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Purpose: This study unveils the complex interplay among obstructive sleep apnea (OSA), thyroid function, and morphological
changes.

Methods: Data from 1,102 patients were collected retrospectively from the Department of Otorhinolaryngology—Head and Neck
Surgery of the Second Affiliated Hospital of Xi’an Jiaotong University from 2012 to 2023. The patients were divided into severe and
non-severe OSA groups according to their polysomnography results. The data were analyzed by sex and age stratification.

Results: Serum free triiodothyronine (FT3), total triiodothyronine (TT3), and reverse triiodothyronine (RT3) were higher in severe OSA
group in the total population (p < 0.05). Similar trends were observed in male but not in female. FT3 and TT3 are higher in the severe group
in the nonelderly population (age < 60) (p < 0.05), and RT3 is higher in the severe group in the elderly population (age > 60) (p < 0.05). In
addition, we first reveal that RT3 is associated with the diameter of the left inferior thyroid artery (L-ITA) (1=0.394, p < 0.05) and lowest
transcutaneous oxygen saturation at night (lowest SpO,) (r=—0.269, p < 0.05). The severe OSA group showed larger thyroid volume and
isthmus length, as well as the thicker ITA diameter and lower left thyroid lobe resistance index (RI) (all p < 0.05).

Conclusion: Our study demonstrates a significant association between thyroid function/morphology and OSA, with distinct sex- and
age-related differences. Reduced RI in severe OSA suggests its clinical utility in assessing vascular health. Increased thyroid volume
and isthmus length in severe OSA may reflect ITA-related changes. These findings support our prior observations of rising thyroid
hormone levels with OSA progression and highlight the need for sex- and age-stratified analyses. Integrated evaluation of thyroid
function and morphology is essential for understanding OSA-thyroid pathophysiology.
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Background
Obstructive sleep apnea (OSA) is a prevalent sleep disorder characterized by recurrent episodes of upper airway
obstruction during sleep, leading to partial or complete cessation of airflow. These repetitive breathing pauses result in
intermittent hypoxia, sleep fragmentation, and increased sympathetic activity, contributing to numerous adverse health
outcomes, including hypertension, coronary heart disease, and stroke." Moreover, OSA is closely associated with the
endocrine system. The relationship between OSA and endocrine system diseases has recently become a research focus.
The thyroid gland, the largest endocrine gland in the human body, secretes total thyroxine (TT4) and serum total
triiodothyronine (TT3), which significantly influence various physiological processes, including thermoregulation, digestion,
and vital functions. The coexistence of OSA and thyroid disorders presents a complex interplay between two distinct
physiological systems. Studies have suggested a bidirectional relationship between OSA and thyroid dysfunction, with
each condition potentially influencing the pathogenesis and clinical course of the other. Chronic intermittent hypoxia (CIH)
in OSA can disrupt the hypothalamic—pituitary—thyroid axis, leading to alterations in thyroid hormone (TH) levels and thyroid
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function.? The precise mechanisms underlying this process remain incompletely understood. However, the characteristic CTH
associated with OSA may promote the accumulation of reactive oxygen species (ROS), subsequently activating inflammatory
pathways such as NF-kB.? This cascade contributes to vascular endothelial dysfunction, leading to alterations in arterial
morphology and function. Consistent with this hypothesis, a clinical study has shown a positive correlation between carotid
intima-media thickness (IMT) and the apnea-hypopnea index (AHI).* Notably, whether similar vascular changes occur in
thyroid arteries remains an open question. Furthermore, CIH may contribute to the development of non-thyroidal illness
syndrome (NTIS) by downregulating deiodinase 1 (DIO1) and upregulating deiodinase 3 (DIO3), thereby accelerating the
conversion of T4 to RT3.> Conversely, thyroid dysfunction may contribute to obesity, which is a common risk factor for OSA,
through its impact on metabolism and energy regulation.’

Thyroid hormone levels exhibit physiological circadian rhythm variations.” Beyond this regulation, thyroid function
demonstrates sex-specific differences, potentially mediated by estrogen. Animal studies have shown that both estrogen and
tamoxifen elevate T3 and T4 levels while promoting thyroid follicular cell proliferation.® Additionally, the HPT axis undergoes
adaptive changes with aging to counteract various stressors, including chronic inflammation, malnutrition, and circadian rhythm
disruption.® In aged mouse models, decreased DIO2 expression and increased Tshb (encoding TSH B-subunit) levels were
observed,’ consistent with an age-related decline in thyroid follicular cell sensitivity to thyroid hormone (TH) negative feedback.

Previous studies have shown that OSA is closely associated with hypothyroidism. However, other studies have
demonstrated that the occurrence and severity of OSA are unrelated to thyroid function.'® Since previous studies on the
relationship between OSA and the thyroid gland have been inconclusive, we expanded the sample size across 10 years
and conducted age stratification. Our study revealed that OSA progression may promote an increase in thyroid hormone
levels, especially serum free triiodothyronine (FT3); however, this effect was not observed in the elderly population. In
the whole population, average transcutancous oxygen saturation at night (mean SpO,) was associated with thyroid
nodules. Based on previous studies and the exploratory work conducted by our research group, we propose that thyroid
function may be affected by not only age but also sex.'' "> Moreover, the volume of the thyroid gland is related to the
occurrence of OSA. Previous studies have suggested that large goiters present in some patients with hypothyroidism
alone can cause pharynx occlusion and lead to OSA.'* However, previous studies have primarily focused on the impact
of massive goiter on OSA, without addressing physiological thyroid hypertrophy or including the thyroid isthmus in
comparative analyses. In addition, CIH caused by OSA may be related to the increased occurrence rate of lung nodules,
thyroid nodules, and carotid plaques.'” This finding reveals a previously understudied association between OSA and
thyroid morphological changes. To address limitations in prior work, we expanded our cohort with age- and sex-
stratification and comprehensive thyroid morphology assessments, enabling deeper exploration of OSA-thyroid
relationships.

Methods

Study Design and Subjects
The present study enrolled 3,767 patients diagnosed with OSA and admitted to the Department of Otorhinolaryngology
—Head and Neck Surgery of the Second Affiliated Hospital of Xi’an Jiaotong University between 2012 and 2023. After
applying the inclusion and exclusion criteria outlined in Figure 1, 1,102 patients with complete data were included. The
inclusion criteria were as follows: (1) age was >18 years old, (2) patients with thyroid hormone test results, (3) patients
who have undergone overnight polysomnography (PSG) examination, (4) no previous continuous positive airway
pressure (CPAP) or surgical treatment. The exclusion criteria were as follows: (1) patients with neuromuscular diseases
(including sublingual nerve paralysis), (2) patients with severe cardiopulmonary disease, severe liver and kidney
dysfunction, and malignant tumors cannot cooperate with treatment, (3) pregnancy, (4) newly thyroid dysfunction, (5)
incomplete baseline data. All eligible patients completed PSG and thyroid related indicators.

The study protocol complied with the ethical guidelines of the 1975 Declaration of Helsinki. It was approved by the
ethics committee of the Second Affiliated Hospital of Xi’an Jiaotong University (approval no. 2022e1417). And
moreover, patients who in this study afforded informed consent.
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Patients admitted to the Second Affiliated Hospital of Xi'an Jiaotong University for sleep monitoring
and thyroid function assessment from 2012 to 2023.

Included patients:

1. age > 18 years old.

Patients who meet the inclusion 2. patients with thyroid hormone test results.
criteria were included. (n=1576) 3. patients who have undergone overnight
polysomnography (PSG) examination.

4. no previous CPAP or surgical treatment.

Excluded patients:

1. patients with neuromuscular diseases

(including sublingual nerve paralysis).

2. patients with severe cardiopulmonary disease,
severe liver and kidney dysfunction, and malignant
tumors can’t cooperate with treatment. Included patients (n=1102) ‘
3. pregnant woman.

4. newly thyroid dysfunction.
5. incomplete baseline data.

Non-severe group: AHI < 30 events per hour
Severe OSA group: AHI > 30 events per hour

Non-severe OSA (n=315) ‘ ‘ Severe OSA (n=787) ’

Figure | Summary of patient inclusion.

Data Elements

Thirty related clinical parameters are collected, and overall the 30 candidate variables included were as follows: (1)
demographic characteristics, including, gender, age, body mass index (BMI), history of hypertension, history of diabetes,
(2) lifestyle habits, including, smoking and drinking, (3) OSA related medical history and indicators, including, apnea
hypopnea index (AHI), the average transcutaneous oxygen saturation at night (mean SpO,), the lowest transcutaneous
oxygen saturation at night (lowest SpO,). (4) thyroid function related indicators, including, serum thyroid stimulating
hormone (TSH) (mIU/L), FT3 (pmol/L), serum free thyroxine (FT4) (pmol/L), TT3 (nmol/L), TT4 (nmol/L), thyroid
globulin antibodies (Anti-TG) (IU/mL), thyroid peroxidase antibodies (Anti-TPO) (IU/mL), reverse triiodothyronine
(RT3) (ng/dL), (5) thyroid morphology related indicators, including, the results of thyroid nodules, the diameter of the
left-inferior thyroid artery (L-ITA) (mm), left max-blood flow velocity (BFV) (cm/s), left min-BFV (cm/s), left-blood
flow resistance index (L-RI), the diameter of the right-inferior thyroid artery (R-ITA) (mm), right max-BFV (cm/s),
right min-BFV (cm/s), right-blood flow resistance index (R-RI), thyroid volume (mL), thyroid isthmus length (mm).

Polysomnography

PSG was used to diagnose and group the patients. All enrolled patients were monitored by PSG overnight in the Department
of Otolaryngology—Head and Neck Surgery Sleep Center’s Sleep Laboratory at the Second Affiliated Hospital of Xi’an
Jiaotong University or in their homes with portable sleep monitors (the equipment is classified as a Type III device certified
by the American Academy of Sleep Medicine). Each recording was meticulously evaluated by certified clinical polysomno-
graphers, who analyzed various parameters, such as electroencephalogram, electrooculogram, electromyogram, electrocar-
diogram, nasal and oral airflow recordings, oxygen saturation levels, thoracic movements, and muscle activity. The AHI was
utilized to assess the severity of sleep apnea and served as the primary parameter to differentiate between the two groups
according to the frequency of apnea and hypopnea events. When the AHI was <30 events per hour, the patients were assigned
to the non-severe group; when the AHI was >30 events per hour, the patients were assigned to the severe OSA group.'¢

Thyroid Morphology

Data related to thyroid morphology were measured by an experienced clinician using Doppler ultrasound, and thyroid
volume was calculated as V'=0.479 x a x b x ¢/1000,"” where V is the volume of the thyroid gland, expressed as mL; a is
the length of each lobe of the thyroid gland, expressed in mm; b is the width of each lobe of the thyroid gland, expressed
in mm; and c is the thickness of each lobe of the thyroid gland, expressed in mm.
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Statistical Analysis

All analyses were performed with PASW Statistics 18 Origin 2024b, and G*power (3.1.9.7). The participants were
divided into non-severe and severe OSA groups according to the standards described above. The relationships between
PSG findings and other variables were examined through univariate and multivariate logistic regression analyses.
Because the data did not conform to a normal distribution, the Mann—Whitney U, Fisher’s exact, and Wilcoxon rank—
sum tests were used to explore whether the components differed. Exploratory subgroup analyses were performed with
a Bonferroni-adjusted significance threshold to account for multiple testing. The power analysis was determined through
post-hoc power analysis, with effect sizes interpreted as follows: r=0.3 (small), r=0.5 (medium), and r=0.8 (large)
according to conventional benchmarks in behavioral research.'® The effect size for the nonparametric rank-sum test was
calculated using the formula || = ZAIN, where Z is the standardized test statistic and N is the total sample size.'’
Numerical variables are presented as median (interquartile range, IQR), and categorical variables are presented as
numbers (n) and proportions (%). Spearman correlation was used to explore the correlation between variables, and
multiple linear regression was used to determine the relationship between the filtered variables. A test level a of 0.05 was
used to determine significance.

Results

Demographic Characteristics

After screening (Figure 1), 1,102 patients met the inclusion criteria. We conducted a preliminary analysis of their
demographic characteristics (Table 1). There were significant differences in sex, age, and BMI between the severe
(n=787) and the non-severe (n=315) OSA groups (p < 0.05). There were no significant differences in their history of
diabetes, hypertension, smoking, or drinking. Compared with patients in the non-severe group, more severe OSA patients
were male; severe OSA patients were also younger, and had a higher BMI.

Thyroid Function

Some patients had incomplete thyroid function test data; thus, 867 patients with complete data were included in the
primary analysis. First, we explored the relationship between OSA and thyroid function. There were significant

Table | Demographic and Clinical Characteristics (N=1102)

Variables Total Non-Severe® OSA | Severe® OSA p value
(n=1102) (n=315) (n=787)
Gender, n (%) < 0.05
Female 114 (10.3) 6l (19.4) 53 (6.7)
Male 988 (89.7) 254 (80.6) 734 (93.3)
Age, Median (IQR) 41.0 (34.0-52.0) | 48.0 (36.0-48.0) 40.0 (34.049.0) | <0.05
BMF, Median (IQR) | 28.0 (25.9-30.7) | 27.0 (24.5-29.1) 284 (26.4-31.0) | <0.05
Diabetes, n (%) > 0.05
No 775 (70.3) 223 (70.8) 552 (70.1)
Yes 327 (29.7) 92 (29.2) 235 (29.9)
Hypertension, n (%) > 0.05
No 683 (62.0) 182 (57.8) 501 (63.7)
Yes 419 (38.0) 133 (42.2) 286 (36.3)
Smoke > 0.05
No 580 (52.6) 178 (56.5) 402 (51.1)
Yes 522 (47.4) 137 (43.5) 385 (48.9)
Drink > 0.05
No 600 (54.4) 185 (58.7) 415 (52.7)
Yes 502 (45.6) 130 (41.3) 372 (47.3)

Notes: Univariate analyses used Mann—Whitney U-tests. Multivariate analyses employed logistic regression. Two-
tailed p < 0.05 was considered significant. BMI, body mass index. ®"Non-severe OSA, AHI was <30 events per hour.
“Severe OSA, AHI was >30 events per hour.
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differences in FT3, TT3, and RT3 levels between the severe OSA and non-severe OSA groups (p < 0.05); however, there
were no significant differences in FT4, TT4, TSH, anti-TPO, or anti-TG levels (all p > 0.05) (Table 2).

In addition to grouping patients according to OSA severity, we also grouped patients according to sex and age. In the male
population (n=788), FT3, TT3, and RT3 were increased in the severe OSA group versus the non-severe group (p < 0.05)
(Table 3). The trend in the male population was the same as that in the whole population analysis. However, in the female
population (n=79), there were no significant differences in any of the thyroid function parameters (all p > 0.05) (Table 4). The
patients were categorized into two groups: a nonelderly group, comprising individuals younger than 60 years of age, and an
elderly group, encompassing those aged 60 years and older. In the nonelderly population (n=781), there were significant
differences in FT3 and TT3 levels between the severe and non-severe OSA groups (p < 0.05); however, there were no
significant differences in FT4, TT4, TSH, Anti-TPO, Anti-TG, or RT3 levels (all p > 0.05) (Table 5). In the elderly population
(n=86), only RT3 demonstrated a significant difference between the two groups (p < 0.05) (Table 6).

It should be noted that to mitigate potential errors arising from multiple testing, we applied Bonferroni correction
across all subgroups (Supplementary Tables 1-6). Following this adjustment, the previously observed significant

association between RT3 and OSA in various populations was no longer evident. This finding suggests that a more
cautious interpretation of these results may be warranted. Post-hoc power calculations revealed sufficient statistical
power (>50%) to detect clinically meaningful effects for both FT3 and TT3 in all demographic subgroups. However, the
association involving RT3 remained underpowered despite reaching nominal significance (Supplementary Tables 9—12).

Table 2 Thyroid Function Evaluation Characteristics of the Different Groups (N=867)

Characteristic Non-Severe OSA (n=233) | Severe OSA (n=634) | Z p value
FT3 (pmol/L) 4.96 (4.61-5.54) 5.39 (4.91-5.80) -7.25 < 0.05
FT4 (pmol/L) 16.89 (15.22—18.30) 16.88 (15.41-18.47) —0.15 > 0.05
TT3 (nmol/L) 1.73 (1.53-1.95) 1.89 (1.65-2.12) —6.12 | <0.05
TT4 (nmol/L) 97.40 (85.24-112.35) 98.63 (87.01-110.43) —0.80 | >0.05
TSH (mIU/L) 2.53 (1.64-3.62) 2.50 (1.78-3.41) -0.27 | > 0.05
Anti-TPO (IU/mL) | 14.50 (9.16-24.46) 14.35 (9.00-26.06) —0.69 | >0.05
Anti-TG (IU/mL) 14.83 (10.00-20.30) 14.70 (10.61-22.23) —0.34 | >0.05
RT3 (ng/dL) 46.80 (37.85-56.20) 48.82 (41.46-60.13) —2.610 | <0.05

Notes: Comparisons were performed using Mann—-Whitney U-tests, with a significance threshold of p < 0.05 (two-
tailed). Continuous variables are presented as median (IQR).

Abbreviations: FT3, serum free triiodothyronine, FT4, serum free thyroxine, TT3, serum total triiodothyronine, TT4,
secretes total thyroxine, TSH, serum thyroid stimulating hormone, Anti-TPO, thyroid peroxidase antibodies, Anti-TG,
thyroid globulin antibodies, RT3, reverse triiodothyronine.

Table 3 Thyroid Function Evaluation Characteristics in the Male Population of the
Different Groups (N=788)

Characteristic Non-Severe OSA (n=193) | Severe OSA (n=595) | Z p value
FT3 (pmol/L) 5.05 (4.63-5.61) 5.43 (5.01-5.83) —6.03 | <0.05
FT4 (pmol/L) 17.09 (15.48-18.82) 16.90 (15.48-18.50) -0.70 | > 0.05
TT3 (nmol/L) 1.73 (1.53-1.96) 1.89 (1.67-2.12) —5.45 | <0.05
TT4 (nmol/L) 95.90 (85.13-110.00) 98.40 (86.50-110.50) —0.83 | > 0.05
TSH (mIU/L) 2.40 (1.54-3.48) 2.45 (1.75-3.37) -0.97 | > 0.05
Anti-TPO (IU/mL) | 13.90 (9.00-24.13) 14.65 (9.00-26.13) —1.26 | > 0.05
Anti-TG (IU/mL) 14.53 (10.00-18.75) 14.74 (10.75-22.18) —1.44 | >0.05
RT3 (ng/dL) 47.50 (38.65-56.27) 48.84 (41.60-60.34) -2.27 | <0.05

Notes: Comparisons were performed using Mann—Whitney U-tests, with a significance threshold of p < 0.05 (two-
tailed). Continuous variables are presented as median (IQR).

Abbreviations: FT3, serum free triiodothyronine, FT4, serum free thyroxine, TT3, serum total triiodothyronine,
TT4, secretes total thyroxine, TSH, serum thyroid stimulating hormone, Anti-TPO, thyroid peroxidase antibodies,
Anti-TG, thyroid globulin antibodies, RT3, reverse triiodothyronine.
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Table 4 Thyroid Function Evaluation Characteristics in the Female Population of the
Different Groups (N=79)

Characteristic Non-Severe OSA (n=40) | Severe OSA (n=39) | Z p value
FT3 (pmol/L) 4.75 (4.31-5.14) 4.75 (4.40-5.19) -0.22 | >0.05
FT4 (pmol/L) 16.05 (14.55-17.38) 16.04 (14.60-17.52) —0.09 | >0.05
TT3 (nmol/l) 1.71 (1.53-1.94) 1.74 (1.57-2.00) —-1.21 | >0.05
TT4 (nmol/L) 106.95 (85.62—119.20) 100.00 (89.69-110.00) | —0.21 | > 0.05
TSH (mlU/L) 3.26 (2.31-5.36) 2.72 (2.334.17) —0.42 | >0.05
Anti-TPO (IU/mL) | 16.31 (11.15-27.75) 11.86 (9.00-25.00) -1.09 | >0.05
Anti-TG (IU/mL) 17.30 (10.07-106.94) 12.30 (10.00-23.76) -1.92 | >0.05
RT3 (ng/dL) 44.70 (32.60-56.10) 48.30 (39.60-55.70) —0.74 | > 0.05

Notes: Comparisons were performed using Mann-Whitney U-tests, with a significance threshold of p < 0.05
(two-tailed). Continuous variables are presented as median (IQR).

Abbreviations: FT3, serum free triiodothyronine, FT4, serum free thyroxine, TT3, serum total triiodothyronine,
TT4, secretes total thyroxine, TSH, serum thyroid stimulating hormone, Anti-TPO, thyroid peroxidase antibodies,
Anti-TG, thyroid globulin antibodies, RT3, reverse triiodothyronine.

Table 5 Thyroid Function Evaluation Characteristics in the Non-Elderly Population of the
Different Groups (N=781)

Characteristic Non-Severe OSA (n=185) | Severe OSA (n=596) | Z p value
FT3 (pmol/L) 5.07 (4.67-5.61) 5.43 (5.00-5.83) —5.75 | <0.05
FT4 (pmol/L) 16.89 (15.48-18.26) 16.88 (15.40-18.45) —0.01 | >0.05
TT3 (nmol/l) 1.75 (1.54-1.98) 1.89 (1.67-2.13) —5.18 | <0.05
TT4 (nmol/l) 96.17 (84.52—-110.90) 98.17 (86.74-110.15) —0.66 | > 0.05
TSH (mIU/L) 241 (1.52-3.47) 2.45 (1.78-3.35) —-1.15 | >0.05
Anti-TPO (IU/mL) | 14.00 (9.25-22.27) 14.25 (9.00-25.61) —0.92 | >0.05
Anti-TG (IU/mL) 15.35 (11.02-20.30) 14.86 (10.78-22.36) —0.46 | > 0.05
RT3 (ng/dL) 47.70 (38.40-56.80) 48.72 (41.16-60.10) -1.73 | >0.05

Notes: Comparisons were performed using Mann—Whitney U-tests, with a significance threshold of p < 0.05 (two-
tailed). Continuous variables are presented as median (IQR). The non-elderly population age<é60 years old.
Abbreviations: FT3, serum free triiodothyronine, FT4, serum free thyroxine, TT3, serum total triiodothyronine,
TT4, secretes total thyroxine, TSH, serum thyroid stimulating hormone, Anti-TPO, thyroid peroxidase antibodies,
Anti-TG, thyroid globulin antibodies, RT3, reverse triiodothyronine.

Table 6 Thyroid Function Evaluation Characteristics in the Elderly Population of the
Different Groups (N=86)

Characteristic Non-Severe OSA (n=48) | Severe OSA (n=38) | Z p value
FT3 (pmol/L) 4.69 (4.13-5.10) 4.74 (4.12-5.25) —-0.65 | > 0.05
FT4 (pmol/L) 16.10 (14.73-19.28) 16.91 (16.01-19.19) —-0.40 | > 0.05
TT3 (nmol/L) 1.68 (1.49-1.84) 1.66 (1.41-2.00) -0.34 | > 0.05
TT4 (nmol/L) 99.19 (86.86—115.98) 102.00 (89.49—118.55) | —0.95 | > 0.05
TSH (mlU/L) 3.27 (1.98-4.56) 3.24 (1.91-5.04) -0.33 | > 0.05
Anti-TPO (IU/mL) | 18.75 (9.00-27.61) 16.16 (9.97-42.97) -0.68 | > 0.05
Anti-TG (IU/mL) 12.29 (10.00-21.27) I1.71 (10.00-17.99) -0.33 | > 0.05
RT3 (ng/dL) 43.90 (35.95-52.93) 51.30 (42.90-62.40) —2.07 | <0.05

Notes: Comparisons were performed using Mann—Whitney U-tests, with a significance threshold of p < 0.05
(two-tailed). Continuous variables are presented as median (IQR). The elderly population age 260 years old.

Abbreviations: FT3, serum free triiodothyronine, FT4, serum free thyroxine, TT3, serum total triiodothyronine,
TT4, secretes total thyroxine, TSH, serum thyroid stimulating hormone, Anti-TPO, thyroid peroxidase antibodies,
Anti-TG, thyroid globulin antibodies, RT3, reverse triiodothyronine.
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Thyroid Morphology

In addition, we measured thyroid morphology using Doppler ultrasound. All patients underwent thyroid sonography, and
383 patients had accurate lobe values for calculating thyroid volumes. The inferior thyroid artery related variables were
measured in 77 patients by experienced clinicians in the Department of Ultrasound of our hospital. Analyses stratified by
age and sex were not performed because of the small sample size.

There were no differences in the occurrence of thyroid nodules between the severe and non-severe OSA groups (all
p > 0.05) (Table 7). Moreover, the thyroid volume and thyroid isthmus lengths were greater in the severe OSA group than
in the non-severe OSA group (p < 0.05) (Table 8).

We then assessed the inferior thyroid artery related variables in the bilateral thyroid lobes in all patients, revealing
significant differences in the inferior thyroid artery, max-BFV, and thyroid volume between the bilateral thyroid lobes.
Compared with the left lobe, the right lobe demonstrated a wider vessel diameter in the inferior thyroid artery, a faster
maximum BFV, and a larger volume (p < 0.05). The remaining parameters did not differ significantly (all p > 0.05) (Table 9).
Furthermore, the severe OSA group demonstrated a wider L-ITA vessel diameter and a lower left lobe RI in the thyroid gland
(p < 0.05). No significant differences were found in the remaining parameters (all p > 0.05) (Table 10).

Consistent with the investigation of OSA-thyroid function relationships, Bonferroni correction was implemented to
control for type I error inflation in analyses of thyroid morphology-related subgroups (Supplementary Tables 7 and 8). Post-

Table 7 Thyroid Nodules in the Severe and Non-Severe OSA Groups (N=487)

Characteristic Non-Severe OSA Severe OSA p value
(n=137) (n=350)
Thyroid nodules (n%) > 0.05
None 114 (83.21) 269 (76.86)
Single 11 (8.03) 39 (11.14)
Multiple 12 (8.76) 42 (12.00)

Note: Ordinal logistic regression was performed.

Table 8 Thyroid Isthmus and Volume in the Severe and Non-Severe OSA
Groups (N=383)

Characteristic Non-Severe OSA | Severe OSA p value
(n=107) (n=276)

Thyroid isthmus (mm) | 2.20 (1.80-2.70) 2.40 (2.00-2.90) < 0.05

Thyroid volume (mL) 8.45 (6.20-10.52) 9.60 (7.65-12.17) | <0.05

Notes: Comparisons were performed using Mann-Whitney U-tests, with a significance
threshold of p < 0.05 (two-tailed). Continuous variables are presented as median (IQR).

Table 9 Comparison of Bilateral Thyroid Lobes (N=77)

Characteristic Left (n=77) Right (n=77) p value
The diameter of ITA (mm) | 1.40 (1.10-1.60) 1.50 (1.20-1.70) < 0.05
Max-BFV (cm/s) 26.00 (21.00-30.00) | 28.00 (22.00-35.00) | < 0.05
Min-BFV (cm/s) 10.00 (8.00-12.00) 11.00 (8.00-14.00) | > 0.05
RI 0.61 (0.55-0.68) 0.60 (0.56-0.68) > 0.05
Thyroid volume (mL) 4.22 (3.38-6.21) 4.98 (4.20-6.51) < 0.05

Notes: Comparisons were performed using Mann—Whitney U-tests, with a significance threshold of
p < 0.05 (two-tailed). Continuous variables are presented as median (IQR).
Abbreviations: ITA, inferior thyroid artery, BFV, blood flow velocity, Rl, resistance index.
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Table 10 Inferior Thyroid Artery Related Variables in the Severe and Non-Severe OSA
Groups (N=77)

Characteristic Non-Severe OSA (n=13) | Severe OSA (n=64) | p value
The diameter of L-ITA (mm) | 1.10 (0.85-1.40) 1.40 (1.10-1.60) < 0.05
Left max-BFV (cm/s) 26.00 (19.50-31.00) 26.00 (21.25-30.75) > 0.05
Left min-BFV (cm/s) 10.00 (6.00—10.00) 10.00 (8.00-12.00) > 0.05
L-RI 0.67 (0.58-0.69) 0.60 (0.54-0.65) < 0.05
The diameter of R-ITA (mm) | 1.50 (1.15-1.70) 1.50 (1.13-1.70) > 0.05
Right max-BFV (cm/s) 30.00 (22.50-38.50) 27.50 (22.00-34.00) > 0.05
Right min-BFV (cm/s) 10.00 (8.00-14.50) 11.00 (8.00—14.00) > 0.05
R-RI 0.64 (0.56-0.71) 0.60 (0.56-0.68) > 0.05

Notes: Comparisons were performed using Mann—Whitney U-tests, with a significance threshold of p < 0.05 (two-
tailed). Continuous variables are presented as median (IQR).

Abbreviations: L-ITA, left inferior thyroid artery, BFV, blood flow velocity, L-Rl, left blood flow resistance index,
R-ITA, right inferior thyroid artery, R-RI, right blood flow resistance index.

adjustment, the association between thyroid volume and OSA retained statistical significance, whereas other morphological
correlations did not. Post-hoc power analysis revealed inadequate statistical power (<50%) for all thyroid morphology
metrics (volume, isthmus thickness, and inferior thyroid artery parameters) (Supplementary Tables 13 and 14). These

results indicate that a more conservative interpretation of thyroid morphology findings may be warranted.

Exploration of the Correlation of Variables and Regression Analysis
Based on the above analysis, we preliminarily explored the correlations among several variables to demonstrate that
regression analysis is necessary. In patients with complete data, there were significant correlations between FT3-TT3
(r=0.583, p < 0.05), RT3-'L-TIA" (r=0.394, p < 0.05), RT3-lowest SpO, (r=—0.269, p < 0.05), thyroid volume-lowest
Sp0O, (=—0.234, p < 0.05), AHI-mean SpO, (r=0.613, p < 0.05), AHI-lowest SpO, (r=—0.706, p < 0.05), mean
SpO,.lowest SpO, (r=0.700, p < 0.05) (Figure 2). No obvious correlations were observed for the remaining variables.
Combining the above results, we explored the linear relationships between variables. Linear regression results
indicated that FT3, TT3, RT3, L-ITA, L - RI, and thyroid volume were linearly correlated with the AHI (Figure 3).
After the baseline data (including sex, age, and BMI) were supplemented, a linear regression equation was established:
y=212.161-28.517x1+0.007x,+2.525x3—0.771x4-0.949x5—5.586x6—0.989x7+0.126x5—5.220x9—33.635x10—0.396x1;  (Ad;.
R?=0.66, Pearson’s r=0.82, p < 0.05). The residual plot is shown in (Figure 4a—k) as a random distribution. The residual
plot did not vary with the predicted value; thus, it met the homogeneity of variance. Finally, we generated an independent
variable into a linear regression equation to reach the predicted AHI (AHI-pre). The equations fit well with the real AHI
(r=0.82, Adj. R*=0.66) (Figure 41).

Discussion
In this study, we investigated the relationships among OSA, thyroid function, and thyroid morphology. We evaluated
1,102 patients admitted to our hospital from 2012 to 2023. Compared with the patients in the non-severe OSA group,
more patients in the severe group were men, were younger, and had a higher BMI. Most of our results were consistent
with previous findings; however, the relationship between age and OSA contradicts previous research conclusions.''*'?
Our study suggested that more younger people experience OSA. The median age of the patients was 41 years. This
finding might be because young and middle-aged people are more willing to seek medical treatment than older adults.
The relationship between thyroid function and OSA in our study was associated with increased thyroid hormone
levels, contradicting the findings of most previous studies.!*?*?! In this study, the FT3, TT3, and RT3 levels in the severe
OSA group were greater than those in the non-severe OSA group. The trend in male was the same as that in the
population, and the elderly population partially matched the nonelderly population; however, no significant differences
were found in female. One study investigated the effects of hormone levels in the hypothalamic—pituitary—thyroid axis
and depression in patients with OSA,?* and the results showed that the FT3 and FT4 levels in the severe hypoxia group
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Figure 2 Correlation among FT3, TT3, RT3, L-ITA, L-Rl, thyroid volume, AHI, mean SpO, and lowest SpO,. Variables were analyzed using Spearman correlation. Significant
correlations are indicated with asterisks: *p < 0.05, ***p < 0.001.

Abbreviations: AHI, apnea hypopnea index; mean SpO,, average transcutaneous oxygen saturation at night; lowest SpO,, the lowest transcutaneous oxygen saturation at
night; FT3, serum free triiodothyronine; TT3, serum total triiodothyronine; RT3, reverse triiodothyronine; L-ITA, left inferior thyroid artery; L-Rl, left blood flow resistance
index.

were greater than those in the control group. In addition, in a study on thyroid dysfunction and sleep disorders, the
authors suggested that elevated thyroid hormone levels might result in sleep maintenance difficulties and excessive
daytime sleepiness, potentially attributed to tremors induced by heightened hormone levels that exacerbate the challenges
in maintaining sleep.”> However, our previous study revealed that OSA progression may be related to increased thyroid
hormone levels. The underlying mechanism may be associated with oxidative stress and inflammatory reactions, which
are also involved in the pathogenesis of many metabolic disorders.” The results of our current study support those of our
previous study, providing stronger evidence for the previous conclusion. It is well known that thyroid hormone mainly
exists in the form of TT4 in the human body, which can be converted into TT3 and RT3 in peripheral tissues. When there
is a greater need for thyroid hormone conversion from TT4 to TT3 rather than RT3, the ratio of TT4 to RT3 increases,
such as during stress, pregnancy, and metabolic disorders.?*

OSA is related to oxidative stress,® which concurrently plays a physiological role in normal thyroid hormone
homeostasis through regulated ROS signaling.”> To oxidative damage, thyroid hormone synthesis by TPO requires
ROS (eg, H,0,) for iodide oxidation, making the gland uniquely vulnerable.”® The thyroid gland mitigates oxidative
stress by activating the Keap1/Nrf2 signaling cascade, a key regulator of antioxidant defense.?” Furthermore, studies have
consistently demonstrated significant oxidative damage to membrane lipids in patients with hyperthyroidism.”® By
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Figure 3 Correlation among FT3, TT3, RT3, L-ITA, L-Rl, thyroid volume, AHI, mean SpO, and lowest SpO,. Multivariate associations between continuous variables were
assessed using rank-based regression analysis and visualized with scatter plots. Correlation strength is reported as coefficient (adjusted R?).
Abbreviations: AHI, apnea hypopnea index; mean SpO,, average transcutaneous oxygen saturation at night; lowest SpO,, the lowest transcutaneous oxygen saturation at
night; FT3, serum free triiodothyronine; TT3, serum total triiodothyronine; RT3, reverse triiodothyronine; L-ITA, left inferior thyroid artery; L-RI, left blood flow resistance

index.

integrating these findings, we hypothesize that CIH, a defining characteristic of OSA, induces systemic oxidative stress.

This stress disrupts the normal physiological function of thyroid follicular cells, potentially leading to elevated levels of

thyroid hormones. Consequently, this cellular dysfunction may explain the observed increases in FT3, TT3, and RT3

among severe OSA patients in our study. One study on the pathophysiology of neuroendocrine regulation in OSA

patients suggested that patients with severe OSA had decreased TT4 concentrations and decreased TSH activity,

indicating that OSA may cause neuroendocrine system disorders.?’

We speculate that the correlation between OSA

and TH during certain periods results from thyroid cell damage rather than hyperfunction.” In our study, TT4 and TSH

levels decreased in the severe OSA group; however, the differences were not significant. This finding might be because

the total concentrations of TT4 and TSH in the human body are large and do not change significantly.

In a study on thyroid hormones and aging, the authors suggested that in the elderly population, most studies have

demonstrated that FT3 decreases in an age-dependent manner, whereas FT4 levels remain relatively unchanged and RT3

levels increase with increasing age.*°

elderly population with severe OSA, whereas other thyroid hormone levels tend to be unchanged.

This finding is supported by our study, which revealed that RT3 is elevated in the

Moreover, thyroid hormones are potentially affected by estrogen. One study demonstrated lower FT4 and higher FT3

levels among euthyroid postmenopausal women with more visceral adipose tissue.'?

In an animal experiment, TT4 and
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Figure 4 Regular residual of linear regression for the relationship between AHI and gender, age, BMI, mean SpO,, lowest SpO,, FT3, TT3, RT3, L-ITA, L-RI, thyroid volume.
Multiple linear regression was performed to assess specific associations between variables, adjusting for potential confounders (eg, age, sex, BMI). Model fit was evaluated
using adjusted R? and regression diagnostics included residual analysis (a—k) and predicted vs real AHI plots (I).

Abbreviations: AHI, apnea hypopnea index; BMI, body mass index; mean SpO,, average transcutaneous oxygen saturation at night; lowest SpO,, the lowest transcutaneous
oxygen saturation at night; FT3, serum free triiodothyronine; TT3, serum total triiodothyronine; RT3, reverse triiodothyronine; L-ITA, left inferior thyroid artery; L-RI, left
blood flow resistance index; AHI-Pre, predicted AHI; AHI-Real, real AHI.

TT3 levels were improved by estrogen. Therefore, the differences in thyroid hormone changes between women and the
total population may be due to the effect of estrogen and may also be related to the small number of women with severe
OSA in our study.

OSA may lead to vascular endothelial cell injury by inducing an inflammatory response, resulting in arterial
morphology and function changes.’ Previous research revealed that TSH positively correlates with carotid artery intima-
media thickness (IMT), whereas FT3 levels negatively correlate with IMT. The IMT and apnea-hypopnea index were also
positively correlated.* The inferior thyroid artery, as one of the main blood supply arteries of the thyroid gland, may also
have undergone similar changes, but this cannot explain the diameter of the left inferior thyroid artery in the severe OSA
group in our study. We speculate that this may be related to sympathetic activation induced by chronic intermittent
hypoxia, leading to contraction of the peripheral region and relaxation of major arteries.>' This has not been mentioned in
previous studies.

The RI index is used to evaluate the resistance and compliance of blood vessels, and a higher RI index indicates
narrowing of the anterior vessel or increased resistance to vascular flow. The RI index has been frequently used in
previous studies to assess neonatal umbilical and cerebral blood flow to identify high-risk neonates®> or to assess acute
kidney injury,®® It can also be used to assess coronary blood flow microcirculation and infer the occurrence of benign and
malignant nodules and Graves’ disease in thyroid studies.**>® However, this measure has not previously been used to
assess vascular changes that may be caused by OSA. In our study, we assessed the effect of chronic intermittent hypoxia
on blood vessels. The RI was reduced in the left side of the inferior thyroid artery in the severe OSA group. This finding
is consistent with the widening diameter of the inferior thyroid artery described above. These findings may have potential
clinical implications, suggesting that the RI could serve as a novel biomarker for assessing vascular health in OSA
patients. Further validation studies are warranted to establish its diagnostic utility. However, due to the small sample size,
whether this result can be extrapolated to the OSA population needs further investigation.
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In the comparison of the bilateral thyroid lobes, we suspected that the right inferior thyroid artery might be the
dominant artery. Our study revealed that the thyroid volume and length of the thyroid isthmus were greater in the severe
OSA group. An enlarged thyroid gland may also be one of the causes of OSA.'* Some scholars believe that thyroid
enlargement is caused by hypothyroidism.?’ Whether thyroid enlargement leads to aggravated OSA or hypoxia can lead
to increased thyroid function has not yet been determined. There is insufficient evidence to support the effect of OSA on
thyroid volume.?” Most patients with severe OSA have a higher BMI; thus, increased BMI may contribute to increased
thyroid volume. Another speculation is that an increase in the thyroid artery diameter and a decrease in the BFV suggest
an increase in thyroid blood flow, potentially affecting thyroid gland volume;*® however, this hypothesis needs further
verification. Previous studies did not compare the bilateral lobes of the thyroid separately or simultaneously analyze
thyroid function, morphology, or OSA. Based on previous research and our research, we added more indices associated
with thyroid volume and blood flow and compared the bilateral thyroid lobes. The length of the thyroid isthmus and the
thyroid volume increased in the severe OSA group, the diameter of the L-ITA also widened, and the L-RI decreased.
Combined with the finding of increased thyroid hormone levels in the severe OSA group mentioned above, we
hypothesize that the change in thyroid volume in the severe OSA group may be related to BMI and blood flow, and
the greater thyroid volume in the severe OSA group may also explain the greater thyroid hormone levels.

We conducted a retrospective study with a substantial sample size, incorporating clinical data spanning the last 10
years, to delve into the intricate relationships among OSA, thyroid function, and morphology. This study supports
previous findings and introduces novel metrics for further analysis. The advantage of our study is that we explored the
relationships among thyroid function, thyroid morphology, and OSA simultaneously, and the data were analyzed after
stratification by sex and age. Our study analyzed the clinical data of 1,102 patients over nearly 11 years, representing
a larger sample size than that assessed in previous studies. However, our study still has several limitations. First, this was
a single-center retrospective study. Second, there are more accurate ways to assess thyroid ultrasound data, but we did not
use them due to a lack of conditions. Third, although we screened a large sample of 1,102 patients among 3,767 across
the past decade, only 77 patients had complete PSG, thyroid function, and thyroid ultrasound data. Our investigation into
the association between OSA and thyroid characteristics was exploratory in nature. Following Bonferroni correction for
multiple comparisons across subgroups, some previously observed significant differences were no longer statistically
significant. Post-hoc power analysis revealed suboptimal statistical power (<50%) for all thyroid morphology measure-
ments, suggesting these findings require cautious interpretation. Nevertheless, these findings may still suggest potential
underlying relationships between OSA and both thyroid function and morphology, which warrant further validation
through large-scale prospective studies. Consequently, in the future, we will collect more thyroid ultrasound data. Finally,
the causal relationships between OSA and thyroid disease and the underlying mechanisms remain unclear. In the future,
we aim to expand the sample size, include multicenter studies, and utilize animal and cell experiments to validate the
conclusions and hypotheses of this study, while continually delving into the intricate interaction mechanism between
OSA, thyroid function, and morphological changes.

However, it is crucial to highlight that although we have investigated associations between OSA and thyroid
characteristics, our study design does not allow for the establishment of causal relationships between these variables.
The observed interactions might be bidirectional, and more conclusive evidence of causality would necessitate rigorously
designed prospective studies with longitudinal follow-up.

Conclusions

This study revealed a significant association between thyroid function and morphology and OSA severity. Notably,
among male and nonelderly populations, severe OSA was significantly more strongly associated with elevated levels of
FT3, TT3, and RT3 than non-severe OSA. Conversely, no marked differences in thyroid function were observed in
females between the two OSA severity groups, suggesting a potential estrogen-mediated effect. Among the elderly
individuals, only RT3 levels were elevated in severe OSA patients, which may be related to the influence of age.
Furthermore, this study revealed increased thyroid volume and thyroid isthmus length in individuals with severe OSA,
although the precise causal relationship between OSA severity and thyroid enlargement remains elusive. In addition, this
investigation explored the application of the RI as a tool to assess the vascular consequences of chronic intermittent
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hypoxia, providing potential evidence that the R-ITA demonstrates a significant contribution to the thyroid blood supply,
with its diameter serving as an indicator of this effect. In summary, the findings underscore the intricate relationship
between OSA severity and thyroid function, with notable sex- and age-related variations, while also introducing the
potential of RI measurements to inform vascular health in OSA patients. In the future, we will continue to conduct animal
experiments and cell-level exploration to explore the intricate relationship between OSA and thyroid morphology and
function. Animal models can provide a controlled environment to observe the physiological and pathological changes
associated with OSA, while cell-level experiments can offer insights into the molecular mechanisms that underlie these
changes. This comprehensive approach will help us better understand the interplay between OSA and thyroid health,
ultimately leading to more effective diagnostic and therapeutic strategies.
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