supplement), which were higher in patients with severe COVID-19. Significant heterogeneity in differences in TSH level (I2 = 91.0%, P < 0.001) and FT3 level (I2 = 91.0%, P < 0.001) was found in studies that used the WHO’s classification, whereas no significant heterogeneity was found in difference in FT4 levels (I2 = 0.0%, P = 0.39). Non-WHO analysis used an SpO2 of 93% or 94% as the cutoff between severe and non-severe COVID-19. Seven studies that used non-WHO criteria compared the thyroid functions of patients with severe and non-severe COVID-19 (13, 14, 18, 29, 43, 46, 47). The pooled estimates suggested that TSH levels were significantly lower in patients with severe COVID-19 (P < 0.001), and moderate heterogeneity in differences in TSH levels was found (I2 = 52.0%, P = 0.05). FT3 levels were lower in patients with severe COVID-19 (P < 0.001), and no significant heterogeneity in differences in FT3 levels was found (I2 = 0.0%, P =0.47). However, no difference in FT4 level was observed (P = 0.61). Only differences in FT4 levels were heterogeneous in the subgroup heterogeneity analysis (I2 = 64.9, 6%, P = 0.09). No significant differences in TSH level (I2 = 0.0%, P = 0.61) and FT3 level (I2 = 0.0%, P = 0.92) were found between the WHO and non-WHO clinical classifications.



Thyroxine levels in different prognoses of patients with COVID-19

The single-arm meta-analysis (eFigure 6 in the supplement) showed no significant heterogeneity in FT4 levels (I2 = 0.0%, P=0.80) and significant heterogeneity in TSH level (I2 = 89.4%, P=0.002) and FT3 level (I2 = 85.8%, P=0.008) in survivors (n = 1311) and non-survivors (n = 275). Nine articles compared the thyroxine levels of survivors and non-survivors(eFigure 7 in the Supplement). Differences in TSH, FT3, and FT4 levels were statistically significant, with a SMD values of 0.29 (P = 0.006), 1.11 (P < 0.001), and 0.22 (P < 0.001), respectively. According to the reference ranges, differences in TSH and FT4 levels were small. In the analysis of ICU patients, three studies compared survivors and non-survivors (17, 24, 32). No significant difference in TSH (P = 0.74) levels was found among ICU patients, but significant difference in FT4 (P = 0.003) and FT3 (P = 0.001) levels were found. The survivors had significantly higher FT4 and FT3 levels than non-survivors. The pooled mean differences in FT3 and FT4 levels were 0.51 (95% CI, [0.21, 0.82]) and 0.47 (95% CI, [0.16, 0.77]). Six studies included COVID-19 patients in all wards (13, 19, 24, 29, 35, 48). Significant differences in TSH (P < 0.001), FT3 (P < 0.001) and FT4 (P = 0.02) levels were found, with mean differences of 0.46 (95% CI,[0.25,0.67]), 1.39 (95% CI,[0.86,1.92]), and 0.17 (95% (49) CI,[0.03.0.31]), respectively. All three indexes were higher in survivors.



Thyroxine levels during follow-up

Seven studies reassessed thyroid function after acute COVID-19 (eFigure 8 in the Supplement) (17, 18, 27, 34, 41, 43, 50). The pooled estimates of TSH, FT3, and FT4 levels were 1.53 (95% CI, [1.36, 1.70]), 4.74 (95% CI, [4.36, 5.11]), and 14.07 (95% CI, [11.90, 16.25]), respectively, without significant heterogeneity across studies. TSH, FT3, and FT4 levels were recovered during follow-up compared with the acute period. TSH and FT3 levels increased, whereas FT4 levels decreased compared with the acute phase.




Discussion

SARS-CoV-2 can damage multiple organs, including the lungs, liver, heart, brain, and kidneys, leading to systemic symptoms. The thyroid gland highly expresses the ACE2 receptor. Thus, the hypothalamic–pituitary–thyroid axis may be susceptible to the disturbance in patients with COVID19 (22, 34, 41, 51, 52). SARS-CoV, a coronavirus related to SARS-CoV-2, injures thyroid parafollicular and follicular cells (53). Lui et al. found that high SARS-CoV-2 viral loads were associated with small thyroid volumes (37). This association suggested a direct viral effect on the thyroid gland. Lania et al. revealed that COVID-19 might be associated with the high risk of thyrotoxicosis (n = 31, 10.8%) in a retrospective study that enrolled 287 patients (54). However, the autopsy results suggested the absence of the virus was in thyroid tissues (55–57). The number of reported thyrotoxicosis cases in literature did not exponentially increase, including critically ill patients (13, 15, 28, 32, 34). Thyrotoxicosis may be a rare complication of COVID-19 (51).

Many studies revealed that thyroid function significantly changes during COVID-19 infection. The trends of thyroxine level fluctuations in patients with COVID-19 and non-COVID-19 pneumonia were similar (decreased TSH and FT3 levels and increased FT4 levels). This similarity suggests that COVID-19 and non-COVID-19 pneumonia affect the thyroid gland through similar mechanisms. In addition, thyroxine levels during follow-up indicated progressive improvement and transient hormone changes (17, 34). Patients suffering from COVID-19 and thyroxine fluctuation potentially encountered non-thyroidal illness syndrome (NTIS) induced by systemic inflammation (58, 59). NTIS is an adaptive response to stress, critical illness, and malnutrition, manifested by a decrease in FT3 levels or decreases in TSH, FT3, and FT4 levels in severe disease (58, 60). Since systemic inflammation potentially impacts the de-iodinase activity, it inhibits T4–T3 conversion decreases FT3 levels and increases FT4 levels (17, 61, 62). Elevated FT4 level upon admission tends to be mistaken for thyrotoxicosis. Most studies have investigated thyroxine changes in COVID-19 at admission. NTIS in patients with long-term critical illness shows symptoms similar to hypothyroidism (59, 63, 64). Unlike thyrotoxicosis, treatment with thyroid hormone is not recommended without clinical signs of hypothyroidism. Even mild hypothyroidism can be considered a physiologically favorable condition that can suppress energy expenditure and eventually restrict catabolism by decreasing thyroid hormone activity (63). Thyroid function can recover in patients without intervention (18, 58, 65, 66).

Immunoassays for thyroxine can be affected by alterations in serum binding protein that occurs in various physiological states (20). Decreased TSH and increased FT4 levels were reported in the healthy cohort during the COVID-19 outbreak (67). During the pandemic, relationships were found between thyroid diseases and psychiatric factors, such as anxiety and depression (68, 69). The pandemic socio-psychological sequelae can constitute stressors for the population, potentially affecting the thyroid gland. Collectively, patients with COVID-19 are at risk of thyroid diseases and require attention.

Thyroid function parameters have clinical significance in determining disease severity and prognosis of COVID-19. Whether the severity of COVID-19 is associated with thyroid function remains unclear. Some studies reported no significant relationship between COVID-19 severity and thyroid function, whereas other studies have suggested that only some statistically significant indicators compare disease severity (7, 13, 14, 28, 45, 47). It may be related to multiple factors, including different criteria adopted in different regions. The classifications of COVID-19 severity vary. The WHO uses SpO2 of less than 90% as a cutoff between severe and non-severe COVID-19. By contrast, the United States, China, and Japan use 93% or 94% as a division basis in diagnosis and treatment guidelines (14, 19, 47, 70). In the present study, the single-arm meta-analysis results revealed that only TSH and FT3 levels were significantly different compared to patients with severe-critical and non-severe COVID-19. The case-control study showed that although the FT4 levels differed significantly, the difference was only 0.18, with minor practicality. In the acute phase, TSH and FT3 levels at admission in COVID-19 patients can be used in assessing patient severity.

Thyroid function is not a routine test indicator in patients infected with COVID-19. Some studies have suggested that thyroid function cannot be used in evaluating the prognosis of patients, or only some indicators can be used in the prognostic analysis (13, 32, 48, 71). In the present study, TSH, FT3, and FT4 levels presented significant differences between survivors and deceased patients at admission. The results of the single-arm meta-analysis suggested that only TSH and FT3 levels were heterogeneous between survivors and non-survivors. The controlled studies showed statistically significant differences in the three thyroid function parameters. However, we found that differences in TSH (SMD = 0.29) and FT4 (SMD = 0.22) levels were limited for assessing prognosis. Compared with TSH and FT4, FT3 levels may be more effective (SMD = 0.79). A low FT3 level is an outcome predictor, especially in severe patients (5). The excessive production of proinflammatory cytokines during SARS-CoV-2 infection aggravates ARDS and tissue damage resulting in multi-organ failure and death (72, 73). In patients with COVID-19, FT3 levels decrease with the increasing levels of inflammatory cytokines. Some studies have suggested that improving thyroid function can improve patient outcomes. However, a reduction in FT3 levels occurs before clinical symptoms worsen. This reduction can be used in assessing changes in patient condition and prognosis (74).

Survivor bias may have been present when prognostic thyroid function was being determined. Thyroid function is an unconventional test indicator for patients with COVID-19. Medical centers tend to assess the thyroid function in patients with underlying thyroid diseases or other severe illnesses. Moreover, the pharmacological doses of steroids in severe COVID-19 can affect thyroid function. Therefore, comprehensive extensive clinical studies are needed to evaluate the significance of thyroid function assessment for patients with COVID-19.


Limitations

This study has several limitations. First, thyroid function is not a routine test indicator for COVID-19. Many studies have a selection bias for patients tested for thyroid function levels and have an incomplete recording of test results, especially TT3 and TT4 results. Second, heterogeneity was found among the included studies. Third, thyroid function often showed non-normal distribution. The median percentage transformation was used in the meta-analysis. Fourth, the cohort studies’ sample size with a detailed thyroxine record was limited after reasonable sorting.




Conclusion

Thyroxine levels (TSH, FT3, and FT4) fluctuated in patients with COVID-19. Compared with the healthy cohort, patients with COVID-19 showed decreased TSH and FT3 levels and increased FT4 levels. There were differences in thyroxine levels between severe and non-severe patients. No significant difference in TSH levels between severe and non-severe patients according to the WHO classification criteria, whereas FT4 levels were not significantly different in the studies using non-WHO classification criteria. However, FT3 levels were significantly lower in severe patients than in non-severe patients in the included study. In addition, different thyroid function parameters were assessed differently with regard to patient outcomes. TSH and FT4 levels have limitations in the prognostic evaluation of ICU patients and are ineffective in assessing patient outcomes. In general wards, TSH and FT4 are still effective, but the clinical application value is limited due to slight differences. FT3 levels can be adapted as an outcome assessment indicator for patients in ICU or not, with a reliable scope of application. Following the resolution of COVID-19 pneumonia, thyroid function gradually recovers in survivors during follow-up.
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Introduction

Thyroid dysfunctions associated with SARS-CoV-2 acute infection have been extensively described since the beginning of COVID-19 pandemics. Conversely, few data are available on the occurrence of thyroid autoimmunity after COVID-19 resolution. We assessed the prevalence of autoimmune thyroid disease (ATD) and thyroid dysfunctions in COVID-19 survivors three months after hospital admission.



Design and methods

Single-center, prospective, observational, cohort study performed at ASST Papa Giovanni XXIII Hospital, Bergamo, Italy. 599 COVID-19 survivors were prospectively evaluated for thyroid function and autoimmunity thyroperoxidase antibodies (TPOAb), thyroglobulin antibodies (TgAb). When a positive antibody concentration was detected, thyroid ultrasound was performed. Multiple logistic regression model was used to estimate the association between autoimmunity and demographic characteristics, respiratory support, and comorbidities. Autoimmunity results were compared to a cohort of 498 controls referred to our Institution for non-thyroid diseases before the pandemic onset. A sensitivity analysis comparing 330 COVID-19 patients with 330 age and sex-matched controls was performed.



Results

Univariate and multivariate analysis found that female sex was positively associated (OR 2.01, SE 0.48, p = 0.003), and type 2 diabetes (T2DM) was negatively associated (OR 0.36, SE 0.16, p = 0.025) with thyroid autoimmunity; hospitalization, ICU admission, respiratory support, or COVID-19 treatment were not associated with thyroid autoimmunity (p > 0.05). TPOAb prevalence was greater in COVID-19 survivors than in controls: 15.7% vs 7.7%, p = 0.002. Ultrasonographic features of thyroiditis were present in 94.9% of the evaluated patients with positive antibodies. TSH was within the normal range in 95% of patients.



Conclusions

Autoimmune thyroid disease prevalence in COVID-19 survivors was doubled as compared to age and sex-matched controls, suggesting a role of SARS-CoV-2 in eliciting thyroid autoimmunity.
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1 Introduction

Viral infections may trigger autoimmune diseases (1). Reports of autoimmune conditions occurring after SARS-CoV-2 infection have been described (2), including anecdotal cases of Graves’ disease (3–5) and Hashimoto’s thyroiditis (6, 7). However, only few studies systematically evaluated the impact of COVID-19 in the development of autoimmune thyroid disease (ATD). Anaya et al. (8) found an increased prevalence of thyroperoxidase antibodies (TPOAb) in 120 patients hospitalized for COVID-19 as compared to healthy, pre-pandemic controls, suggesting an activation of thyroid autoimmunity by SARS-CoV-2. Consistently, Lui et al. (9) reported an increase in TPOAb concentration in COVID-19 survivors three months after hospital admission. However, most patients in this cohort were treated with interferon beta (IFN-beta) that has been associated per se with the induction of thyroid autoimmunity; the reassessment of a larger cohort of patients not exposed to IFN-beta was thus advocated by the Authors to provide a conclusive answer.

Alterations of thyroid function tests (TFTs) during the acute phase of COVID-19 have been more extensively characterized since the beginning of the pandemics (10, 11). Low TSH levels, attributed either to a destructive thyroiditis associated with thyrotoxicosis or to a non-thyroidal illness (NTI), were reported in several studies (12–18). According to most studies (12–14, 16, 19), TFTs usually normalize after COVID-19 recovery, but this finding has not been established in a large population.

Aim of our study was to assess the prevalence of ATD and thyroid dysfunction in a large cohort of COVID-19 survivors at a medium-term (three months) follow-up after hospitalization.



2 Materials and methods



2.1 Study cohort

COVID-19 survivors participating to our outpatient service program were eligible for the study. The enrollment protocol has been described in a previous paper (20). Briefly, a list of all patients with COVID-19 discharged from the emergency department or admitted to the hospital wards of our Institution (ASST Papa Giovanni XXIII, Bergamo, Italy) was obtained from the hospital electronic health records database. Asymptomatic positive patients admitted for planned procedures were excluded. Other exclusion criteria were: age less than 18 years, pregnancy, history of thyroid disease or previous thyroid surgery, concomitant medications known to interfere with thyroid function (lithium, amiodarone, interferon-α and antiretroviral drugs), severe kidney insufficiency (eGFR < 30 ml/min), and severe liver failure. Patients’ enrollment took place between 2 May and 31 July 2020, before availability of SARS-CoV-2 vaccines, to avoid potential biases due to occurrence of post-vaccination thyroid disorders (21, 22).

To compare thyroid autoimmunity data, a control group was retrieved from the hospital electronic health records database. Controls were included if i) had one assessment of TPOAb and/or thyroglobulin antibodies (TgAb) from January 2016 to January 2020, ii) their medical history was negative for thyroid disease, and iii) they referred to our Institution for reasons other than a suspected thyroid disease.



2.2 Assays

Thyroid stimulating hormone (TSH), TPOAb, and TgAb were measured in all patients; free thyroxine (fT4) and free tri-iodothyronine (fT3) were measured in patients with abnormal TSH levels. A chemiluminescent immunoassay (Atellica Solution, Siemens) was employed. Normal range for TSH, fT4 and fT3 were 0.5-5.0 mIU/L, 0.7-1.8 ng/dL, and 2.3-4.5 pg/mL, respectively. For TPOAb, measuring interval was 28-1300 U/mL and range of normality was below 60 U/mL. For TgAb, measuring interval was 15-500 U/mL and range of normality was below 60 U/mL.



2.3 Ultrasound assessment

When positive antibodies were detected, ultrasonography of the thyroid was prescribed. Thyroid volume was calculated with the ellipsoid formula (23): width (mm) x length x thickness x 0.52 = volume (mL) for each lobe. Ultrasonographic diagnosis of thyroiditis was made if one or more of the following features were present: hypoechogenity of gland parenchyma, non-homogeneous parenchymal texture, and increased vascularity. All thyroid ultrasound examinations were performed by two operators (AR and SC) with the same instrument (My Lab Seven, Esaote, Italy), using a 3- to 13-MHz linear transducer.



2.4 Statistical analysis

Descriptive statistics was used to summarize clinical characteristics of COVID-19 patients during the acute phase of the disease and at the subsequent clinical evaluation. Continuous variables were expressed as medians and interquartile ranges (IQRs) and categorical variables were presented as frequencies and percentages. The study population was then stratified based on the presence of thyroid autoimmunity (yes/no), and differences between groups were tested using the Mann-Whitney test for continuous variables and the chi-square test (or Fisher’s exact test when appropriate) for categorical variables. To evaluate the association of thyroid autoimmunity and COVID-19, we conducted a sensitivity analysis comparing 330 COVID-19 patients with 330 age and sex-matched subjects retrieved from control group.

A multiple logistic regression model was used to estimate odds ratios (ORs) of autoimmunity and their corresponding 95% confidence intervals (CIs) for the following variables: age (at entrance), sex, respiratory support (no support/low need/high need), and diabetes mellitus (yes/no). In the multivariable analysis were included demographic characteristics, respiratory support (as proxy of disease severity) and covariates that resulted significantly different between groups in the univariate analysis. For all tested hypotheses, two-sided p-values of 0.05 or less were considered significant. Statistical analysis was performed using STATA Software, release 16.1 (StataCorp LP, College Station TX, USA) and was carried out at the biostatistical laboratory of the Foundation for Research (FROM) at Papa Giovanni XXIII Hospital in Bergamo.




3 Results

The search in hospital electronic health records database identified 2965 patients eligible for the study (946 discharged from emergency department and 2019 admitted to Hospital), of which 646 died before the enrollment and 405 declined to participate. Of the remaining 1914, 767 were screened by 31 July 2020. In total, 168 patients met the exclusion criteria for this study. The final population therefore consisted of 599 patients (180 females). Figure 1 shows the flow-chart describing screened, included, and excluded subjects. Median time at evaluation was 102.5 days after hospital admission.




Figure 1 | Flow chart of screened, included, and excluded patients.



TPOAb were above the normal range in 85 patients (14.2%), TgAb in 43 (7.2%) and both antibodies in 23 (3.8%) patients. At least one antibody was positive in 105 patients (48 females), with an overall prevalence of thyroid autoimmunity of 17.5%.

Median TPOAb was 102 U/mL (IQR 68.5 – 611) in patients with positive TPOAb and 36 U/mL (IQR 27-44) in patients with negative TPOAb; median TgAb was 174 U/mL (IQR 89.5 – 285.7) in patients with positive TgAb and 18 U/mL (IQR 14-23) in patients with negative TgAb.

Median TSH was 1.55 mIU/L (IQR 1.09 - 2.15); thirty patients (5.0%) showed abnormal TSH values, of which 19 (3.2%) had values below 0.5 mIU/L and 11 (1.8%) above 5.0 mIU/L. All patients with TSH levels < 0.5 mIU/L had normal fT3 and fT4 levels. Nine out of the eleven patients with TSH levels > 5.0 mIU/L had normal fT4 levels, exhibiting a condition of subclinical hypothyroidism. The other two patients displayed overt hypothyroidism. Median TSH of patients with thyroid autoimmunity was 1.77 mIU/L (1.25 - 2.55). Ten patients (9.6%) in this subgroup showed abnormal TSH values, of which six (5.7%) had values below 0.5 mIU/L and 4 (3.9%) had values above 5.0 mIU/L.

Ultrasonography was prescribed to every patient with positive thyroid antibodies; however, only 59 patients (26 females) accepted to undergo the examination, which was performed at a median time of 23 days after the blood tests. Mean thyroid volume was 11.5 mL in males and 9.5 mL in females. Ultrasonographic features of thyroiditis were present in 56 patients (94.9%).

Univariate analysis found that thyroid autoimmunity was positively associated with female sex (p < 0.001) and negatively associated with type 2 diabetes (T2DM) (p = 0.009), but not with hospitalization, ICU admission, respiratory support, or COVID-19 treatment (Table 1). Multivariable analysis confirmed the association between thyroid autoimmunity and both female sex and T2DM (see Table 2).


Table 1 | Clinical characteristics of COVID-19 patients according to thyroid autoimmunity status.




Table 2 | Multivariable analysis of factors correlated with thyroid autoimmunity in the cohort of COVID-19 survivors.



The control group included 498 patients (320 females, median age 52.7 years). TPOAb were available in 444 patients, TgAb in 373 and both autoantibodies in 325. TPOAb were above the normal range in 37/444 patients (8.3%), TgAb in 33/373 (8.8%) and both antibodies in 14/325 (4.3%) patients.

The sensitivity analysis included 660 subjects (330 patients and 330 controls) matched for age and sex, with a female prevalence of 49.7% for both groups and a median age of 60 (IQR 51-70) in patients and of 59 (47–68) in controls. Positive TPOAb prevalence was higher in patients than in controls (52/330, 15.7% vs. 23/297, 7.7%; p = 0.002), while no difference was observed in positive TgAb prevalence (22/330, 6.7% vs. 20/250, 8%; p = 0.539). Median TPOAb (40 (IQR 31-51) vs. 31 (IQR (27-40)) and TgAb (18 (IQR 14-25) vs. 14 (IQR 14-20)) were within the normal range but significantly higher in COVID-19 patients as compared to controls (both p < 0.001) (Table 3).


Table 3 | Sensitivity analysis comparing 330 COVID-19 patients with 330 pre-pandemic controls.





4 Discussion

Studies evaluating the impact of SARS-CoV-2 infection on thyroid mainly focused on the alterations of TFTs during the acute phase of the disease, with less evidence about possible long-term effects on thyroid autoimmunity. Our aim was indeed to characterize thyroid autoimmunity and function in the largest cohort of COVID-19 survivors to date.

Most patients had normal TSH levels three months after hospital admission, as already reported in previous studies with smaller cohorts (12–14, 16, 19). Accordingly, the rate of newly diagnosed thyroid dysfunction was comparable to general population (24, 25). This finding seems to rule out a permanent direct damage to the thyroid gland induced by SARS-CoV-2. In this view, the alterations of TFTs in the acute phase of COVID-19 could more probably be secondary to a NTI (16) or a transient, self-limiting, thyroiditis.

The overall prevalence of thyroid autoimmunity in our cohort was 17.5%. Interestingly, the prevalence of positive TPOAb in COVID-19 patients was doubled as compared to controls matched for sex and age (15.7% vs 7.7%). Few authors evaluated thyroid autoimmunity in COVID-19 patients, mostly during the acute phase. Anaya et al. (8) reported an increased prevalence of TPOAb in 120 patients hospitalized for COVID-19 as compared to healthy, pre-pandemic controls (36.7% vs. 20%). Lui et al. (9) identified TPOAb in 20.5% of patients hospitalized for COVID-19; the Authors reevaluated thyroid autoimmunity three months after the admission, reporting a significant increase in TPOAb with 4 out of 82 patients becoming TPOAb positive and an overall prevalence of TPOAb positivity of 25%. The same group confirmed these results in a subsequent study including also asymptomatic COVID-19 patients (19). Our finding of an increased concentration and prevalence of TPOAb in COVID-19 survivors strengthens the hypothesis that SARS-CoV-2 could be able to trigger thyroid autoimmunity; similarly, we found a slightly increased TgAb concentration in patients as compared to controls, though positive TgAb prevalence did not differ between the two groups; TgAb, however, are less useful than TPOAb in predicting thyroid dysfunction (26). Besides, the presence of an actual autoimmune process was consistently confirmed by the evidence of ultrasonographic features of thyroiditis in almost all patients with positive thyroid antibodies.

As already described for other viruses, SARS-CoV-2 may elicit autoimmune conditions through an hyperactivation of both the innate and adaptive immune response (27). Specifically, SARS-CoV-2 may directly trigger thyroid autoimmunity infecting thyroid follicular cells, where ACE-2 receptor is abundantly expressed (28); viral presence has indeed been retrieved in thyroid specimens (29, 30) and reactivity between TPO antigen and SARS-CoV-2 has been demonstrated in vitro, favoring the hypothesis of molecular mimicry (31). Alternatively, the hyperinflammatory status caused by severe COVID-19 may induce thyroid damage through the systemic increase of cytokines, unleashing thyroid autoimmunity in genetically predisposed individuals (32). Our findings may suggest that the latter mechanism plays a minor role in triggering thyroid autoimmunity, since the presence of ATD was unrelated with clinical parameters of COVID-19 severity.

In our cohort, thyroid autoimmunity directly correlated with female sex, as expected, and inversely correlated with type 2 diabetes mellitus (T2DM). Diabetes is generally characterized by an impairment of the immune system (33) and diabetic patients with non-severe COVID-19 have a reduced antibodies response to SARS-CoV-2 (34). It is therefore conceivable that diabetic survivors were also characterized by a decrease of autoantibodies against thyroid. Moreover, since during hospitalization in our hospital most diabetic patients were treated with sitagliptin, the immunomodulatory role exerted by the drug (35) may have limited the onset of thyroid immunity.

The strength of our study relies on i) being a large monocentric study, with all patients treated at the same institution and subsequently evaluated by two endocrinologists, and ii) the inclusion of a sensitivity analysis that allowed a direct comparison with age and sex matched controls evaluated before the pandemics.

The main limitations are i) the lack of baseline data about thyroidal status (function and antibodies) of the patients; and ii) not having assessed TSH-receptor antibodies in patients with low TSH. However, it has to be taken into account that routine assessment of thyroid function and autoimmunity is not recommended in the clinical care of acute COVID-19 patients (36).

In conclusion, our study showed that a relatively high proportion of COVID-19 survivors develop both serological and ultrasonographic features of thyroiditis, with only a minority displaying TFTs abnormalities. It is thus possible that the activation of immune response occurring during the acute phase of COVID-19 may induce or precipitate the onset of ATD in some patients. Since the development of thyroid autoimmunity usually precedes the onset of thyroid dysfunction, further longitudinal studies are needed to evaluate thyroid function in a long-term follow-up. Accordingly, the assessment of TPOAb and TFTs could be considered in patients evaluated for long COVID (19), as symptoms of this condition may overlap with those associated with ATD.
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COVID-19 often results in generalized inflammation and affects various organs and systems. Endocrine research focused on the possible sequelae of COVID-19, with special interest given to the thyroid gland. Clinical problems such as thyroid function in non-thyroidal illness (NTI), autoimmune thyroiditis, and COVID-19-related subacute thyroiditis (SAT) quickly gained wide coverage. Thyrotoxicosis of various origins leads to the release of peripheral thyroid hormones and thyroglobulin (TG), the main glycoprotein contained within the thyroid follicular lumen. In our study, we evaluated TG levels in COVID-19-positive patients and investigated the possible relationships between TG, thyroid function tests (TFTs), and inflammatory markers. Our approach included separate subanalyses of patients who received and those who did not receive glucocorticoids (GCs). In the entire population studied, the concentration of TG tended to decrease with time (p<0.001; p1,2 = 0.025, p1,3 = 0.001, p2,3 = 0.003), and this pattern was especially clear among patients treated with GCs (p<0.001; p1,2=<0.001; p1,3=<0.001; p 2,3=<0.001). The concentration of TG differed significantly between patients treated and those not treated with GC at the second and third time points of observation (p=0.033 and p=0.001, consecutively). TG concentration did not differ between the patients with normal and abnormal TFTs. The correlations between TG, TFTs, and inflammatory markers were very limited. 19 patients had elevated TG levels, but a TFT pattern suggestive of thyrotoxicosis was not common in this group. There were no statistically significant differences between patients who met and those who did not meet the predefined combined primary endpoint.
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Introduction

After nearly three years of the pandemic, COVID-19 remains an important and widespread clinical problem. Multiple aspects of the disease were extensively studied, with the thyroid function in infected patients being one of the most interesting and complex topics in endocrinology. Clinical problems such as thyroid function in non-thyroidal illness (NTI), autoimmune thyroiditis, and subacute thyroiditis (SAT) related to COVID-19 gained wide coverage (1). The majority of thyroid function abnormalities appear mild and transient, often fading once the patients recover from COVID-19 (2, 3). The novel onset of thyroid pathologies was hypothesized to be due to the direct and indirect effects of SARS-CoV-2 on the gland; the direct effect could be tied to viral infiltration of thyroid tissue, while the indirect effect was due to the generalized and uninhibited release of cytokines (1, 4, 5).

Trending topics related to thyroid and COVID-19 included, among others, NTI, thyrotoxicosis, and SAT. It seems that especially SAT associated with COVID-19, after being reported for the first time in 2020 by Brancatella et al., quickly gained special interest (6). SAT is known to follow viral infections of various origins, therefore, its connection with COVID-19 caused by SARS-CoV-2 coronavirus is highly plausible (7, 8). However, original studies with larger numbers of participants remain scarce and most of the available literature consists of case reports, case series, or systematic reviews (9–12). At the same time, a growing body of data supports the idea of thyrotoxicosis triggered by COVID-19, most of which seems to be caused by uncontrolled immune activation (13, 14). In our article, the objective was to evaluate thyroglobulin (TG) levels in patients hospitalized with COVID-19, perceiving TG as a biomarker of thyroid damage. We correlated TG concentrations measured at different time points of follow-up with the results of thyroid function tests (TFTs) and inflammatory markers. If TG levels increased, we provided an in-depth analysis for individual cases. Finally, we compared TG concentrations between patients who met the predefined endpoints and those who did not. Whenever possible, the analyzes were conducted separately for the patients who received and those who did not receive GCs.





Materials and methods

In our observational study, we analyzed 174 patients hospitalized for COVID-19. All recruited patients were adults (≥18 years) and COVID-19 infection was confirmed by a PCR test in all patients. Our project recruited new patients between 14 February 2021 and 1 December 2021 at the 7 Navy Hospital in Gdańsk, Poland.

The study was approved by the Independent Bioethics Committee for Scientific Research at the Medical University of Gdańsk, Gdańsk, Poland (permissions NKBBN/373/2020, NKBBN/373-96/2021, NKBBN/373-184/2021), and was conducted according to the Declaration of Helsinki. Patients provided their informed consent to participation; if patients were unable to consent in writing due to a poor general condition resulting from COVID-19 and/or other diseases, the recruiters made a clear remark on the consent card. The only exclusion criterion we implemented was the patient’s dissent to participate. The study was registered at ClinicalTrials.gov (NCT05070091).

Blood was collected for laboratory tests in the morning (6 a.m. - 8 a.m.) by qualified medical personnel. The collection took place at three preset hospitalization time points: on days 1, 4, and 10, later referred to as the first, second, and third time points, respectively. Biochemical analyzes were performed in contracted commercial laboratories, and detailed data on laboratory norms and methods are available as a Supplementary Table 1. The evaluated parameters included TFTs such as thyrotropin (TSH), total thyroxine (T4), free thyroxine (fT4), free triiodothyronine (fT3), reverse triiodothyronine (rT3), and TG, anti-thyroglobulin antibodies (anti-TG abs), C-reactive protein (CRP), interleukin-6 (IL-6), total blood count including leukocytes (LEU), neutrocytes (NEU), and lymphocytes (LYMPH). Demographic and anthropometric data were collected. Every day the blood was drawn, the patients’ basic vital parameters (heart rate, blood pressure, blood oxygen saturation) and supplementary oxygen demand were recorded. Data on concomitant diseases and medication use were collected (Table 1). 7 patients (4.0%) used GCs to treat their chronic conditions, and in these cases GCs were administered continuously after admission. Additional patients required GC treatment for COVID-19 – in total, 93 patients (53,4%) received GCs at least once during their hospital stay. Due to the use of GCs by some patients, the studied group was divided into two subgroups for statistical analysis: those treated with steroids (the glucocorticoid group – GCG) and those not treated with steroids (the no-glucocorticoid group - NGCG). GCG consisted of patients who received GCs at least once during their hospitalization and the medication was administered at least one day before blood collection.


Table 1 | General characteristics at admission.






Statistical analysis

Continuous data are presented as mean values and standard deviation (SD). Categorical data are presented as percentages. The normal distribution was verified by the Kolmogorov-Smirnov test. Continuous data from two groups were compared using the Student’s t test or the Mann Whitney U test, depending on the distribution. More than two groups were compared using the Cochrane Q test for reliable variables. Categorical data were compared using the Chi-square test and Fisher’s exact test. Correlations, depending on the distribution of variables, were evaluated using the Pearson correlation test or the Spearman correlation test. A P value less than 0.05 was considered statistically significant. Data were analyzed using the SPSS software v.21 (IBM, USA).






Results

The final analysis included 174 COVID-19 positive individuals, of whom 160 had TG assessed at the baseline, 147 at the second time point of observation, and 102 at the third time point of observation. The baseline characteristics of the studied population are shown in Table 1. 12 of 174 (6,9%) patients had positive anti-TG abs. According to our analysis of the entire studied population, TG concentration decreased over time (p<0.001; p1,2 = 0.025, p1,3 = 0.001, p2,3 = 0.003), and a similar pattern was observed in GCG (p<0.001; p1,2=<0.001; p1,3=<0.001; p2,3=<0.001), but not in NGCG (p=0.806) (Table 2). The number and percentage of cases with an increased TG concentration (>77 ng/ml) is displayed in Table 2. Upon subanalysis of GCG and NGCG, we found that TG concentration was significantly lower in GCG at the second and third time points (p=0.033 and p=0.001, consecutively). There were no statistically significant differences for the first time point (p=0.787) (Table 3). 


Table 2 | TG concentration and the number of cases that exceeded the upper normal limit of TG concentration at three observation points in the general population and those treated versus those not treated with glucocorticoids.



At the same time, TG concentration did not differ between the patients with normal and abnormal TFTs at any of the predesigned follow-up time points (Table 3). Abnormal TFTs were defined as laboratory results that deviated from the standardized norms provided by the manufacturer, and the parameters evaluated included TSH, T4, fT4, fT3, and rT3.


Table 3 | TG concentration and cases with TG exceeding the upper limit of the norm: A. in individuals with abnormal versus normal results of thyroid function tests; B. in individuals treated versus not treated with glucocorticoids.



Next, we wanted to verify the possible correlations between the concentration of TG, the parameters of thyroid function, and the inflammatory parameters. We did not find statistically significant correlations within the GCG and NGCG (Table 4). Statistical significance was found only after the analysis of the entire population studied at the third time point and included a positive correlation between TG and fT3 (r=0.215, p=0.030), TG and T4 (r=0.196, p=0.048), and TG and CRP (r=0.225, p=0.027).


Table 4 | Relationship between TG concentration and various inflammatory and hormonal parameters.




To provide further insight, we analyzed the 19 cases of patients who had elevated TG levels at various points in the observation period (Table 5). Interestingly, only one patient had a TFT pattern suggestive of thyrotoxicosis with undetectably low TSH and increased fT4 (case #7), and one additional patient showed only a slight decrease in TSH with elevated fT4 (case #15). Two additional patients presented with a decrease in TSH without an increase in fT3 or fT4 (cases #6 and #16), and one of them had a known history of hyperthyroidism. The rest of the patients who showed elevated TG concentrations had TSH, fT3, and fT4 not indicative of thyrotoxicosis.


Table 5 | Summary of patients who showed elevated TG.



Finally, we wanted to verify whether the TG concentrations differed between patients who met and those who did not meet the predefined endpoints. The combined primary endpoint consisted of death, mechanical ventilation, noninvasive ventilation/high flow nasal oxygenation, use of vasopressors, hospitalization for at least 10 days; the secondary endpoints were any of the listed events. First, we analyzed the entire study population: there were no statistically significant differences between patients who met and those who did not meet the combined primary endpoint, both in terms of TG concentration and the incidence of high TG concentration. No differences between groups were found at any of the follow-up points for secondary endpoints, such as prolonged hospital stay, mechanical ventilation, and vasopressor infusion. Statistically significant results were found in relation to death (the first time point [p=0.031] and the second time point [p=0.005], but not the third time point [p=0.091]), and noninvasive ventilation (only the second time point with p=0.043). GCG and NGCG were not evaluated separately.





Discussion

The relationship between COVID-19 and thyroid function quickly gained widespread coverage from medical researchers. The range of topics evaluated was broad and included NTI, SAT, autoimmune thyroiditis, and a possible link between TFTs and survival in COVID-19 (1, 3, 15–18). The involvement of the gland appeared to be multifactorial, resulting both from the direct effects of viral infiltration and the local response it provoked, as well as systemic inflammation, often exaggerated up to the phase of the cytokine storm (1, 4, 19). The cytokine storm, with its uncontrolled and robust release of pro-inflammatory cytokines, such as interleukin-6 (IL-6), interleukin-1 (IL-1), and tumor necrosis factor-alpha (TNF-α), is the peak of the detrimental immune hyperactivation seen in COVID-19 (20–22). SARS-CoV-2 penetrates cells using ACE2 receptors, which are widespread throughout the human system, and viral entry is co-facilitated by the serine protease TMPRSS2 (23–26). Therefore, the virus can infiltrate numerous tissues and organs, including thyroid (19, 24).

A systematic review of 1,237 cases of COVID-19 from 7 selected studies carried out by Giovanella et al. proved that abnormal thyroid function in COVID-19 is common and up to 64% of patients display abnormal TFTs (3). Our recent study on thyroid function in patients hospitalized for COVID-19 supported these findings: up to 80% of recruited individuals showed abnormal TFTs at least once during the observation period (27). In particular, NTI appeared to be common in patients with COVID-19 (27, 28). NTI features tended to fade over time in patients recovering from COVID-19, but remained prominent in patients who succumbed to their illness (29). A positive correlation was observed between abnormal TFTs and high inflammatory markers, and abnormal TFTs could herald an unfavorable clinical course of the disease and a prolonged hospital stay (27, 30).

The results of the THYRCOV study by Lania et al. proved that thyrotoxicosis might not be rare during COVID-19, as it was found in more than 20% of the studied patients. At the same time, thyrotoxicosis was positively correlated with elevated circulating IL-6 (14). On the other hand, a study by Campi et al. showed a considerable prevalence of transiently decreased TSH, often accompanied by low fT3. In this group, TG levels remained normal despite the decrease in TSH at baseline or after follow-up (29). The authors concluded that the pattern of observed TFT abnormalities was most likely not related to destructive thyroiditis, and rare instances of elevated TG could be associated with a known preexisting condition (nodular goiter) (29). In another study, Vassiliadi et al. reported that TG levels were comparable between COVID-19 patients with normal TFTs, NTI, or a thyrotoxic pattern. The thyrotoxic pattern was observed in 8.8% of all patients who suffered from COVID-19, and it was seen in 14.6% of severely ill individuals who needed intensive care unit treatment (28).

An observational study by Mondal et al. showed that the prevalence of SAT in COVID-19 convalescents was 6.8% (n=11) within 3 months of follow-up - most of the patients were young (mean age 44 years) and female, the mean delay between COVID-19 and the diagnosis of SAT was 23,8 days, and the clinical course of the disease was more severe in atypical SAT, which presented earlier (10,6 days since the recovery from COVID-19), with an exaggerated inflammatory response and more pronounced thyrotoxicosis (12). SAT became an interest in endocrine research after Brancatella et al. presented the first known case report of COVID-19-related SAT in a young woman in mid-2020 (6). There is evidence that certain populations are more at risk of developing SAT due to their specific human leukocyte antigen (HLA) system, COVID-19-related SAT included (7, 8, 31, 32). The first stage of thyroiditis, thyrocyte breakdown resulting in hyperthyroidism, is marked not only by an uninhibited leak of peripheral thyroid hormones from the damaged gland, but also by a simultaneous release of TG, a glycoprotein stored within the thyroid follicular lumen, crucial for hormonogenesis and considered a biomarker of destructive thyroiditis (29, 33). In our project, we wanted to assess markers of possible thyroid destruction during COVID-19. Increased TG concentration in the bloodstream is not limited to SAT; it can reflect the amount of differentiated thyroid tissue, the degree of stimulation of the gland related to thyrotropin, and the history of recent thyroid trauma (33, 34). Therefore, TG concentration can increase in various clinical settings, including SAT, differentiated thyroid cancer, nodular goiter, or hyperthyroidism. As mentioned above, a pattern of TFTs suggesting thyrotoxicosis in patients who showed elevated TG concentration was not a common finding in our study. In general, we did not find clear, repeatable, and unequivocal relationships between TG levels, TFTs, and inflammatory parameters, which may suggest an overall limited destructive effect of COVID-19 on thyroid tissue. Interestingly, TG levels dropped after the introduction of GCs, a phenomenon previously described by researchers who focused on the management of SAT, which could be explained, among others, by impaired intrathyroidal hydrolysis of colloid due to the use of GC or a decline in systemic inflammation (35–37).

The main limitations of this study include the lack of post-discharge follow-up, especially since the available data highlight the frequent delay between COVID-19 and SAT; no in-hospital assessment specific for clinical signs and symptoms of SAT; the absence of radiological evaluation of the thyroid in terms of SAT or other pathologies that cause increased TG release, such as goiter. A combination of the aforementioned factors and additional laboratory work could give better insight into the characteristics necessary to adequately document the occurrence of SAT. However, the assessment we designed was not meant to unequivocally determine the number of SAT cases in the studied population, but to investigate possible generalized thyroid damage based on TG levels, TFTs, and their correlation with inflammatory markers. Listing the limitations of the study, we must mention that a small percentage of the recruited patients (12 out of 174 – 6,9%) had positive anti-TG abs, which can sometimes interfere with the evaluation of TG. In addition, some of the presented statistical analyses, especially related to the entire studied population, might be biased due to inconsistent study samples (e.g. exogenous steroid use in some patients – GCG) and, sometimes, a wide disproportion between the number of studied cases.

The strengths of our study are the prolonged period of in-hospital observation with three separate assessment points, the subanalyses based on the use of GCs or its lack, the consistent set of performed assays, the in-depth analysis of detected cases with increased TG, and the assessment of TG levels in relation to predefined endpoints. We believe that, despite its limitations, our study still sheds new light on the complicated matter of TFTs and thyroid function abnormalities in COVID-19.




Summary

The thyroid function in COVID-19 is complex and sometimes confusing. COVID-19-related NTI, SAT, and thyrotoxicosis quickly gained the attention of researchers. TFTs undergo distinct and very often transient changes in COVID-19-positive patients. In our material, the concentration of TG did not differ between the patients with normal and abnormal TFTs; however, it differed significantly depending on the use of GCs and tended to decrease over time. We found that 19 patients had elevated TG levels at least once during observation, but a TFT pattern suggestive of thyrotoxicosis was not common in this group. There were no statistically significant differences between patients who met and those who did not meet the combined primary endpoint.
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Context

Severe acute respiratory syndrome-coronavirus 2 (COVID-19) vaccines may incur changes in thyroid functions followed by mood changes, and patients with Hashimoto thyroiditis (HT) were suggested to bear a higher risk.





Objectives

We primarily aim to find whether COVID-19 vaccination could induce potential subsequent thyroid function and mood changes. The secondary aim was to find inflammatory biomarkers associated with risk.





Methods

The retrospective, multi-center study recruited patients with HT receiving COVID-19–inactivated vaccines. C-reactive proteins (CRPs), thyroid-stimulating hormones (TSHs), and mood changes were studied before and after vaccination during a follow-up of a 6-month period. Independent association was investigated between incidence of mood state, thyroid functions, and inflammatory markers. Propensity score–matched comparisons between the vaccine and control groups were carried out to investigate the difference.





Results

Final analysis included 2,765 patients with HT in the vaccine group and 1,288 patients in the control group. In the matched analysis, TSH increase and mood change incidence were both significantly higher in the vaccine group (11.9% versus 6.1% for TSH increase and 12.7% versus 8.4% for mood change incidence). An increase in CRP was associated with mood change (p< 0.01 by the Kaplan–Meier method) and severity (r = 0.75) after vaccination. Baseline CRP, TSH, and antibodies of thyroid peroxidase (anti-TPO) were found to predict incidence of mood changes.





Conclusion

COVID-19 vaccination seemed to induce increased levels and incidence of TSH surge followed by mood changes in patients with HT. Higher levels of pre-vaccine serum TSH, CRP, and anti-TPO values were associated with higher incidence in the early post-vaccine phase.





Keywords: COVID-19 vaccines, Hashimoto thyroiditis, thyroid function, inflammation, mood change





Introduction

Hashimoto thyroiditis (HT) is an autoimmune condition featured by lymphocytic destruction and chronic inflammation of thyroid gland (1, 2), and pathological process involves the interaction between the genetic and environmental factors (2). Antibodies of thyroid peroxidase (anti-TPO) and/or thyroglobulin (anti-TG) are increased, which serve as the main criteria for diagnosis if combined with symptoms of hypothyroidism or low echogenicity in ultrasound. HT is usually underdiagnosed because of symptomatic dormancy. Foreign antigen–associated immune alterations, followed by internal inflammation, were hypothesized as one of the probable reasons for symptomatic conversion from long-term dormancy (3–5).

In the era of COVID-19 posing the greatest threat to public health, the introduction of various types of vaccines successfully decreased the rate of COVID-19 infection for both healthy populations and those with underlying diseases (6, 7). Immune response and safety in patients with HT have been concretely evidenced, and all patients are recommended to receive vaccines (8, 9). To date, sparse cases of thyroiditis in the general population have been reported after vaccination, and thyroid function changes are reported in healthy subjects recently (10–13). However, inflammatory and corresponding phenotypical changes have not been investigated after the introduction of a foreign antigen into immune system in the current stage when all patients are suggested to receive COVID-19 vaccines.

Next, whether vaccine-associated inflammatory marker changes are inducible to thyroid dysfunction and symptom changes in patients with HT has not been studied. Thyroid functions are critically linked to mood states, and the rate of mood swings is significantly higher in the HT population, with reports in the large samples of three times of incidence in 1 year as compared to general population (14, 15). Considering the association with antigen presentation and subsequent immune upregulation, changes in disease status are possible from subclinical to apparent symptoms. Incidence of mood state disorders in the era of COVID-19 pandemic requires further investigation due to the high levels of stress-afflicted HT people, which represents a psychiatrically susceptible group of patients with potential immune and thyroid dysregulation (11, 16). Such investigation may offer an added value to clinicians and patients who demand data on long-term influence of vaccines on subclinical HT. Thus, in the current study, we aim to find the vaccination-associated thyroid function and mood changes and to investigate how related inflammatory markers influence the outcomes.





Methods




Patients and study design

The retrospective, multi-center study recruited patients with clinical or subclinical HT to receive standard two-dose inactivated CoronaVac (BBIBP-CorV) vaccines during May 2021 to January 2022. Because there have not been guidelines for vaccine safety in China for patients with HT during recruitment period, vaccination was primarily decided voluntarily by patients. Thus, patients not receiving vaccines during study period were included as the control group, and corresponding matching by propensity scores was done to reduce bias. Diagnosis of HT was the presence of clinical symptoms of hypothyroidism combined with the increased levels of anti-TPO and/or anti-TG antibodies. Ethical approval was obtained at the Second Affiliated Hospital of Shantou University Medical College as a waiver option for the retrospective study protocol. This study was performed according to the principles of Declaration of Helsinki, Good Clinical Practice, and all patients provided informed consent before participation.

The primary outcome was to evaluate the mood and thyroid function changes after COVID-19 vaccination, and an exploratory analysis was carried out to identify potential associations between inflammation markers and primary outcome. To illustrate role of vaccines and to control for the potential psychiatric-related conditions during COVID-19 pandemic, a control cohort with HT was recruited in the same hospitals that did not receive vaccines as geographical match during study period. The smallest sample size was calculated by PASS (V 15.0) before recruitment to reach the effect size of the thyroid-stimulating hormone (TSH) levels of 5% difference with pre-specified alpha of 0.05 and beta of 0.20, and the upper limit was dependent upon the actual size of recruited during study period (consecutive recruitment). Key exclusion criteria of the study are as follows: 1) critically ill conditions with a survival prognosis of less than 1 year; 2) diagnosis of Grave’s disease; 3) history of anaphylaxis to contents of vaccine products; and 4) acutely ill patients or patients with active cancers, who may show increased inflammation markers.





Baseline and follow-up assessment

The demographic data were extracted from Case Record Forms of the five tertiary referral hospitals, and the electronic data capture systems were applied to save and monitor de-identified profiles, in which each patient was coded for follow-up track. Demographic information included gender and age. Patients were followed up online to test their mood state on a weekly basis, and serum tests were performed in clinical laboratories of enrollment centers. Follow-up started from the date of vaccination to the 24th week after vaccination (end of follow-up).

The serum levels of markers were tested one to three times during a 3-month period prior to vaccination and at the end of follow-up. Mean values were applied in final calculation to represent baseline inflammation profiles. Markers included C-reactive protein (CRP, μg/dl; 1 mg/L = 100 μg/dl), interleukin-6 (IL-6), TSHs, and anti-TPO and anti-TG antibodies. At the full length of follow-up, Beck Depression Inventory (BDI) was administered online at each weekend to assess the mood change levels of patients dating back 2 weeks. Definition of mood changes was a BDI score of more than or equal to 13 (17, 18). Diagnosis of mood changes was further validated by symptoms during past 2 weeks in clinical settings at community or referral psychiatry clinics if the patient scored more than 13. Patients with suicidal or aggressive symptoms, if any, were medically managed and properly recorded.

Clinic coordinators with supervision gather data in community clinics when patients were not reachable in the tertiary hospitals (either as inpatients or outpatients). All data were extracted from Case Record Form of the follow-up sites, and the electronic data capture systems were applied to save and monitor de-identified profiles.





Multivariate regression, survival analysis, and nomogram development

Incidence rate of mood change during follow-up was determined with the Kaplan–Meier method. In both vaccine and control groups, the incidence curves were drawn, and the log-rank test was applied to compare difference between different groups. Markers significant in univariate survival analysis were subject to multivariate Cox proportional hazards models to identify independent pre-vaccination markers that predict outcomes, with the corresponding hazard ratio and 95% confidence intervals. Two nomograms were formulated by using package of rms in R version 4.0.5 (http://www.r-project.org/). First, nomogram was constructed to predict incidence of TSH increase and, second, was built to predict disease-free survival (DFS) time during follow-up (19). The performance of nomograms was measured by concordance index (C-index) and by comparing the nomogram-predicted versus observed rates of events (i.e., DFS and TSH increase). Bootstraps with 1,000 resampling were used.





Propensity score–based outcome analysis between the vaccine and control groups

To further decrease confounding bias across chronologically and geographically different enrollment and to alleviate pandemic-related psychiatric confounders, propensity score–based matching was performed between the vaccine and control groups. Propensity scores were calculated with the logistic conditional regression models. Variables included were those significantly associated with incidence of mood change and/or the increase of TSH levels in multivariate regression and survival analysis (20). Nearest neighbor head-to-head (1:1) method was adopted to match each participant in the vaccine and control groups, respectively, with a caliper width of 0.2 without replacement (20). Standardized mean difference (SMD) was calculated and compared between unmatched and matched data to evaluate matching performance as imbalance test. An SMD over   was regarded as an imbalanced test result (20). Statistical tests of difference in matched samples included McNemar tests for categorical variables and Wilcoxon signed-rank tests for continuous variables (20).





Statistic calculation

The categorical factors were represented as numbers and percentages, and the continuous factors were represented as means ± standard deviations and median (25th to 75th quartile). Each statistical test was based on a pre-determined statistical hypothesis with a type I error of 0.05. The paired Student’s t-test was applied to compare continuous variables of the same cohort in chronological settings for parametric tests, including changes in CRP, BDI scores, and TSH values. Statistics used in comparison study were carried out in SPSS V.24.0 software.






Results




Patient characteristics

The study enrolled 4,556 patients with HT, and 503 patients did not consent to follow-up and thus were excluded. Thus, final analysis included 2,765 patients in the vaccine group and 1,288 patients in the control group (3,198 female patients and 855 male patients; mean age, 42.34 ± 14.99 years). Before vaccination, mean CRP levels of the vaccine group were 581.12 ± 789.94 μg/dl, and mean TSH values were 293.29 ± 111.70 μIU/dl. Anti-TG antibody levels were 92.17 ± 375.92 IU/ml, and BDI scores were 8.52 ± 5.17. Anti-TPO antibody levels were 38.36 ± 100.55 IU/ml. Among all participants, 499 patients had a prior history of psychiatric diseases, and 104 patients had other autoimmune diseases (AIDs). Baseline demographics and serum markers of both groups are shown in Table 1.


Table 1 | Baseline variables of patients with Hashimoto thyroiditis.







Thyroid function and mood changes after COVID-19 vaccination

As there could be episodes of incident mood and thyroid function changes during course of HT that were potentially unrelated to vaccination, baseline and follow-up data of the control group were compared with those of the vaccine group after propensity score matching to find whether incident mood changes were associated with vaccination. Matching yielded a total of 1,039 pairs, with the imbalance test results shown in Supplementary Table 1. Bias-corrected total incidence of mood changes during follow-up was 12.7% in the vaccine group and 8.4% in the control group. Kaplan–Meier survival analysis between the two groups showed that there was a significant difference between the two groups in incidence of mood changes (Supplementary Figure 1).

Using the McNemar test, the percentage rate of TSH increase was significantly different between the two groups (11.9% versus 6.1% for TSH increase in the vaccine and control groups, respectively). Further comparison of mean TSH values also showed significance (316 ± 195 μIU/dl versus 259 ± 90 μIU/dl, p< 0.01 by the Wilcoxon signed-rank test, Figure 1A). Another significant finding was the difference in the CRP values in the vaccine and control groups (583 ± 732 μg/dl versus 414 ± 428 μg/dl, p< 0.01 by Wilcoxon signed-rank test, Figure 1B). Changes in TSH and CRP values were also seen in the original, unmatched vaccine group before and after vaccination, respectively (p< 0.01, Figures 1C, D). To test the relationship between mood change severity and the level of CRP in the vaccine group, BDI scores were found to be correlated with the CRP levels during follow-up in the subgroup with mood changes (r = 0.75), and correlation was not found in the subgroup without mood changes (Figures 1E–H).




Figure 1 | Serum markers and Beck Depression Index (BDI) scores. (A, B), TSH and CRP values in the vaccine group and control group (p < 0.001 in matched analysis); (C, D), TSH and CRP values before and after vaccination (p < 0.001); (E), BDI scores in the vaccine group and control group, (p < 0.001 in matched analysis); (F), CRP values were correlated with BDI scores after vaccination in the subgroup of patients with greater mood changes (defined as BDI score > 13, r = 0.75), and no correlation was found in subgroup without greater mood changes (H); Changes of BDI scores before and after vaccination in the subgroup with greater mood changes (G).







Serum markers may independently predict incident mood change

To test the predicting values of serum markers before and after vaccination and to evaluate the relationship between demographics and rates of mood changes, univariate and multivariate survival analyses were carried out to find the independent markers associated with incidence of mood changes (Table 2). Initial Kaplan–Meier methods found that the baseline TSH values, CRP levels, IL-16 levels, and anti-TG antibody levels were associated with incidence of mood changes during follow-up. All variables but IL-6 levels were significant in multivariate survival analysis (p< 0.01). The Kaplan–Meier survival curves of CRP, TSH, and anti-TPO levels are shown in Figure 2. Incidence rate of mood changes was 17.3% in patients with increased CRP and 10.9% in patients without an increase. CRP increase after vaccination was associated with the increased mood change incidence (Figure 3).


Table 2 | Survival analysis of incident mood changes after vaccination.






Figure 2 | Kaplan-Meier Curve of disease-free survival (defined as time to mood changes) associated with CRP (A), anti-TPO (B), and TSH (C) levels categorized by the 25th, 50th, and 75th quartile. In all images, a higher ladder of marker categories predict higher incidence of disease-free survival.






Figure 3 | Disease-free survival rate estimates after vaccination associated with CRP changes, and the risk of mood changes was significantly different (p < 0.01).







Nomogram predicting thyroid function changes and early-onset mood change incidence

Final analysis was done to see whether there was an association between mood change–predicting serum markers with change in thyroid function after vaccination. Baseline demographic and serum markers were subject to univariate and multivariate regression analyses of TSH increases in the vaccine group, and results are shown in Supplementary Table 2. It was demonstrated that the same markers were associated with TSH changes after vaccination. Thus, nomograms were developed in the vaccine group to quantify the risk of mood changes and the risk of TSH increases by means of anti-TPO antibodies, TSH, and CRP values before vaccination. In nomogram to predict TSH increases (Supplementary Figure 2), the value of C-index was 0.69, and the calibrating curve demonstrated a relatively good contingency between the predicted and actual rates of TSH increases.






Discussion

As COVID-19 vaccines became widely covered in general population, thyroid function changes became evident in a small range of samples characterized by subclinical to clinical thyroiditis (12, 21). Thyroid function fluctuations in HT, autoimmune inflammatory thyroiditis (AIT), and mood state changes that ensued have seldom been reported. This study offered first observatory, real-world evidence that COVID-19 vaccination could incite changes in mood changes levels and thyroid function in HT by means of matched analysis. Specifically, associations between the increased CRP and incidence and the severity of mood changes were investigated in a relatively large sample.

Mood changes, a mood disorder that affects 6% to 7% of the general population, is quite commonly seen in patients with hypothyroid states due to the deranged levels of thyroid hormones and persistent inflammation (15, 22). Autoimmune thyroiditis was reported to be the most prevalent pathology type in such a population, and, by meta-analysis, 1-year prevalence of mood changes could be as high as 17% (14). The inflammatory state, represented by CRP levels and being a major trigger of mood swings in AIT, could be subject to fluctuations by means of an external stimulus such as COVID-19 vaccine antigens (3). Antigen-related CRP level increases were seen after vaccination (from 581 to 688 μg/dl), and the result was validated by comparison with the control group. Similar results have been reported in patients with psychiatric conditions, and an earlier study on influenza vaccination indicated changes in the inflammation levels (23, 24). Consistent with prior research, higher baseline CRP levels predict a higher probability of mood changes after immune stimulus, and, combined with hypothyroid states, an even higher risk could be predicted in current nomogram.

Safety of COVID-19 vaccines has been widely evidenced in recent studies of autoimmune conditions, and most effort has been intensified on immunogenicity and vaccine-related adverse events following vaccination (11). Reports on immune-related events after COVID-19 vaccination in autoimmune patients mainly focused on the immediate phenotypes in the small samples, and few studies gave real-world evidence on changes of inflammatory or hormone changes of AID, which were shown to predict future outcomes in a number of chronic conditions (25, 26). This work demonstrated that TSH values were increased after vaccination, and independent analysis found associations between CRP values and incidence of TSH increase after vaccination. Moreover, the same serum markers were shown associated with incidence and severity of mood changes. Considering prior research, clinicians are suggested to monitor potential changes in disease progression after COVID-19 vaccination. Future research is encouraged to find molecular mechanisms of vaccine-induced hormone and mood changes.

Our work bears several limitations. Follow-up time was relatively short such that long-term disease-related outcomes cannot be assessed. In addition, third-dose vaccines took place 6 months after the second dose, and we did not assess outcomes after booster vaccination, which may provide more data on serum marker changes and their associations with mood change outcomes. In addition, we did not report immune response to vaccines, although response has been widely evidenced to be robust. Trajectory of these values could be evaluated in long-term follow-up and may be a source of validation for current study. Although nomogram was developed over a multi-center research protocol, a validation by an independent cohort is required to find predicting values.





Conclusions

Patients with HT seemed to have increased incidence of mood changes after COVID-19 vaccines. This outcome seems related to changes in the CRP and TSH levels. Baseline serum markers—CRP, TSH, and anti-TPO antibodies—could predict outcome of mood changes and TSH increase after vaccination.
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Background: To investigate the practicality of emergency surgical and conservative medical treatments in patients with giant nodular goiter complicated by severe coronavirus disease 2019 (COVID-19)-related respiratory distress, evaluate the prognosis based on the two interventions, and explore the diagnosis and treatment plan of COVID-19-related respiratory distress in patients with giant nodular goiter.

Methods: Four cases were retrospectively collected. Among them, two cases underwent emergency surgery, one case was treated with conservative treatment, whereas the fourth case underwent emergency surgery after failure of conservative therapy.

Results: Dyspnea was significantly improved postoperatively, and the endotracheal tube was successfully removed 10.5 h after the operation, but inflammatory markers were greatly enhanced as compared to the preoperative values, patients with different degrees of fever, cough, and other discomforts postoperatively. Case 1 showed complete remission of all symptoms after 3 weeks, while case 2 displayed fever, cough, drowsiness, and other symptoms after the discharge and was eventually readmitted. In case 3, the conservative COVID-19 treatment marginally improved the pulmonary infection, fever, and other symptoms, but cough and other discomforts were persistent, along with delirium in later stages. Moreover, case 4 reported extubation failure after undergoing treatment with the standard new coronary pneumonia regimen in the tracheal intubation state; however, the patient was successfully weaned and extubated 9 days after emergency surgery to relieve the obstruction.

Conclusion: Our preliminary exploration suggested that patients with giant nodular goiter and respiratory tract obstruction post-acute COVID-19 infection can undergo early surgery after surgical tolerance evaluation for a better prognosis.

KEYWORDS
 giant nodular goiter, COVID-19, respiratory distress, diagnosis and treatment plan, surgery


Introduction

Since the outbreak of novel coronavirus disease 2019 (COVID-19), which is caused by SARS-CoV-2, several COVID-19-related thyroid diseases have emerged, including subacute thyroiditis, autoimmune thyroid disorders, non-thyroidal illness syndrome, and thyroid dysfunction due to unknown causes (1–3). Although a few respiratory distress cases have been recorded in which patients presented with tracheal compression due to giant nodular goiter superimposed with novel COVID-19 infection, only one case has been reported by Amin et al. (4). Moreover, it is still unknown whether novel COVID-19 infection can aggravate the tracheal compression symptoms and whether tracheal compression in giant nodular goiter cases can lead to prolonged COVID-19 pneumonia, which is difficult to treat. Furthermore, the efficacy of emergency tracheal intubation, ventilator-assisted support, or emergency thyroidectomy for relieving tracheal obstruction or a conservative treatment after controlling pulmonary infection in patients with dyspnea is still ambiguous. Does an emergency surgery increase the severity of lung infection and leads to enhanced inflammatory markers? Does the conservative treatment delay the optimal timing of surgery? How does an extended tracheal intubation time result in tracheomalacia, extubation failure, etc.? A precise evaluation of the need for surgical or conservative treatment is a key factor governing our current clinical decisions. Combined with the experience of treating four giant nodular goiter cases having tracheal compression coupled with severe coronavirus pneumonia post-COVID-19 pandemic in The Second Affiliated Hospital Zhejiang University School of Medicine, our study has discussed the development of an individualized treatment plan for emergency surgery adapted to the general population as mentioned below.



Case introduction


Inclusion criteria

Patients with giant nodular goiter with tracheal compression and superimposed severe COVID-19 infection with accompanying symptoms.



Clinical data

This study was approved by the Human Research Ethics Committee of the Second Affiliated Hospital of Zhejiang University, and obtained the patient’s consent.

Case 1: A 24-year-old female patient, after reporting dyspnea for >3 h and fever, with the highest body temperature of 37.9°C, without any cough or expectoration, was admitted on December 16, 2022. Physical examination showed deep breathing, respiratory rate 40 breaths/min, cyanotic lips and nail bed, clear breath sounds in both lungs, and no obvious rales. She had a previous history of hearing loss, while the remaining findings were unremarkable. After admission, the COVID-19 antigen test was positive, whereas the oxygen saturation was 86% (reference value 95–100%), white blood cell (WBC) 9.7 × 109/L (reference value 4–10 × 109/L), neutrophil percentage 76.4% (reference value 50.0–70.0%), c-reactive protein (CRP) 1.7 mg/L (reference value<10.0 mg/L), and interleukin (IL)-6133.50 pg/mL (reference value<7.0 pg/mL). An emergency computed tomography (CT) revealed marked bilateral thyroid enlargement with uneven density, compression, and tracheal as well as esophageal narrowing, with no significant positive chest CT signs. Thyroid hormone level: TT3 1.11 nmol/L (reference value 0.98–2.33), TT4 70.5 nmol/L (reference value 62.7–150.8), FT3 3.27 pmol/L (reference value 2.43–6.01), FT4 11.45 pmol/L (reference value 9.01–19.05), TSH 0.29 mIU/L (reference value 0.35–4.49), TPOAB 3.38 IU/mL (reference value<5.61), ATGAB 1.20 IU/mL (reference value < 4.11), TG >500 μg/L (reference value 3.50–77.00), Diagnostic considerations: novel coronavirus pneumonia (severe). After a multidisciplinary consultation, and excluding dyspnea caused by cardiopulmonary function, “bilateral total thyroidectomy (retrosternal thyroidectomy)” was performed under general anesthesia with endotracheal intubation at 00: 10 AM on December 17, 2022. The operative time was 1 h and 35 min. Subsequently, the patient was shifted to ICU postoperatively and was provided assisted ventilation. The patient was successfully extubated 10 h after the operation and transferred to the isolation ward after becoming stable. One day after the operation, the patient developed a fever, with the highest temperature of 39.1°C. WBC count was 7.8 × 109/L (reference value 4–10 × 109/L), neutrophil percentage was 79.6%L (reference value 95–100%), CRP was 30.8 pg/mL, procalcitonin (PCT) was 1.52 ng/mL (reference value<0.5 ng/mL), and IL-6 was 30.8 pg/mL. The patient got relief after symptomatic cooling treatment. As there was no cough, expectoration, muscle soreness, or any other discomfort during hospitalization, the patient was discharged 3 days postoperatively. A postoperative pathological examination showed thyroid nodules in the bilateral lobes of the thyroid gland. Postoperative follow-up was: The patient reported cough and expectoration after discharge, which was completely relieved after 3 weeks, without dyspnea, fever, fatigue, or other discomforts. Currently, the patient is in good physical condition.

Case 2: A 74-year-old female patient was admitted due to dyspnea for >1 h on December 19, 2022, without any fever, cough, expectoration, etc. Physical examination: dysphoria, extreme dyspnea, cyanotic lips and nail bed, respiratory rate 40 breaths/min, clear breath sounds in both lungs, no obvious rales heard. Being a deaf-mute patient, she had a history of hypertension and right partial thyroidectomy >20 years ago, a COVID-19 positive antigen test, oxygen saturation of 67%, and emergency tracheal intubation. The auxiliary examination showed WBC as 5.8 × 109/L, neutrophil percentage 74.6%, CRP 11.0 mg/mL, PCT 0.44 ng/mL, and IL-6 20.40 pg/mL. An emergency CT showed bilateral thyroid enlargement with multiple nodules and necrotic areas, right airway stenosis, throat edema, pleural effusion, and thoracic cavity effusion. Thyroid hormone level: TT3 1.33 nmol/L (reference value 0.98–2.33), TT4 74.7 nmol/L (reference value 62.7–150.8), FT3 3.87 pmol/L (reference value 2.43–6.01), FT4 9.47 pmol/L (reference value 9.01–19.05), TSH 1.56 mIU/L (reference value 0.35–4.49). Diagnostic considerations: novel coronavirus pneumonia (critical type). After a multidisciplinary consultation, cardiopulmonary function-related dyspnea was excluded. On December 19, 2022, the patient underwent “left total thyroidectomy + right partial thyroidectomy” under general anesthesia with endotracheal intubation. The operative time was 1 h and 49 min. The patient was admitted to ICU postoperatively and given assisted ventilation. Furthermore, 11 h later, the patient was successfully extubated and transferred to the general ward. The patient was given anti-infection drugs, fluid infusion, and supportive treatment. One day after the operation, the patient developed a fever, with a body temperature of 38.4°C, shortness of breath with a rate of about 40 breaths/min, and oxygen saturation of 93%. The patient was immediately given nasal catheter oxygen inhalation of 3–5 L/min. Laboratory investigations revealed the WBC count as 12.6 × 109/L, neutrophil percentage 90.4%, CRP 97.1 mg/mL, and PCT 0.65 ng/mL. Based on this, the patient underwent dexamethasone intravenous bolus, anti-infection, atomization inhalation, phlegm reduction, and other symptomatic treatment. The vital signs were stable 3 days after the operation, without any recurrence of shortness of breath, fever, and oxygen saturation reduction. Although the patient was discharged 3 days postoperatively, the postoperative pathological examination revealed a nodular goiter of the left thyroid gland and isthmus with hemorrhagic cystic degeneration and focal follicular epithelial dysplasia. For right thyroid nodular goiter, 2 days after discharge, the patient displayed repeated fever (maximum body temperature: 38.5°C), fatigue, drowsiness, cough, and expectoration, without dyspnea. Subsequently, the patient was hospitalized in a local hospital and discharged after an improvement.

Case 3: An 89-year-old female patient was admitted due to a cough for >3 days on December 28, 2022. On admission day, the patient was diagnosed with a new COVID-19 infection, significant cough, and expectoration, respiratory rate 40 breaths/min, cyanotic lips and nail bed, without fever, and moist rales could be heard in both lungs. The patient also had a history of previous thyroid surgery, hypertension, and Parkinson’s disease. After the patient visited our emergency department, the investigations revealed oxygen saturation of 92%, WBC 3.0 × 109/L, neutrophil percentage of 78.1%, CRP 5.3 mg/mL, PCT 0.04 ng/mL, and IL-6 27.3 pg/mL. A CT scan suggested bilateral thyroid enlargement, right deviation of tracheal compression, and scattered cord shadows, as well as exudations in both lungs, pleural effusion. Thyroid hormone level: TT3 1.34 nmol/L (reference value 0.98–2.33), TT4 88.9 nmol/L (reference value 62.7–150.8), FT3 4.07 pmol/L (reference value 2.43–6.01), FT4 12.00 pmol/L (reference value 9.01–19.05), TSH 0.32 mIU/L (reference value 0.35–4.49), TPOAB 4.22 IU/mL (reference value<5.61), ATGAB 9.60 IU/mL (reference value < 4.11), TG >500 μg/L (reference value 3.50–77.00). Diagnostic considerations: novel coronavirus pneumonia (severe). After admission, the patient was given oxygen inhalation, nutritional support, oral antiviral therapy with nelmativir+ritonavir, anti-infection drugs, atomization inhalation, phlegm reduction, anticoagulation drugs, and other symptomatic treatment. By the end of the study, after >50 days of hospitalization, the patient’s lung infection, fever, and other symptoms were marginally improved, but cough and other discomforts, as well as delirium and other psychiatric symptoms at the later stages, were still observed. Furthermore, the patient was still hospitalized by the time our study’s deadline ended.

Case 4: An 84-year-old female patient with airway foreign body obstruction for >2 weeks was admitted to our hospital on January 11, 2023. Having a history of left partial thyroidectomy, she reported chest tightness, shortness of breath, and cyanotic lips after eating the “pill” >2 weeks ago and visited a local hospital for an oxygen saturation level of 50%. She underwent emergency endotracheal intubation, airway clearance, and foreign body aspiration, while her oxygen saturation was maintained at >95%. An emergency CT revealed possible local compression of retrosternal goiter, multiple patchy high-density shadows in both lungs, and bilateral pleural effusion with adjacent lung tissue atelectasis. After admission, her COVID-19 antigen test was positive; however, her general condition improved after the administration of anti-infection, hormonal, and anti-inflammatory drugs with other treatments. Three days later, the removal of tracheal intubation further decreased the patient’s oxygen saturation level to 70%. The tracheal intubation was performed again. Seven days post-admission, the patient maintained oxygen saturation > 93% under endotracheal intubation and spontaneous breathing. After the removal of the endotracheal tube, the oxygen saturation decreased to about 70%, 1.5 h after observation. The patient came to our hospital for emergency treatment after second endotracheal intubation. Physical examination showed sedation, endotracheal intubation, ventilator-assisted breathing, and crackles heard in both lungs. Emergency CT revealed thyromegaly with less uniform density, tracheal compression, two pulmonary inflammatory exudates, partial right upper lung consolidation, and bilateral pleural effusion with adjacent lung tissue atelectasis. Her investigations revealed WBC count as 17.8 × 109/L, neutrophil percentage 93.6%, CRP 37.8 mg/mL, PCT 0.35 ng/mL, IL-6 19.7 pg/mL, and albumin 22.5 g/L. Thyroid hormone level: TT3 1.77 nmol/L (reference value 0.98–2.33), TT4 65.6 nmol/L (reference value 62.7–150.8), FT3 2.98 pmol/L (reference value 2.43–6.01), FT4 15.85 pmol/L (reference value 9.01–19.05), TSH 0.03 mIU/L (reference value 0.35–4.49), TPOAB <0.5 IU/mL (reference value < 5.61), ATGAB 6.67 IU/mL (reference value<4.11), TG 99.81 μg/L (reference value 3.50–77.00). Diagnostic considerations: novel coronavirus pneumonia (critical type). After admission to ICU, the patient was given assisted ventilation, nutritional support, anti-infection drug, atomization inhalation, expectorant, anticoagulant, correction of hypoproteinemia, and other symptomatic treatment. On January 18, 2023, the patient underwent “retrosternal right thyroidectomy and isthmectomy+left thyroidectomy” under emergency general anesthesia with an operation time of 2 h and 10 min. The patient was admitted to the ICU postoperatively and given assisted ventilation, an anti-infection drug, fluid infusion, and symptomatic treatment. After trying to remove the endotracheal tube 6 days after the operation, the patient developed three concave signs (refers to significant depression of the suprasternal fossa, supraclavicular fossa, and intercostal space during inspiration when obstructive ventilatory dysfunction occurs), with profuse sweating, a decrease in oxygen saturation, and other symptoms. Moreover, the patient underwent endotracheal intubation and assisted ventilation again. Fiberoptic bronchoscopy revealed poor vocal cord mobility and marked swelling. Corticosteroids were administered to improve airway edema along with anti-infection drugs, nutritional support, and other treatments. The patient was successfully extubated 9 days postoperatively. After extubation, the patient displayed no obvious hoarseness, dyspnea, or other symptoms. The oxygen saturation level was 98% at rest. The patient was transferred to a local hospital 10 days after the operation to continue rehabilitation. A postoperative pathological examination showed bilateral thyroid and isthmic nodular goiter with calcification, collagenization, and hemorrhagic cystic degeneration. Ten days after the discharge, postoperative follow-up revealed that the patient experienced smooth breathing, oxygen saturation of 97–98% at rest, well-controlled pulmonary infection, intermittent delirium, and other psychiatric symptoms (Tables 1–4; Figures 1, 2).



TABLE 1 Inflammatory markers of 4 cases.
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TABLE 2 Clinical presentation and treatment summary of 4 cases.
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TABLE 3 Thyroid hormone levels.
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TABLE 4 Symptoms, signs, severity grade of COVID-19.
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FIGURE 1
 Preoperative cervical CT images of 4 cases. (A) Case 1. The size of the left thyroid gland was 44 × 46 mm, and the size of the right thyroid gland was 40 × 28 mm. Protruding behind the sternum, the trachea was significantly compressed, and the diameter of the narrowest part was 3 mm. (B) Case 2. Under tracheal intubation, the trachea moved to the right, the size of the left thyroid gland was about 61 × 60 mm, and the size of the right thyroid gland was about 41 × 24 mm. (C) Case 3. The size of the left thyroid gland was about 79 × 65 mm, the size of the right thyroid gland was about 64 × 41 mm, the trachea was shifted to the right, and the diameter of the narrowest part was 4 mm. (D) Case 4. Under tracheal intubation, after the left partial thyroidectomy, the size of the right thyroid gland was about 87 × 38 mm, protruding behind the sternum.
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FIGURE 2
 Case 1: with no significant positive chest CT signs. Case 2: pleural effusion, and thoracic cavity effusion. Case 3: scattered streak shadows in bilateral lung, scattered exudation in bilateral lung, pleural effusion. Case 4: multiple patchy high-density shadows in both lungs, and bilateral pleural effusion with adjacent lung tissue atelectasis.





Discussion

COVID-19 infection is caused by a novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and is mainly transmitted by the spread of respiratory droplets, with an incubation period of generally 3–7 days, usually ≤14 days. The main clinical manifestations are fever, fatigue, dry cough, respiratory failure, septic shock, and/or multiple organ dysfunction, and failure in severe cases, thus, endangering the patient’s life (5). On April 10, 2020, the World Health Organization (WHO) characterized COVID-19 as a global epidemic, as the infection involved >210 countries/regions (6). According to a WHO estimate, >670 million people worldwide have been infected, with >6.7 million deaths, however, 14–17% of infected patients may develop COVID-19-related acute respiratory distress syndrome (7), and 2.3% of them require endotracheal intubation intervention (8). However, Piazza et al. reported that long-term endotracheal intubation in COVID19 patients, might lead to tracheomalacia, stenosis, post-intubation granuloma, and tracheoesophageal leakage. Additionally, a tracheotomy performed 7–14 days after endotracheal intubation significantly enhances successful weaning rates and reduces associated complications as well as mortality as compared to long-term maintenance endotracheal intubation (9).

Giant nodular goiter is mostly caused by nodular goiter or thyroid adenoma, which can compress, shift and narrow the cervical trachea, thus, leading to ventilatory dysfunction. The incidence of tracheal compression and dyspnea caused by giant nodular goiter is 10–50%, while the incidence of dyspnea caused by retrosternal goiter is ≥75% (10). In the initial stage, the patient has no obvious discomfort and can experience dyspnea, along with other associated symptoms, whenever there is an increased oxygen demand in the case of long-distance exercise or weather changes. Furthermore, the probability of dyspnea significantly increases if such patients are suffering from COVID-19. So the question in these cases is whether COVID-19 infection or thyroid enlargement compressing the trachea is the main cause of respiratory distress. We believe that the respiratory distress observed in our cases was the result of the interplay between obstructive ventilatory dysfunction caused by compression from the giant nodular goiter and diffuse ventilatory dysfunction caused by COVID-19. We hypothesize that if other severe viral pneumonias were substituted, similar outcomes would be observed, given the persistence of obstructive ventilatory dysfunction caused by the goiter compression and diffuse ventilatory dysfunction caused by pneumonia. According to the clinical manifestations, examination, and imaging data of four patients, case 1 presented with low inflammatory indicators and no infection findings on pulmonary imaging. Since cervical CT showed that the diameter of the narrowest part of the trachea was 3 mm, dyspnea may be caused by an upper respiratory tract obstruction. Case 2 examination after endotracheal intubation revealed exudative bilateral pleural effusions, along with increased CRP and IL-6 values and unknown airway stenosis. In case 3 lung exudation, IL-6 increased significantly, while the diameter of the narrowest part of the trachea was 4 mm. Moreover, in case 4, examination after tracheal intubation revealed two pneumonic exudates, elevated inflammatory markers, and airway stenosis of unknown etiology. In COVID-19, the human cells are primarily attacked through angiotensin-converting enzyme 2 (ACE2) to induce an inflammatory response. Although ACE2 is expressed in the nose, oral mucosa, throat, and tongue, edema manifestations in the corresponding organs might occur (11–13). Another study by Tasnuva disclosed that dyspnea in giant nodular goiter with new COVID-19 pneumonia may be related to airway edema, thus, aggravating tracheal stenosis (4), and our findings in case 1 confirmed this view. However, we did not compare the relevant imaging data before the disease onset and did not perform a bronchoscopy to identify whether airway edema led to aggravated airway stenosis.

The Conservative management of the four cases is not the same, because we encountered numerous challenges during that period. In December 2022, China underwent a shift in the management and control of COVID-19. Consequently, a sudden surge in infections occurred, surpassing the preparedness of medical resources. There was a shortage of specific drugs, medical devices, and various supplies, making it difficult to ensure uniform treatment management for each patient during that time. Recent literature suggests that the time from COVID-19 onset to tracheal intubation intervention is usually 8–9 days (14, 15), while the mortality rate of critically ill patients is 16.7% ~ 61.5% (16, 17), of which the mortality rate at 24 h after tracheal intubation is 10.4%, and the 28-day mortality rate is ~61% (18). If dyspnea occurs in such patients, it requires tracheal intubation. Quick relief from respiratory tract obstruction and removal of tracheal intubation without delay is the key to improving the survival rate. While treating the four patients with giant nodular goiter complicated with severe COVID-19, we found that the dyspnea of patients undergoing emergency surgery significantly improved postoperatively, and the tracheal intubation was successfully removed 10.5 h after the operation on average. However, various inflammatory indicators postoperatively were significantly increased to different extents when compared with those before the operation, accompanied by different degrees of fever, cough, and other discomforts postoperatively. Since case 1 was younger, symptoms such as cough and sputum resolved completely after 3 weeks and recovered quickly after discharge, while case 2 was an elderly patient who was readmitted due to fever, cough, drowsiness, and other symptoms after discharge, however, emergency surgery in this patient resulted in aggravated inflammation. Although case 3 underwent the standard COVID-19 regime for long time after hospitalization, the patient’s lung infection, fever, and other symptoms were marginally improved, but cough and other discomforts, along with delirium and other psychiatric symptoms in later stages, were still observed. Case 4 failed multiple extubation attempts after the standard COVID-19 treatment regimen, which might have been caused by aggravated tracheal stenosis due to throat edema as a result of prolonged intubation time, patient lung inflammation causing lung dysfunction. The patient was successfully extubated 9 days after emergency surgery to relieve the obstruction. Ten days after discharge, the patient follow-up revealed smooth breathing and good control of pulmonary infection, but psychiatric symptoms such as delirium occurred in later stages. Additionally, psychiatric symptoms like delirium occurred in later stages in both the patients who underwent prolonged conservative treatment, which was either purely coincidental or might be related to other factors, but due to the small number of cases in our study, any relevant conclusions could not be made.

In patients requiring emergency surgery at our center, we perform preoperative emergency chest and neck CT as well as evaluation of various inflammatory indicators to assess tracheal compression, pulmonary inflammation, presence of non-recurrent laryngeal nerve, and immediate endotracheal intubation for patients showing significant reduction in oxygen saturation. During the operation, the operation time should be shortened to reduce the spread of inflammation along with precise ligation of the blood vessels to avoid second surgical trauma and protect the recurrent laryngeal nerve to avoid aggravated dyspnea caused by vocal cord injury and difficult extubation at a later stage. In order to shorten the operative time, such patients can undergo thyroidectomy with a large cervical incision, subtotal thyroidectomy, or near-total thyroidectomy.

After emergency tracheal intubation for patients with giant nodular goiter showing tracheal compression combined with an acute attack of severe COVID-19 with low oxygen saturation, the selection of the extubation and operation time is a crucial parameter. After 3–4 days of an acute attack, the tracheal intubation can be removed by reassessing the levels of inflammatory indicators and the patient’s general condition. If the extubation is smooth, symptomatic treatment can be continued or deferred to elective thyroidectomy later on. If such patients fail in multiple extubation attempts, like in our case number 4, and for patients with severe thyroid-related tracheal compression, emergency surgery can be performed simultaneously as anti-COVID-19 treatment after the general condition is corrected.

After a comparative analysis, we suggest the following advantages of emergency surgery: it can quickly relieve upper respiratory tract obstruction, and postoperative patients recover faster. However, this technique has a disadvantage, namely, surgery may aggravate the inflammatory response. Furthermore, using a conservative treatment can avoid surgical stimulation that might aggravate the patient’s inflammatory response. Although it has a few disadvantages: it may lead to extubation difficulties, as long-term intubation may lead to aggravation of pulmonary infection, tracheomalacia, and other complications, and even delirium and other psychiatric symptoms at the later stages. In contrast, emergency surgery in such patients can provide a better prognosis. For choosing the timing of surgery, we suggest that before the COVID-19 progresses to critical illness, early surgery should be performed when the function of other organs is not significantly impaired, the earlier the operation, the greater the benefit to patients. Amin et al. (4) also recommended that in nodular goiter patients with respiratory obstruction, a timely intervention to relieve airway obstruction is the best choice. By analogy, patients with other diseases that may lead to acute exacerbation of pulmonary inflammation (such as chronic obstructive pulmonary disease) superimposed with giant nodular goiter and tracheal compression may also give priority to surgical treatment.



Conclusion

It is difficult to choose an accurate treatment plan for a giant nodular goiter with COVID-19-related respiratory tract obstruction. Our preliminary exploration suggests that an early surgery to relieve respiratory tract obstruction in such patients after evaluation of surgical tolerance can provide a better prognosis. However, due to fewer study cases in our center, this specific situation requires more samples for precise analysis to derive better conclusions.
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Female sex (number of cases/percentage* [%]) 84/48.3
Supplemental oxygen use (number of cases/percentage* [%]) 100/57.8
Death (number of cases/percentage* [%]) 30/17.2
NIV/CPAP/HFNO (number of cases/percentage* [%]) 12/6.9
Mechanical ventilation (number of cases/percentage* [%]) 3/1.7
Catecholamine infusion (number of cases/percentage* [%]) 6/35
Hospital stay for at least 10 days (number of cases/percentage* [%]) 87/50
Steroid use at any point of observation (number of cases/percentage* [%]) 93/53.4
Chronic steroid use before hospital stay (number of cases/percentage* [%]) 7/4.0
Abnormal TFTs at any point of observation (number of cases/percentage* [%)]) 140/80.5
History of hypothyroidism (number of cases/percentage* [%]) 18/10.3
I Levothyroxine supplementation prior to hospital stay (number of cases/percentage* [%]) 15/8.6
History of hyperthyroidism (number of cases/percentage* [%]) 2/1.1
Thyrostatic use prior to hospital stay (number of cases/percentage* [%]) 2/1.1
History of arterial hypertension (number of cases/percentage* [%]) 102/58.6
History of diabetes (number of cases/percentage* [%]) 53/30.5
History of asthma and/or chronic obstructive pulmonary disease (number of cases/percentage* [%]) 18/10.3
History of chronic kidney disease (number of cases/percentage* [%]) 26/14.9
History of hemodialysis (number of cases/percentage* [%]) 17/9.8
History of heart failure (number of cases/percentage* [%]) 17/9.8
History of atrial fibrillation(number of cases/percentage* [%]) 23/13.2
History of stroke (number of cases/percentage* [%]) 11/6.3
History of pulmonary embolism (number of cases/percentage* [%]) 3/1.7
History of active neoplasia (number of cases/percentage* [%]) 14/8.1

All numbers were mathematically rounded to the first decimal place. *Related to patients with available information.
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Time point of observation

2
Group (ie:nle;:l p value
<0.001*
TG (ng/ml), mean+SD 383 +55.0 322+452 26.6 +41.3 Ei:zzo'ggi
2,3=0.003
TG>N, number of cases (%) 15 (8.6) 13 (7.5) 5(3.0) 0.174*
Subgroup S:C;; X
<0.001*
TG (ng/ml), mean+SD 313 +452 269 + 463 217 + 462 iijﬁgﬁggi
2,3<0.001
TG>N, number of cases (%) 7(13.2) 7(132) 2(3.8) 0.379*
Subgroup I\Ligf X
TG (ng/ml), mean+SD 443 £ 65.6 403 +54.7 34.2 +38.0 0.806*
TG>N, number of cases (%) 8(24.2) 6(18.2) 3(9.1) 0.804*

GCG, patients treated with glucocorticoids; NGCG, patients not treated with glucocorticoids; N, upper limit of the norm. The General group: the mean TG concentration and the number of
cases exceeding N were calculated for the entire population. The GCG and NGCG subgroups: the mean TG concentration and the number of cases exceeding N were calculated for patients
with relevant data available for all three observation points.

*The marked p values were calculated for patients with relevant data available for all three observation points (General: n=86; GCG: n=53; NGCG: n=33).

Other p values were calculated for patients with relevant data available, with time points compared as indicated by numbers.
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Wangetal

China
Feb/2021
(102)

Gaoetal

China
Nov/2020
97)

Sun et al

China
Jul/2020
(103)

Lania et al

Italy
0ct/2020
(104)

Sen etal

India
Jan/2021
(105)

Chen et al

China
Jan/2021
(106)

Guo et al

China
Jan/2021
(95)

Schwarz.
etal

Israel
Feb/2021
(96)

Vassiliadi
etal.

Greece
Jun/2021
(107)

Yazan et
al

Turkey
Aug/2021
(108)

Ahn ]
etal.

Korea
Aug/2021
(109)

Clausen
etal.

Denmark
Set/2021
(110)

Okwor et
al

Nigeria
Set/2021
@)

Dutta et
al

India
Nov/2021
(112)

Lang et al

China
Nov/2021
(113)

Zheng
etal.

China
Nov/2021
(114)

Sethi et al

India
May/2022
(115)

Okoye et
al

Ttaly
May/2022
(116)

patients

Men’s n
(%) -

Age

84

53 (63.1%)
573+ 145

100

52 (52%)
66.1+ 16

336

17
(34.8%)
50

287

193
(67.2%)
66 (27-92)

60

Not
mentioned

50

33 (66%)
484 +137

121

57.0%
66 (56-72)

54

37 (68.5%)
587175

87

69 (66.3%)
59.3£183

205

13
(55.1%)

19

62 (52.1)
643 £ 16.8

116

44 (38%)

90
“s
control)

34 (75.6%)
353124

236

159 (6%)
54 (15-91)

127

62 (48.8%)
66 (53-71)

235

1n2
(47.6%)
61 (51-69)

57

39/57
(68%)
471

95

52.6%.
819+78

Comorbidity

Length of
stay

Not mentioned

Not mentioned

Not mentioned

14 days + 6

Hypertension
353%

Diabetes 15.3%
CVD 9.3%

Not mentioned

Hypertension
49.5%

Diabetes 24.4%
CVD 143%
COPD 122%

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Hypertension
38.8%

Diabetes 33.3%
CVD 296%

Not mentioned

Not mentioned

Not mentioned

Hypertension
42.6%

Diabetes 26.3%
CVD 152%
COPD 123%
Neoplasia 5.8%

Not mentioned

Hypertension
52.1%
Diabetes 30.3%
CVD 18.4%
COPD 59%

Not mentioned

Hypertension
46%

Diabetes 33%
Asthma 10%
COPD 8%

Not mentioned

Not mentioned

Not mentioned

Hypertension
43.2%

Diabetes 50.4%
Hypothyroidism
18%

CvD 8%

Eight days (1-
44)

Hypertension
41.7%

Diabetes 21,3%
CVD 102%
COPD 102%

Not mentioned

Hypertension
353%
Diabetes 15.3%
DCV 9.3%
COPD 5.9%

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Severity

Mortality

Moderate
25%
Critical
75%

0%

Moderate
34%
Critical
66%

2%

Mild/
Moderate
923%
Critical
77%

0%

Critical
(100%
cu)

214%

Mild 43.3%
Moderate
26.7%
Critical
30%

0%

Mild 30%
Moderate
46%
Critical
24%

0%

Critical
100%

28.9%

Moderated
68.5%
Critical
314%

10%

Moderate
47.1%
Critical
52.9%

14.9%

Moderate
85%
Critical
15%

43%

Moderate
26.9%
Critical
73.1%

286%

Moderate
83%
Critical
17%

24%

Not
mentioned

0%

Moderate
94.1%
Critical
59%

47%

Mild 44.1%
Moderate
42.5%
Critical
13.4%

8.6%

Moderate
20.8%
Critical
79.2%

6.8%

Mild 33.3%
Moderate
333%
Critical
33.3%

Not
‘mentioned

Mild 55.4%
Moderate
19.3%
Critical
253%

263%

Thyroid
function
markers

Inflammatory
markers

TSH, TT3, TT4

Procalcitonin,
PCR, IL-6, IL-10,
TNF-0,
interferon-y

TSH, FT4, FT3

PCR, D-dimer, IL-
6, TNF-alfa, NT-
proBNP

FT3, FT4, TT3,
TT4

CD3, CD4, CD19,
CRP

TSH, FT3, FT4

16

TSH, FT3, FT4,
TT3, TT4, TPOAb

Ferritin, D-dimer

TSH, FT3, FT4

Albumin

FT4, FT3

TL-2R, 1L-6, IL-8,
IL-10, TNF-0t,
NT-proBNP,
troponin, and hs-
CRP

TSH, FT4, FT3

CRP, D-dimer,
ferritin, troponin,
LDH

TSH, FT4, TT3,
TG

L6

TSH, FT3, FT4,
TGAb, TPOAb

CRP, D-dimer,
ferritin, DHL

TSH, FT3, FT4

CRP

TSH, FT4

35 cytokines

TSH, FT3, FT4

CPR

TSH, FT3, FT4

CPR, D-dimer, IL-
6, ferritin, DHL.

TSH, FT4, FT3

CRP, D-dimer, IL-
6.

TSH, FT3, FT4

PCR, D-dimer, IL-
6, BNP

TSH, FT3, FT4

CPR

TSH, FT3, FT4

CPR

Hyperthyroidism
(%)

NTIS (%)

Overt thyrotoxicosis
4%

Subclinical
thyrotoxicosis 4%

Not mentioned

Overt thyrotoxicosis
17%

28%

Not mentioned

Not mentioned

Overt thyrotoxicosis
10.8%

Subclinical
thyrotoxicosis
19.9%

Not mentioned

Not mentioned

Not mentioned

56%

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Not mentioned

Overt thyrotoxicosis
69%

Subclinical
thyrotoxicosis 6.8%

47.1%

Overt thyrotoxicosis
3.9%

Subclinical
thyrotoxicosis 4.3%

52.6%

Overt thyrotoxicosis
0%

Subclinical
thyrotoxicosis 14.3%

18.5%

Overt thyrotoxicosis
17%

Subclinical
thyrotoxicosis

9.5%

17%

Overt thyrotoxicosis
22%

156%

Subelinical
thyrotoxicosis
38%

27%

Not mentioned

16,5%

Not mentioned

14.47%

Overt thyrotoxicosis
28%

Subclinical
thyrotoxicosis

9%

Not mentioned

Not mentioned

66.3%

Main statistical findings

Limitations

TT3 and TSH levels were significantly
lower in COVID-19 patients (p <
0.001).

Thyroid dysfunction was more
commonly found in critical than in
‘mild/moderate cases (74.6 vs 23.8%, p
<0.001).

‘The group with thyroid dysfunction
also had an increased level of
leukocytes (p < 0.001), neutrophils (p
<0.001), CRP (p = 0.002), and PCT (p
0.054); and a decreased level of
lymphocytes (p < 0.001).

Small sample size. Free T3, free T4,
and reverse T3 were not measured.

FT3 levels are lower in severe ill
patients (4.40 + 0.88 vs 3.41 £ 0.90, p
<0.001).

TSH levels are lower in severe ill
patients (2.03 (1.24, 3.31) vs 1.20 (045,
205), p = 0.002).

Small sample size. Sample composed
mainly of patients with severe COVID-
19.

TT3, FT3, TT4 and FT4 were
significantly lower in moderatel
patients; TT3 AUROC 0.96.

TSH and reverse T3 were not
‘measured.

In the multivariate analysis,
thyrotoxicosis was associated with
higher IL-6 levels (odds ratio: 3.25,
95% CI: 197-5.36; P < 0.001).

16% of patients with overt
thyrotoxicosis developed
thromboembolic events.

In several patients, thyroid function
was assessed in the course of treatment
with low-molecular-weight heparin.

35% of the patients showed one o
‘more abnormality in thyroid function.
‘The commonest abnormality

was low TSH, found in 11 patients
(18.33%).

Small sample size.

649% of the patients
had abnormal thyroid function
parameters.

Small sample size.

In the ROC curve, the FT3 variable
was the best laboratory variable in
predicting hospital mortality (AUC
0.863), 3.25 pmol/L cut-off.

Small sample size. TSH and reverse T3
were not measured.

Patients in the lowest FT3 tertile had
significantly lower mean room air
oxygen saturation on presentation
(81%, 92.7%, and 93.7%, respectively; p
=0.006).

Small sample size. Reverse T3 was not
dosed.

T3 and TSH levels were lower in the
ICU patients (70.5 + 31.9 vs 89.7 +
42,0, P = 0.001 and 0.95 + 0.93 vs 1.66
£ 146, P < 0.001, respectively),

Small sample size. Free T3 and reverse
T3 were not measured.

Thyroid dysfunction rate was 65.8% in
this study.

FT3 (rho = -0.34, p < 0.001), and TSH
(tho = -0.21, p = 0.002) had weak
negative correlations with WHO illness
severity scores.

Absence of a control group.

Patients with severe to critical COVID-
19 disease had lower TSH (median:
0.90 mlU/L vs 167 mIU/L, p = 0.006)
and T3 (median: 0.82 ng/mL vs 111
ng/mL, p < 0.001) levels compared
with those with non-severe discase.

T3 was negatively correlated with hs-
CRP (r=-0.373, p < 0.001) and WBC
count (r=-0.463, p < 0.001).

Sample composed mainly of patients
with severe COVID-19. Reverse T3
was not measured.

18.1% patients had biochemically
thyroid dysfunction.
IL-8 (r = ~0.248, P = 0.008), IL-10 (r =
-0.253, P = 0.007), IL-15 (= -0.213,
.02), TP-10 (r = ~0.334, P = 0.0003)
and GM-CSF (r=-0.254, P <0.007)
were inversely correlated with TSH.
IL-8 levels, IP-10, and GM-CSF were
higher in patients with serum TSH <
04 mIU/L.

Small sample size. Free T3 and reverse
T3 were not measured.

Plasma levels of FT3 (4.19 + 132 vs
242 +0.83) and TSH (2,60 + 104 vs
1.68 + 0.67) were significantly higher
in COVID-19 patients compared to
healthy controls (p< 0.001).

Small sample size. Young population
and mostly men.
Severity criteria were not used.

Low FT3, high TSH and low TSH were
56 (23.7%), 15 (6.4%) and 9
(3.8%) patients, respectively.

seen

Most patients with moderate disease.

‘The serum levels of TSH [0.8 (0.5-1.7)
v5. 19 (10-3.1) uIU/mL, P = .031]
and FT3 29 (28-3.1) vs5. 42 (35-4.7)
pmol/L, P <.001] were lower in non-
survivors than in survivors.

Small sample size. Corticosteroids in
the treatment of COVID-19.

‘The proportion of subclinical
hypothyroidism was 7.23% in COVID-
19 patients.

Patients with NTIS had higher CRP
(17.6 (2.6) vs 67.4 (7.4), p<0.001),
WBC count (626 (0.2) vs 7.59 (06),
=0.001) and ESR (43.9 (27) vs 81.5
(8.5), p<0.001).

Most critically ill patients. Reverse T3
was not measured.

28% of the patients had raised T4 and
around 9% had decreased TSH.

A negative correlation was found
between TSH and CRP (r=-0.541).

Small sample size.

There is no difference in the incidence
of NTIS between patients with
COVID-19 (66.3%) and patients with
non-COVID-19 pneumonia (67,9%) (p
=0.82).

Small sample size. Only hospitalized
elderly.

Thyroid function and clinical
outcomes

Thyroid dysfunction tended to be associated with longer viral nucleic
acid cleaning time (14.13 +9.39 vs. 10.56 + 8.29 days, p = 0.088).

‘The lower (versus upper) two-thirds of FT3 were associated with all-
cause mortality HR (95% CI) of 9.23 (2,01, 42.28).

Thirty-six of the clinical and laboratory features analyzed were found
to be statistically associated with severefcritical symptoms of
COVID-19.

‘The in-hospital mortality rate was higher in patients with either
thyrotoxicosis or hypothyroidism.

In discharged patients, the duration of hospitalization resulted to be
significantly longer in cases with thyrotoxicosis as compared to those
with either normal TSH or hypothyroidism.

FT4 is associated with the severity of the disease (P = 0.009).

‘The more severe the COVID-19, the lower the levels of TSH and
TT3 (p <0.001).

Not mentioned.

Patients in the lowest FT3 tertile had a significantly higher mortality
rate (40%, 5.9%, and 5.9% in the first, second, and third tertiles,
respectively; P = 0.008), more mechanical ventilation (45%, 29.4%,
and 0.0%, respectively; P = 0.007), and ICU hospitalization (55%,
29.4%, and 5.9%, respectively; P = 0.006).

‘The prevalence of thyroid hormone abnormalities increased with
increasing disease severity.

Length of hospitalization, rate of oxygen demand, ICU admission
and mortality were lower in euthyroid patients.

FT3 and TSH levels were significantly lower in patients admitted to
ICU (p < 0.001 and p = 0,005, respectively).

COVID-19 patients in the lower third of T3 levels (compare to
‘middle and upper third of T3 levels) had poor outcomes: ICU
admission (61.5% vs 32.5% vs. 30%, p .005), mechanical
ventilation (46.2% vs 27.5% vs 12.5%, p = 0.001), and death (48.7%
Vs 32.5% v 5%, p < 0.001). The Kaplan-Meier curves for survival
showed increased mortality of the lowest third T3 (log-rank
P=0014).

Neither TSH in the whole cohort nor in the group with TSH levels
<04 mIU/L was associated with 30- and 90-day mortality in crude
and adjusted logistic regression models (adjusted for age, sex, and
1L-6).

Amongst COVID-19 patients 7 (15.6%) presented euthyroid sick
syndrome whereas no cases were found in the control group.

Cox regression analysis showed that low FT3 was associated with
severe COVID-19 (P =0.032, HR 0.302; CI 0.101-0.904).

‘The duration of hospital stay correlated negatively with both FT3
and TSH.

Patients with low FT3 (<3.1 pmol) had a higher risk of death
(adjusted OR 13.2, 95% CI 3.87-55, p < 0.001).

Patients with NTIS had higher incidences of COVID-related
complications,

including ARDS (9.1-13.0% vs 0.0-1.1%), acute cardiac injury (54.5-
70.0% vs 15.3-23.5%), acute kidney injury (21.7-27.3% vs 0.0-2.7%),
shock (36.4 47.8% vs 0.0-1.6%), hypoalbuminemia (45.5-52.2% vs
18.6- 23.5%), and coagulopathy (27.3-30.0% vs 0.0-10.9%), as well
as higher severe types of COVID-19 (100% vs 75.5-76.5%)
compared to patients with normal thyroid function.

T3 (H = 1198, p =0.02) and T4 (H = 671, p = 0035) were lower in
higher discase severity (p <0.05).

Among COVID-19 patients, a slightly lower mortality of NTIS
patients was observed (23.8% vs 31.2% respectively, p=0.43), while

non-COVID-19 patients with NTIS showed a three times higher
mortality than non-NTIS (14.5% vs 3.8% respectively, p=0.09).
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Number = Comorbidity
of
patients
Men’s n Length of
(%) — stay
Age
145 Not mentioned
(COVID-
19), 93
(ICu), 52
(non-ICU);
101 (non-
COVID-
19)
89 (61.4%) COVID-19 ICU
COVID-19 (238 £15.8
ICU 65.3 + days)
12.9 years COVID-19
COVID-19  NICU
non-ICU (223 £ 155
703 +18.1  days)
years
334 Hypertension
48,5%
Diabetes 39,5%
CVD 23,7%
COPD 17,4%
CKD 13,2%
203 8 days (IQR 6-
(60,8%) 11).
66,1 + 16
years
250 Not mentioned
157 (63%) 9 days (IQR 5-
68 (54-78) 15).
years
367 Hypertension
24,3%
Diabetes 16,3%
CVD 5,4%
CVA 2,7%
COPD 3,5%
172} 8 days (IQR 6-
(46,9%) 13).
54+ 15
years
115 Hypertension
64%
Diabetes 17,5%
Cardiopathy
6,3%
CVA 4,2%
Pneumopathy
3,1%
97 (67%) 21 + 19 days
68.1 £ 14
years
245 Hypertension
66.5%
Diabetes 44.6%
DCV 13.8%
Pneumopathy
4.4%
145 6 (4-10) days
(59.1%)
62 (49-75)
years
78 Hypertension
55.1%
Diabetes 25.6%
CVD 15.4%
COPD 12.8%
Cancer 11.5%
55178 Survivors 37
(70.5%) (22-83) days
Survivors Non-survivors
59 + 12 18 (7-39) days
Non-
survivors
68+ 12
55 Not mentioned
28 (50.9%) Not mentioned
56 (21-89)
years
506 Hypertension
51.3%
Diabetes 17%
CVD 26.9%
COPD 7.1%
Cancer 18.4%
62.3% 12.5 + 9.1 days
68.8 + 1.6
years

Severity  Thyroid func-

tion markers

Mortality

Inflammatory
MEEY

Moderate TSH, FT4, FT3

35.9%

Critical

64.1%

COVID-19 PCR, D-dimer,

ICU ferritin, DHL.

(18.7%)

COVID-19

NICU

(7.8%)

Moderate TSH, FT4

89,3%

Critical

10,7%

26% CPR, cortisol,
albumin

Moderate TSH, FT4

50%

Critical

50%

15,2% PCR, D-dimer,
ferritin

Mild 75,2%  TSH, FT3, FT4

Moderate

21%

Critical

3,8%

1% CPR, CPK, TGP,
DHL

Critical TSH, FT3, FT4,

100% Tg, anti-Tg

(ICv)

31.3% PCR, Cortisol

Non- TSH, FT3, FT4,

critical TT3, rT3, Tg anti-

73.9% Tg

Critical

26.1%

16.7% PCR, D-dimer,
fIL-6, DHL,
albumin

Critical TSH, FT3, FT4,

100% 13, ¥T3

29.5% Not evaluated

Mild 22% TSH, FT3, TT3,

Moderate FT4, TT4, anti-

27.1% TPO

Critical

50.8%

7.4% CPR, D-dimer,
ferritin, DHL,
VHS, fibrinogenin

Mild/ TSH, FT3, FT4

Moderate

73.7%

Critical

26.3%

19% IL-6, NT-ProBNP,

PCR,
procalcitonin, D-
dimer, DHL,

Hyperthyroidism
(%)

NTIS (%)

Overt thyrotoxicosis
11.8%

Subclinical
thyrotoxicosis

17.7%

Not mentioned

Overt thyrotoxicosis
0%

Subclinical
thyrotoxicosis

54%

Not mentioned

Overt thyrotoxicosis
4%

Subclinical
thyrotoxicosis 5.2%

13%

Subclinical
thyrotoxicosis
8,2%

7:4%

Subclinical
thyrotoxicosis:

during admission
(10,4%), during
hospitalization (23,5%)

9%

Subclinical
thyrotoxicosis 27.3%

Not mentioned

46.2%

0%

54.5%

Overt thyrotoxicosis
12.4%

57%

Main statistical findin

FT4 were higher in the COVID-19 ICU group
(18.7 + 5.4) than in the COVID-19 NICU (13.5 +
4.6) group (p=0-016) but not in non-COVID-19
group (162 + 2.4) (p=0-38).

Small sample size. Reverse T3 and other
biomarkers were not measured.

Patients with COVID-19 had lower TSH (1.03
mU/L) and FT4 (12.60 pmol/L) than patients
without COVID-19: TSH (1.48 mU/L, P = 0.01)
and T4L (13.11 pmol/L, P = 0.01).

Free T3 was not measured; therefore, patients with
NTIS were not analyzed.

The FT3 level showed a negative correlation with
length of hospital stay and CRP (r = -0.216,
p=0.001; r = -0.383, P < 0.0001).

Small sample size. Diabetic and nephropathy
patients were excluded.

Patients with NTIS had a higher risk of death
(adjusted OR 3.18, 95% CI 1.23-8.25, p = 0.017),

Most mild COVID-19 patients. Reverse T3 not
measured.

Low TSH levels were found either at admission or
during hospitalization in 39% of patients,
associated with low FT3 in half of the cases.

In the univariate analysis, the predictors of
mortality were low FT3 (P <0.0001) and low FT4
(P = 001).

Only severe COVID-19 patients.

T3 levels were lower in critically ill compared with
non-critical patients [T3: 2.82 (2.46-3.29) pg/mL
vs. 3.09 (2.67-3.63) pg/mL, p = 0.007].

Serum reverse triiodothyronine (rT3) was mostly
elevated but less so in critically ill compared with
non-critical patients [rT3: 0.36 (0.28-0.56) ng/mL
vs. 0.51 (0.31-0.67) ng/mL, p = 0.001].

There is correlation between in-hospital mortality
and serum fT3 levels (odds ratio [OR]: 0.47; 95%
confidence interval [CI 0.29-0.74]; p = 0.0019),
rT3 levels (OR: 0.09; [CI 0.01-0.49]; p = 0.006)
and the product fT3 - rT3 (OR: 0.47; [CI 0.28-
0.74]; p = 0.0026).

It is unclear whether a decrease in caloric intake, a
weight loss, or a combination of these factors are
the cause of decreased fT3 levels in COVID-19
critically ill patients.

FT3 levels were lower in non-survivors (1.6 + 0.2)
vs survivors (1.8 + 0.5) p = 0.02.

Small sample size. Critical patients only.

The T3/T4 ratio was significantly lower in patients
with severe disease compared with those with
mild/moderate infection [7.5 (4.5-15.5) vs. 9.2
(5.8-18.1); p =0.04] and lower in patients who died
than in patients who were discharged [5.0 (4.53-
5.6) vs. 8.1 (4.7-18.1); p = 0.03]

Small sample size.

In Kaplan-Meier and Cox regression analyses, fT3
was independently associated with poor outcome
and death (p = 0.005 and p = 0.037, respectively).
A critical fT3 threshold for levels < 2.7 pmol/l
(sensitivity 69%, specificity 61%) was associated
with a 3.5-fold increased risk of negative outcome
(95%ClI 2.34-5.34).

Monocentric study, without a control group. Most
mild patients. Reverse T3 levels were not evaluated.
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2019 2020
FNABs (n) 59,411 42,087
Mean FNABs per month* 4,951 + 520 3,507 + 1,040
Oncologic thyroidectomies (n) 4,470 3,694
Mean thyroidectomies per month* 373 £39 308 + 78
RAI (n) 4,105 2942
Mean RAI per month* 342 £ 46 245+71

2021

60,583
5,049 + 694
4,242
354 +45
3,084
257 63

Comparison between the monthly average of procedures of 2019, 2020, and 2021. Welch’s ANOVA test was used. *Statistically significant. FNABs: p<0.001; Oncologic Thyroidectomies:

p = 0.025; RAL p = 0.001.
FNABSs, fine-needle aspiration biopsies; RAI radioiodine therapy.
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Symptoms Oxygen saturation Novel coronavirus

pneumonia grade

Casel Deep breathing, respiratory rate 40 T 37.9°C Clear breath 86% Severe
times/min, lips and nail bed cyanosis  sounds in bilateral lung,

‘without obvious rales

Case2 Dysphoria, extreme dyspnea, cyanotic | No fever, clear breath 67% Critical type
Tips and nail bed respiratory rate 40 sounds in bilateral lung,
breaths/min without obvious rales

Case3 Cough, expectoration, shortness of No fever, moist rales 92% Severe

breath 30 beats/min, cyanoticlips and  palpable in bilateral

nail bed lung
Cased Ventilator-assisted breathing statusat  Crackles heard in 50% Critical type
admission to our hospital bilateral lung
Grading G al presentati
Mild Mild clinical symptoms, no imaging findings of pneumonia
Common type With fever, respiratory tract and other symptoms, imaging showed pneumonia
Severe Meet any of the following:

1. Respiratory distress, RR 230 beats/;
2. Oxygen saturation <93% at rest;
3. Arterial partial pressure of oxygen (PaO2)/oxygen concentration (Fi02) < 300 mmHg;
4. Progressive aggravation of clinical symptoms, pulmonary imaging showed that the lesion significantly
progressed >50% within 24-48h
Critical type Patients who meet one of the following conditions
1. Respiratory failure, and need mechanical ventilations
2. Shock;
3. Combined with other organ failure need ICU monitoring treatment.

The grading criteria for COVID-19 in China.
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Neutrophil

percentage

Case 1
Preoperative 9.70x10M9/L,

Postoperative 7.80x1009/L,

Case 2

Preoperative 581x10M9/L

Postoperative 12.60x1079/L
Case 3 3.00x1009/L,

Case 4 17.80x1009/L
Reference value 4-10x107/L

76.4%

79.6%

74.6%

90.4%

78.1%

93.6%

50.0-70.0%

WBC, white blood cell; CRP, C reactive protein; IL-6, Interleukin- 6; PCT, procalcitonin.

1.7pg/mL
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11.0pg/mL.
97.1 pg/ml.
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Variables

Before matching

Vaccine group
N = 2,765

Control
N = 1,288

After matching (N

Vaccine group

Mean (SD) 4234 (13.99) 51.84 (14.91) 47.39 (12.78) 48.69 (14.01)
Age (years) <0.01 0.03
Median (quartile) 41 (31-54) 52 (42-63) 48 (37-56) 50 (39-58)
Male 415 (15.0) 440 (34.2) 286 (27.5) 261 (25.1)
Gender <0.01 0.21
Female 2350 (85.0) 848 (65.8) 753 (72.4) 778 (74.9)
Mean (SD) 9.60 (10.95) 10.14 (6.65) 9.40 (8.87) 9.74 (6.64)
Time since diagnosis (months) 0.05 0.33
Median (quartile) 5(3-10) 9 (5-14) 6 (4-10) 8 (4-14)
Mean (SD) 29329 (111.70) 292,60 (119.35) 291.13 (108.37) 292.14 (119.30)
TSH (uIU/dl) 0.86 0.84
Median (quartile) 291 (201-384) 292 (189-393) 290 (204-378) 293 (189-394)
Mean (SD) 581.12 (789.94) 435.02 (476.71) 487.52 (684.91) 447.42 (489.24)
CRP (ug/dl) <0.01 0.13
Median (quartile) 190 (80-740) 240 (130-650) 180 (70-620) 240 (140-180)
Mean (SD) 146.97 (103.33) = 148.52 (105.02) -
1L-6 (pg/ml) - -
Median (quartile) 117 (64-204) - 118 (64-207) -
Mean (SD) 92.17 (375.92) - 117.62 (448.82) -
Anti-TG (IU/ml) = =
Median (quartile) 15.81 (13.91-33.83) - 16.14 (13.97-14.03) -
Mean (SD) 38.36 (100.55) 56.82 (121.81) 48.30 (121.10) 50.92 (112.68)
Anti-TPO (IU/ml) <0.01 0.61
Median (quartile) 11.37 (8.67-17.31) 14 (8-19) 11.48 (8.73-18.94) 14 (8-19)
Yes 2661 (96.2) 1168 (90.7) 85 (8.1) 68 (6.5)
Comorbidity with other AIIDs <0.01 0.15
No 104 (3.8) 120 (9.3) 954 (91.9) 971 (93.5)
Mean (SD) 8.52 (5.17) 8.29 (4.40) 891 (5.35) 8.26 (4.41)
BDI values 0.08 0.03
Median (quartile) 8 (4-12) 8 (5-12) 9 (4-12) 8 (5-12)
No 2266 (82.0) 984 (76.4) 806 (77.6) 806 (77.6)
Psychiatric disease history <0.01 1.00
Yes 499 (18.0) 304 (23.6) 233 (22.4) 233 (22.4)

SD, standard deviation; AIIDs, autoimmune inflammatory diseases; BDI-13, Beck Depression Inventory; TSH, thyroid stimulating hormones; CRP, C-reactive proteins.
'Independent t-test (continuous variable) and chi-square test (categorical variable).
Wilcoxon signed-rank test (continuous variable) and McNemar test (categorical variable).





OPS/images/fimmu.2023.1129746/table2.jpg
Variables P (univariate) P (multivariate) HR (95% Cl)

Gender 0.56 = =
Age 0.27 - -
Time since diagnosis 0.96 - -
<201 <0.01 <0.01 0.27 (0.18-0.40)
201-291 <0.01 <0.01 0.50 (0.38-0.67)
TSH (uIU/dl)
291-384 <0.01 <0.01 0.71 (0.54-0.93)
>384 Reference Reference Reference
<80 <0.01 <0.01 0.36 (0.27-0.48)
80-190 <0.01 <0.01 0.10 (0.06-0.17)
CRP (ug/dl)
190-740 <0.01 <0.01 0.56 (0.43-0.74)
>740 Reference Reference Reference
<64 <0.01 0.85 0.97 (0.69-1.36)
64-117 <0.01 0.84 1.03 (0.75-1.42)
IL-6 (pg/ml)
117-204 <0.01 0.32 1.17 (0.86-1.58)
>204 Reference Reference Reference
Anti-TG antibody (IU/ml) 0.67 - -
<8.67 <0.01 <0.01 0.09 (0.06-0.15)
8.67-11.37 <0.01 <0.01 0.08 (0.05-0.13)
Anti-TPO antibody (IU/ml)
11.37-17.31 <0.01 <0.01 0.28 (0.21-0.37)
>17.31 Reference Reference Reference
Comorbidity with other AIIDs 0.22 - -
BDI values 0.55 - -
Psychiatric disease history 031 - -

AlIDs, autoimmune inflammatory diseases, BDI-13, Beck Depression Inventory, TSH, thyroid stimulating hormones; CRP, C-reactive proteins; HR, hazard ratio; CI, confidence interval.
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Age (y), median (IQR) 49 (41-51)
Sex (Female), n (%) 20 (61)
Body mass index (kg/mz), median (IQR) 21 (20-23)
Smoking, n (%) 8 (24)
Alcohol (g/week), median (IQR) 0 (0-32)
Fever, n (%) 10 (30)
History of thyroid disease, n (%) 39
Family history of thyroid disease, n (%) 1(3)
Comorbidities

Asthma, n (%) 2 (6)
Hypertension, n (%) 5 (15)
Dyslipidemia, n (%) 2 (6)
Malignancy, n (%) 2 (6)

“ Diabetes mellitus, n (%) 0 (0)
Autoimmune disease, n (%) 1(3)
Cerebral infarction, n (%) 0 (0)
Current medication

| Allergy, n (%) 4 (12)
Hypertension, n (%) 4 (12)
Dyslipidemia, n (%) 2 (6)
Diabetes mellitus, n (%) 0 (0)
Immunosuppressant, n (%) 1(3)

Anti-SARS-CoV-2 S IgG antibody

Baseline IgG titer (U/mL), median (IQR)

4 weeks after vaccination

Days after 2nd dose, median (IQR)

<0.4 (<0.4-<0.4)

28 (28-28)

IgG titer (U/mL), median (IQR)

923 (642-1377)

24 weeks after vaccination

Days after 2nd dose, median (IQR)

168 (168-168)

IgG titer (U/mL), median (IQR)
32 weeks after vaccination
Days after 2nd dose, median (IQR)

IgG titer (U/mL), median (IQR)

399 (233-682)

224 (224-224)

316 (176-538)

4 weeks after 3rd vaccination

Days after 3rd dose, median (IQR)

IgG titer (U/mL), median (IQR)

28 (28-28)

16885 (10566-21842)

TRAb (IU/L)

Baseline, mean (SD) 0.82 (0.07)

32w, mean (SD) 0.91 (0.14)

4 weeks after the 3rd dose, mean (SD) 1.07 (0.34)

TSH (WlU/mL)

Baseline, mean (SD) 2.02 (1.94)

32w, mean (SD) 1.91 (1.52)

4 weeks after the 3rd dose, mean (SD) 1.71 (1.32)

FT4 (ng/mL)

Baseline, mean (SD) 1.20 (0.12)

32w, mean (SD) 1.20 (0.15)

4 weeks after the 3rd dose, mean (SD) 1.18 (0.16)

FT3 (pg/mL)

Baseline, mean (SD) 2.94 (0.39)

32w, mean (SD) 3.02 (0.35)

4 weeks after the 3rd dose, mean (SD) 2.87 (0.39)

TgAb (IU/mL)

32w, mean (SD) 140 (459)

4 weeks after the 3rd dose, mean (SD) 174 (626)
| TPOAD (IU/mL)

32w, mean (SD) 48 (128)

4 weeks after the 3rd dose, mean (SD) 51 (133)

IQR, interquartile range.
Sex was recorded as 0: male and 1: female.
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ATgAb TgAb (4 weeks after the third dose)

Variable B (95% Cl) B (95% Cl)

Age (y) 0.08 (-0.27 to 0.41) 67 0.11 (-0.25 to 0.43) 56
Sex 0.16 (-0.19 to 0.48) 38 0.20 (-0.16 to 0.51) 27
Body mass index (kg/m?) 0.12 (-0.24 to 0.44) 52 0.1 (-0.24 to 0.43) 55
Smoking -0.11 (-0.44 to 0.24) 55 -0.10 (-0.43 to 0.25) 58
Alcohol (g/week) -0.11 (-0.44 to 0.24) 55 -0.14 (-0.46 to 0.22) 45
Fever -0.10 (-0.43 to 0.25) 57 -0.08 (-0.42 to 0.27) 64
History of thyroid disease 0.55 (0.26 to 0.75) 00 0.61 (033 to 0.79) .00
Family history of thyroid disease -0.03 (-0.37 to 0.31) 85 -0.04 (-0.38 t0 0.30) 80

Anti-SARS-CoV-2 S Ab IgG titer (U/mL)

Pre-vaccination (Baseline) N/A N/A

4 weeks after the 2nd dose -0.05 (-0.39 to 0.30) 78 0.03 (-0.32 to 0.37) 87
24 weeks after the 2nd dose -0.02 (-0.36 to 0.32) 90 0.04 (-0.31 to 0.38) 84
32 weeks after the 2nd dose 0.07 (-0.28 to 0.40) 69 0.15 (-0.21 to 0.47) 42
4 weeks after the 3rd dose 0.02 (-0.32 to 0.36) 90 0.08 (-0.28 to 0.41) 68
TRAb (IU/L)

Baseline -0.04 (-0.38 to 0.31) 82 -0.06 (-0.39 to 0.29) .76
32w 0.38 (0.05 to 0.64) .03 0.38 (0.04 to 0.64) .03
4 weeks after the 3rd dose 0.12 (-0.23 to 0.45) 49 0.11 (-0.25 to 0.43) .55
ATRAb 0.14 (-0.21 to 0.46) 44 0.13 (-0.23 to 0.45) 48

TSH (U/mL)

Baseline 0.00 (-0.35 to 0.34) 99 -0.01 (-0.35 to 0.34) 97
32w -0.06 (-0.39 to 0.29) 76 -0.06 (-0.39 to 0.29) 75
4 weeks after the 3rd dose -0.09 (-0.42 to 0.26) 62 -0.09 (-0.42 to 0.26) 63
ATSH -0.09 (-0.42 to 0.26) 63 -0.08 (-0.41 to 0.27) 66
FT4 (ng/dL)

Baseline -0.23 (-0.53 t0 0.13) 21 -0.22 (-0.52 to 0.14) 22
32w -0.30 (-0.59 to 0.05) 09 -0.29 (-0.58 to 0.06) 10
4 weeks after the 3rd dose -0.27 (-0.56 to 0.08) i i -0.27 (-0.56 to 0.09) 14
AFT4 -0.14 (-0.46 to 0.21) 43 -0.14 (-0.46 to 0.21) 43

FT3 (pg/mL)

Bascline -0.12 (-0.44 t0 0.23) 51 -0.17 (-0.49 t0 0.18) 34
32w -0.12 (-0.44 to 0.24) 52 -0.14 (-0.46 to 0.22) .45
4 weeks after the 3rd dose -0.19 (-0.50 to 0.17) .30 -0.23 (-0.53 to 0.13) 21
AFT3 -0.11 (-0.43 to 0.25) 56 -0.08 (-0.42 t0 0.27) 64
TgAb (IU/mL)

32w 0.98 (0.95 to 0.99) .00 1.00 (1.00 to 1.00) .00
4 weeks after the 3rd dose 0.99 (097 to 0.99) 00 N/A

TPOADb (IU/mL)
32w 0.76 (0.57 to 0.88) .00 0.76 (0.56 to 0.87) .00

4 weeks after the 3rd dose 0.73 (052 to 0.86) 00 0.73 (051 to 0.86) .00

Sex was recorded as 0: male and 1: female. The other dichotomous variables were recorded as 0: no/absent and 1: yes/present. N/A, Not applicable.
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Characteristics

Value

Age (y), median (IQR) 50 (38 - 54)
Sex (Female), n (%) 48 (69)
Body mass index (kg/mz), median (IQR) 22 (20 - 24)
Smoking, n (%) 14 (20)
Alcohol (g/week), median (IQR) 0 (0 -31)
Fever, n (%) 23 (33)
History of thyroid disease, n (%) 4 (6)

| Family history of thyroid disease, n (%) 3 (4)
Comorbidities
Asthma, n (%) 3 (4)
Hypertension, n (%) 9 (13)
Dyslipidemia, n (%) 8 (11)
Malignancy, n (%) 2(3)
Diabetes mellitus, n (%) 0 (0)
Autoimmune disease, n (%) 2 (3)
Cerebral infarction, n (%) 1(1)
Current medication
Allergy, n (%) 9 (13)
Hypertension, n (%) 8 (11)
Dyslipidemia, n (%) 8 (11)
Diabetes mellitus, n (%) 0 (0)
Immunosuppressant, n (%) 2 (3)

Anti-SARS-CoV-2 S IgG antibody

Baseline IgG titer (U/mL), median (IQR)

<0.4 (<0.4-<0.4)

4 weeks after vaccination

Days after 2nd dose, median (IQR)
IgG titer (U/mL), median (IQR)
24 weeks after vaccination

Days after 2nd dose, median (IQR)

28 (28-28)

1158 (717-1611)

168 (168-168)

IgG titer (U/mL), median (IQR)

417 (223-712)

32 weeks after vaccination

Days after 2nd dose, median (IQR)
IgG titer (U/mL), median (IQR)
4 weeks after 3rd vaccination

Days after 3rd dose, median (IQR)

224 (224-224)

325 (169-546)

28 (28-28)

IgG titer (U/mL), median (IQR)

17627 (10898-24175)

TRAb (IU/L)

Baseline, mean (SD) 0.81 (0.05)
32w, mean (SD) 0.91 (0.15)
4 weeks after the 3rd dose, mean (SD) 0.97 (0.30)
TSH (ulU/mL)

Baseline, mean (SD) 2.06 (1.89)
32w, mean (SD) 1.95 (1.36)
4 weeks after the 3rd dose, mean (SD) 1.72 (1.13)
FT4 (ng/mL)

Baseline, mean (SD) 1.21 (0.15)
32w, mean (SD) 1.22 (0.16)
4 weeks after the 3rd dose, mean (SD) 1.19 (0.17)
FT3 (pg/mL)

Baseline, mean (SD) 2.98 (0.41)
32w, mean (SD) 3.08 (0.36)
4 weeks after the 3rd dose, mean (SD) 2.93 (0.41)

IQR, interquartile range.
Sex was recorded as 0: male and 1: female.
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Outcome NSNP IVW Weighted Median MR-Egger P(F) Plytciotropy) PlGlobal)

OR((95%CI) P OR(95%CI) P OR(@95%CI) P

COVID-19 Hyper 7 0.963 (0.589, 1.575) 0.881 1.072 (0.667, 1.725) 0.773 2.745 (0.825, 9.132) 0.161 0.027 0.128 NA
susceptibility
Hypo 7 1.577 0.022 1.527 0.029 2358 (0.682, 8.032) 0.228 0.037 0.525 0.062
(1.065, 2.333) (1.042, 2.240)
COVID-19 Hyper 5 1.131 (0.936, 1.367) 0.203 1.200 0.077 1221 0.214 0.284 0.185 0.324
hospitalization (0.980, 1.469) (0.889, 1.670)
Hypo 5 1.151 (1.004, 1.319)  0.042 1.197 (1.023, 1.401) 0.023 1.342 (1.017, 1.771) 0.038 0.599 0.302 0.574
COVID-19 Hyper 8 1.069 0.228 1.094 0.220 1.238 (0.955, 1.607) 0.158 0.612 0.269 0.532
very severe (0.959, 1.193) (0.948, 1.263)
Hypo 8 1.103 (0.963, 1.263) 0.158 1.133 (1.006, 1.277) 0.039 1.334 (0.979, 1.818) 0.118 0.019 0.234 0.049
COVID-19 Hypo 7 1.060 0.276 1.126 0.043 1.182 0.191 0.245 0.106 0.251
very severe outlier” (0.954, (1.002, (0.920,
1.177) 1.262) 1.528)

Severity outlier”: MR analysis was reassessed (exposure: very severe COVID-19 outcome: hypothyroidism) after removed the MRPRESSO outlier (rs111837807; outlier test, p = 0.008);
NSNP, number of single-nucleotide polymorphism; MR, Mendelian randomization; IVW, inverse variance weighting; OR, odds ratio. The I statistic was used to present the heterogeneity
among estimates for each SNP in one analysis. P(Gioba): The p-value for the global test in the MR-PRESSO. P(pieiotropyy: The p-value for the intercept in the MR-Egger regression was used
present the pleiotropy (p < 0.05). Hyper, hyperthyroidism; Hypo, hypothyroidism. Bold values indicate p<0.05.





OPS/images/fendo.2023.1058007/crossmark.jpg
©

2

i

|





OPS/images/fendo.2022.995329/crossmark.jpg
©

2

i

|





OPS/images/fendo.2023.1058007/fendo-14-1058007-g001.jpg
log SARS-CoV-2S IgG titer (U/mL)

0 4 24 32 4
Weeks after 2nd (3rd) vaccine
Vaccine Injection T T T
1st & 2nd vaccine 3rd vaccine
Assessment of
TRAb/Thyroid function 4 A A
& O @
2 o
9 O >
X & o
QD o
S @ 8
>
S





OPS/images/fendo.2022.961717/table1.jpg
Phenotype

Hypothyroidism
Hyperthyroidism

COVID-19 susceptibility

COVID-19 severity

Consortium

Susceptibility

Hospitalized

Very severe
disease

Source of Genetic Variants

Participants

Cases: 3,340 cases with TSH levels above the reference range.

Controls: 49,983 individuals with TSH levels in the reference range.

Cases: 1,840 cases with TSH levels below the reference range.

Controls: 49,983 individuals with TSH levels in the reference range.

Cases: 3,8984 individuals with COVID-19 by laboratory confirmation of SARS-CoV-2 infection,
or by electrical health records (using ICD or physician notes), or self-reporting.

Controls: 1,644,784 individuals enrolled in the cohorts and not included as cases.

Cases: 9,986 hospitalized individuals with COVID-19.

Controls: 1,877,672 individuals enrolled in the cohorts and not included as cases

Cases: 5,101 very severe patients defined as patients who died or required respiratory support
(including CPAP, BiPAP, intubation, or high-flow nasal cannula).

Controls: 1,383,241 individuals enrolled in the cohorts and not included as cases.
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Outcome NSNP IVW Weighted Median MR-Egger P(F) P(ptciotropy) PlGlobat)

OR(95% CI) P OR(95%CI) P OR(9%CI) P

Hyper COVID-19 8 0.983 (0.948, 1.019)  0.705 0.972 (0.930, 1.016) 0.202 0.970 (0.835, 1.127) 0.705 0.847 0.864 0.835
susceptibility
COVID-19 8 0.938 (0.873, 1.007)  0.077 0.936 (0.853, 1.028) 0.165 0.918 (0.684, 1.231) 0.752 0.619 0.587 0.619
hospitalization
COVID-19 8 0.921 (0.826, 1.026) 0.136 0.947 (0.820, 1.094) 0.458 0.935 (0.587, 1.488) 0.786 0.448 0.950 0.473
very severe
Hypo COVID-19 7 0.971 (0.826, 1.083)  0.193  0.959 (0.907, 1.015) 0.153 0.946 (0.826, 1.083) 0.458 0.711 0.701 0.730
susceptibility
COVID-19 7 0.983 (0.862, 1.121)  0.798 0.903 (0.792, 1.028) 0.141 1.195 (0.791, 1.807) 0.436 0.037 0.373 0.053
hospitalization
COVID-19 7 0911 (0.746, 1.112)  0.359 0.852 (0.689, 1.053) 0.138 0.943 (0.466, 1.908) 0.877  0.057 0.923 0.060
s very severe
Hypo-excluded* COVID-19 6 0.973 0.267 0.956 0.149 0.944 0.456  0.593 0.667 0.646
susceptibility (0.928, (0.899, (0.825,
1.021) 1.016) 1.082)
COVID-19 6 1.001 0914 0.995 0.939 1.181 0503 0.043 0.497 0.063
hospitalization (0.871, (0.866, (0.759,
1.167) 1.143) 1.837)
COVID-19 6 0.948 0.627 0.971 0.776 0.918 0.827  0.061 0.930 0.116
very severe (0.765, (0.796, (0.446,
1.174) 1.185) 1.887)

Hypo-excluded*: MR analysis (exposure: hypothyroidism; outcome: COVID-19) after excluded rs597808 (PMID: 27863252), which significantly associated with hematological traits by
performing PhenoScanner datasets; hematological parameters are markers of COVID-19 infection and severity; NSNP, number of single-nucleotide polymorphism; MR, Mendelian
randomization; IVW, inverse variance weighting; OR, odds ratio. The I” statistic was used to present the heterogeneity among estimates for each SNP in one analysis. P(Giopa): The p-value
for the global test in the MR-PRESSO. P(yjciowropy): The p-value for the intercept in the MR-Egger regression was used present the pleiotropy (p < 0.05). Hyper, hyperthyroidism; Hypo,
hypothyroidism.
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Thyroid autoimmunity

Yes (N=105)

Age, median (IQR) 65.0 (55.0-73.0) 61.0 (54.0-72.0) 030

Gender, n (%)

Females 132 (26.7) 48 (45.7) <0.001
Males 362 (73.3) 57 (54.3)

BMI (Kg/m?) 26.4 (245-29.7) 26.7 (24.6-29.3) 0.89
Hospitalization, n (%) 434 (87.9) 93 (88.6) 084
ICU admission, n (%) 50 (10.1) 7(6.7) 027

Respiratory support, n (%)

None 91 (18.8) 22 (21.4) 0.54
Nasal cannula 115 (23.7) 27 (26.2) 0.59
Venturi mask 54 (11.1) 7 (6.8) 0.19
Reservoir bag 85 (17.5) 16 (15.5) 0.63
CPAP 92 (19.0) 23 (223) 043
Orotracheal intubation 47 (9.7) 8(7.8) 0.54
ECMO 1(0.2) 0 (0.0) 0.64

Comorbidity, n (%)

Diabetes 76 (15.4) 6 (5.7) 0.009

Atrial fibrillation 24 (4.9) 2 (1.9) 0.18
Hypertension 184 (37.2) 32 (30.5) 0.19
IHD 58 (11.7) 9 (8.6) 0.35
Chronic heart failure 22 (4.5) 329 0.46
CKD 46 (9.3) 11 (10.5) 0.71
COPD 20 (4.0) 5 (4.8) 0.74
Autoimmune disease 14 (2.8) 1(1.0) 0.26
Solid cancer 10 (2.0) 2(1.9) 0.94
Hematological cancer 9(1.8) 2(1.9) 0.95
Liver failure 4(0.8) 0 (0.0) 0.35
Cerebrovascular disease 12 (2.4) 4(3.8) 043

COVID-19 treatment n (%)

Lopinavir/ritonavir 215 (43.5) 51 (48.6) 0.34
Hydroxychloroquine 299 (60.5) 62 (59.0) 0.78
Glucocorticoids 169 (34.2) 26 (24.8) 0.061
Antibiotics 312 (63.2) 65 (61.9) 0.81
Tocilizumab 27 (5.5) 2(1.9) 0.12
Siltuximab 5(1.0) 3(29) 013 ‘
Remdesivir 10 20) 2(19) 094 ‘

Chronic treatment n (%)

ACE inhibitors 80 (16.2) 16 (15.2) 0.81
ARBs 74 (15.0) 13 (12.4) 0.49
f:::: antibypertensive 154 (31.2) 23 (219) 0059
Glucocorticoids 19 (3.8) 2(19) 0.33
Oral antidiabetic drugs 56 (11.3) 4(3.8) 0.020
Insulin 14 (2.8) 1(1.0) 0.26
Oral anticoagulants 43 (8.7) 4(3.8) 0.090
Antiplatelet drugs 88 (17.8) 21 (20.0) 0.60
PPIs 112 (22.7) 18 (17.1) 021

BMI, body mass index; ICU, intensive care unit; CPAP, continuous airway positive pressure; ECMO, extra-corporeal membrane oxygenation; IHD, ischemic heart disease; CKD, chronic kidney
disease; COPD, chronic obstructive pulmonary disease; ACE, angiotensin-converting enzyme; ARBs, angiotensin II receptor blockers; PPIs, proton pump inhibitors.
Bold values denote statistical significance at the p < 0.05 level.
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Outcome:

Thyroid Autoimmunity Odds Ratio Std. Err. [95% Conf. Interval]

Age (admission) 0.9969255 0.0083459 -0.37 0713 0.9807 1.01342
Sex ‘
Male 1 (Ref) 1
Female 2.01324 0.47481 2.97 0.003 1.26808 3.19629
Respiratory support ‘
No respiratory support 1 (Ref)

Low need* 0.9432334 0.3005707 -0.18 0.854 0.5051 1.76142
High need* 1.079216 03266112 025 0.801 0.59635 1.95305

Diabetes mellitus
No 1 (Ref)

Yes 0.360492 0.1640879 -2.24 0.025 0.14772 0.87972

*Low need: Nasal cannula, Venturi mask; High need: reservoir bag, CPAP, orotracheal intubation ECMO.
Bold values denote statistical significance at the p < 0.05 level.
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COVID-19 Patients C
Female Sex* (n, %) 164/330 (49.7%) 164/330 (49.7%)
Age* (median, IQR) 60 (51-70) 59 (47-68)
Positive TPOAb (n, %) 52/330 (15.7%) 23/297 (7.7%)
Positive TgAb (n, %) 22/330 (6.7%) 20/250 (8%)
TPOAb (U/mL) (median, IQR) 40 (31-51) 31 (27-40)
TgAb (U/mL) (median, IQR) 18 (14-25) 14 (14-20)

“TPOAb, anti-thyroperoxidase antibodies; TgAb, anti-thyroglobulin antibodies.
*Age and sex were matched in cases/controls for the sensitivity analysis.
Bold values denote statistical significance at the p < 0.05 level.

rols

p-value

0.002

0.539

< 0.001

< 0.001
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reasons(n=61)
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Full text articles
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Firts author, NO. of NO. of SMD
Year of publication study patients 95% CI
TSH (ulU/mL)
Healthy Cohort (1>=89%) 6 1052 1.78 [1.56, 2.01]
Non-COVID-19 pneumonia (2=33%) 5 269 1.22 [1.05, 1.40]
Covid-19 pheumonia (1?=97%) 36 5739 1.46 [1.29, 1.62]
Severity Non-severe (°=96%) 13 1697 1.77 [1.42, 2.13]
(P=0.002)  Severe (1>=95%) 19 1022 1.09 [0.86, 1.32]
Prognosis _Suvivor (>=95%) 13 1311 1.21 [0.98, 1.45]
(P=0.002)  Non-survivor(*=0%) 9 275 0.83 [0.73, 0.92]
Follow_up (1=79%) 7 543 1.53 [1.36, 1.70]
FT3 (pmol/L)
Healthy Cohort (°=93%) 5 245 4.76 [4.44, 5.08]
Non-COVID-19 pneumonia(?=0%) 2 100 3.66 [3.48, 3.83]
Covid-19 pheumonia (1?=99%) 25 4385 3.86 [3.59, 4.13]
Severity Non-severe (=99%) 10 1648 4.10 [3.67, 4.53]
(P<0.001)  gevere (1>=95%) 13 734 3.19 [2.92, 3.46]
Prognosis Suvivor (=99%) 8 987 3.57 [3.01, 4.14]
(P=0.008)  Non-survivor(=87%) 7 225 2.77 [2.59, 2.95]
Follow_up (12=98%) 4 388 4.74 [4.36, 5.11]
FT4 (pmol/L)
Healthy Cohort (12=95%) 4 188 14.03 [12.93, 15.13]
Non-COVID-19 pneumonia (i>=85%) 2 100 18.19 [15.61, 20.78]
Covid-19 pheumonia (12=98%) 28 5119 15.97 [15.24, 16.70]
Severity Non-severe (1=97%) 9 1141 16.25 [14.96, 17.55]
(P=0.72)  gevere (*-95%) 13 1027 15.98 [15.16, 16.79]
Prognosis Suvivor (1>=99%) 9 1028 15.41 [13.73, 17.08]
(P=0.80) Non-survivor(*=97%) 10 370 15.11 [13.45, 16.77]
Follow—up (12=99%) 5 438 14.07 [11.90, 16.25]

SMD
95% ClI

'

20
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Country [\l Average Severity Outcome Control group Thyroxine

patients age
Ahn (2021) Korea 119 Male: 62 64 Non-severe: Survivor: 85 TSH FT4
32
Female: Severe: 87 Non-survivor: 34 FT4
57
Ardes (2021) Ttaly 118 Male: 64 73 Non-severe: Survivor: 92 TSH
75
Female: Severe: 43 Non-survivor: 26
54
Assimakopouls Greece 22 Male: 11 62 Non-severe: Healthy cohort: 19 TSH
(2021) 13
Female: Severe: 9 Non-COVID-19 pneumon FT3
11 ia: 19
FT4
Baldelli (2021) Ttaly 46 Male: 32 60 Non-ICU: 23 TSH
Female: ICU: 23 FT3
14
Beltrao (2021) Brazil 245 Male: 145 Non-critical: Survivor: 204 TSH
181
Female: Critical: 64 Non-survivor: 41 FT3
100
FT4
Campi (2021) Ttaly 73 ICU: 73 Survivor(ICU): 57 TSH
Non-survivor(ICU):
16
Chen (2020) China 274 Male: 171 59 Recover: 161 TSH
Female: Death: 113 FT3
103
Chen (2021) China 50 Male: 33 48 Non-severe: Survivor: 50 Healthy cohort: 54 TSH
15
Female: Severe: 35 Non-COVID-19
21 pneumonia: 50
Clarke (2021) UK 70 Male: 47 56 Non-severe: Survivor: 70 TSH
42
Female: Severe: 28 FT3
23
FT4
Clausen (2021) Denmark 116 Male: 44 71 Survivor: 82 TSH
Female: Non-survivor: 34 FT4
72
Dabas (2021) India 164 Male: 107 41 Non-severe: TSH
100
Female: Severe: 64 FT3
57
FT4
Das (2021) India 84 Male: 42 41 Non-severe : TSH
499
‘ Female: Severe: 35 FT3
4?2
FT4
Dutta (2021) India 236 Male: 159 54 Non-severe: Survivor: 225 TSH
200
Female: Severe: 36 Non-survivor: 11 FT3
77
FT4
Gao (2021) China 100 Male: 52 63 Non-sever: Survivor: 44 TSH
34
Female: Severe: 66 Non-survivor: 22 FT3
48
FT4
Gong (2021) China 150 Male: 81 70 Non-sever: Survivor: 118 TSH
25
Female: Severe: 125 Non-survivor: 42 FT3
69
FT4
Grondman (2021) Netherlands 161 Male: 56 65 Non-ICU: 120 | Survivor: 141 TSH
Female: ICU: 41 Non-survivor: 20 FT4
105
Gliven (2021) Turkey 250 Male: 157 67 Non-ICU: 125 | Survivor(ICU): 88 TSH
Female: ICU: 125 Non-survivor(ICU): FT3
93 37
FT4
Khoo (2020) UK 334 Male: 203 66 Survivor: 239 TSH
Female: Non-survivor: 95 FT4
131
Kumar (2021) India 235 Male: 147 49 Non-severe: Survivor: 222 TSH
202
Female: Severe: 33 Non-survivor: 13 FT3
88
FT4
Lang (2021) China 127 Male: 62 64 Non-severe: Survivor: 116 TSH
56
Female: Severe: 71 Non-survivor: 11 FT3
65
FT4
Li (2020) China 40 44 Non-severe: Healthy cohort: 57 TSH
40
FT3
FT4
Lui (2020-2021) China 541 Male: 245 50 Non-severe: Survivor: 283 TSH
499
Female: Severe: 42 FT3
196
FT4
Malik (2021) Pakistan 48 Male: 31 51 Non-severe: Survivor: 48 Non-COVID-19 TSH
22 pneumonia: 28
Female: Severe: 26
17
Nakamura (2021) Japan 147 Male: 95 70 Non-severe: TSH
63
Female: Severe: 84 FT3
52
FT4
Okoye (2022) Ttaly 95 Male: 50 82 Survivor: 70 Non-COVID-19 TSH
pneumonia: 81
Female: Non-survivor: 25 FT3
45
FT4
Okwor (2021) Nigeria 45 Male: 95 35 Healthy cohort: 45 TSH
Female: FT3
52
FT4
Schwarz (2021) Israel 54 Male: 37 59 Non-ICU: 37 Survivor: 44 TSH
Female: ICU: 17 Non-survivor: 10 FT3
17
FT4
Sciacchitano Italy 62 Male: 29 67 TSH
(2021)
Female: FT3
33
FT4
Sen (2021) India 60 Non-severe: TSH
42
Severe: 18 FT3
FT4
Sparano (2022) Italy 506 Male: 315 69 Non-severe: TSH
506
Female: FT4
191
Urhan(2022) Turkey 64 Male: 32 39 Non-severe: Survivor: 64 Healthy cohort: 70 FT3
38
Female: Severe: 26
32
Vassiliadi (2021) Greece 102 Male: 76 55 Non-ICU: 61 Survivor: 88 TSH
Female: ICU: 41 Non-survivor: 14 FT4
26
Vizoso (2021) Spain 78 Male: 55 62 ICU: 78 Survivor(ICU): 55 TSH
Female: Non-survivor(ICU): FT3
23 23
FT4
Wang (2021) China 84 Male: 53 57 Non-severe: Survivor: 84 Healthy cohort: 807 TSH
21
Female: Severe: 63 Non-COVID-19
31 pneumonia: 91
Yazan (2021) Turkey 205 Male: 113 58 Non-ICU: 174 | Survivor: 196 TSH
Female: ICU: 31 Non-survivor: 95 FT3
92
FT4
Zhao (2022) China 384 Male: 197 64 Non-severe: Survivor: 219 TSH
161
Female: Severe: 212 Non-survivor: 16 FT3
87
FT4
Zheng (2021) China 235 Male: 112 60 Survivor: 219 TSH
Female: Non-survivor: 16 FT3
123
FT4
Zou (2020) China 149 Male: 71 49 Non-severe: Survivor: 146 TSH
123
Female: Severe: 26 Non-survivor: 1 FT4

78





OPS/images/fendo.2023.1126683/crossmark.jpg
©

2

i

|





OPS/images/fendo.2023.1089190/crossmark.jpg
©

2

i

|





