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Background: Cardiovascular-kidney-metabolic (CKM) syndrome is an emerging multisystem disorder that predominantly affects
older adults. The role of thyroid hormones in its pathogenesis remains underexplored. This study aimed to investigate the associations
between thyroid hormone levels and CKM stages in elderly populations.

Methods: A total of 3300 participants from the Shanghai Friendship Community Elderly Cohort (SFCEC, enrolled in 2020) and 1153
participants from the US National Health and Nutrition Examination Survey (NHANES 2007-2012) were included. All participants
were elderly, defined as aged 60 to 80 years. Thyroid function markers (TSH, FT4, TT4, FT3, TT3) were measured using standardized
assays. CKM syndrome was classified into five stages (0—4) according to American Heart Association (AHA) criteria. Multivariable
ordinal logistic regression and restricted cubic splines (RCS) were employed to evaluate the associations.

Results: The prevalence of CKM (stages 1-4) was strikingly high in both elderly cohorts (98.33% in SFCEC and 98.76% in
NHANES). After full adjustment, consistent associations were observed across both cohorts: each 1 ug/dL increase in TT4 was
associated with elevated CKM risk (SFCEC: OR=1.064, 95% CI: 1.030-1.100; NHANES: OR=1.145, 95% CI:1.070-1.225).
Similarly, each 1 ng/dL increment in FT4 was associated with increased risk (OR=1.538, 95% CI:1.097-2.157 and OR=3.500, 95%
CI:1.745-7.020, respectively). Participants in the highest tertile of TT4 exhibited significantly elevated CKM risk compared to the
lowest tertile group (SFCEC: OR = 1.304, 95% CI: 1.114-1.528; NHANES: OR = 1.667, 95% CI: 1.219-2.277). A consistent pattern
was observed for FT4, with the highest tertile showing increased odds of CKM compared to the lowest (SFCEC: OR = 1.250, 95% CI:
1.066—1.466; NHANES: OR = 1.534, 95% CI: 1.046-2.248). Notably,RCS analyses indicated that both TT4 and FT4 hormone levels
were linearly associated with CKM Syndrome. (p- overall <0.05 and p-nonlinear >0.05). However, no significant associations were
observed for TSH, FT3, or TT3 in the adjusted models.

Conclusion: Elevated levels of TT4 and FT4 are associated with higher CKM stages in elderly populations. These findings suggest
that T4 levels may serve as biomarkers for CKM risk stratification. Longitudinal studies are warranted to confirm these associations
and to establish causality.

Keywords: cardiovascular-kidney-metabolic syndrome, CKM, thyroid hormone, elderly population

https://doi.org/10.2147/DMS0.S596317 Diabetes, Metabolic Syndrome and Obesity 2026:19 596317 |
Received: 29 January 2026 © 2026 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
Accepted: 4 June 2026 AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the

Published: 16 July 2026 work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Wang et al

Introduction

Cardiovascular-kidney-metabolic (CKM) syndrome represents an emerging clinical entity recently characterized by the
American Heart Association (AHA) as a complex, multisystem disorder. This condition manifests through dynamic
interrelationships between obesity, diabetes mellitus(DM), chronic kidney disease (CKD), and cardiovascular disease
(CVD), with a five-stage classification system (Stage 0: absence of risk factors; Stage 1: excess or dysfunctional adipose
tissue; Stage 2: metabolic risk factors or moderate-to-high risk CKD; Stage 3: subclinical CVD; Stage 4: established
CVD) that emphasizes the clinical value of integrated comorbidity management.! Epidemiological investigations have
revealed substantial disease burdens, particularly in aging populations,with CKM-related health impairments showing
consistently high prevalence rates in the US adult population,”* while demonstrating comparable significance in China.*
Mechanistic studies indicate that persistent metabolic dysregulation initiates a cascade of pathological events including
sympathetic overactivation, chronic inflammatory responses, and progressive tissue fibrosis, ultimately leading to multi-
organ dysfunction.’ Nevertheless, the complete spectrum of contributing factors and underlying molecular pathways was
not fully understood.

Thyroid hormones are present in numerous tissues and play a critical role in controlling energy metabolism and
physiologic function of nervous, and cardiovascular systems.®’ Substantial evidence confirms that thyroid dysfunction
significantly disrupts lipid and glucose metabolism while contributing to cardiovascular pathogenesis.® Notably, even
euthyroid obese individuals frequently exhibit activated hypothalamic-pituitary-thyroid axis activity accompanied by
elevated circulating thyroid hormone concentrations.” This observation justifies examining thyroid hormone levels across
the full clinical spectrum, rather than focusing solely on overt dysfunction. Furthermore, thyroid dysfunction may impair
renal function and alter kidney structure, potentially leading to CKD.'® Notably, patients with CKD commonly exhibit
reduced circulating thyroid hormone levels.'® Although extensive research has established connections between thyroid
hormone and individual metabolic disorders including metabolic syndrome, obesity, CVD, and CKD,G_10 its association
with the integrative concept of CKM syndrome remains unexplored.

Thyroxine (T4) is the primary secretory product of the thyroid gland and can act on peripheral tissues, produced in far
greater quantities than triiodothyronine (T3).% In contrast, TSH is a central regulator without direct peripheral action,
and T3 depends on peripheral deiodinase conversion, making it less stable as a circulating marker. T4 binds to membrane
integrin avp3 and triggers signaling cascades that lead to oxidative stress and inflammation''—processes central to CKM
pathogenesis.” Therefore, we hypothesized that FT4 and TT4 levels would be associated with CKM stages.

To address the knowledge gap regarding thyroid hormones and the integrated concept of CKM syndrome, we
designed a comprehensive investigation utilizing data from both the Shanghai Friendship Community Elderly Cohort
(SFCEC 2020) and the National Health and Nutrition Examination Survey (NHANES 2007-2012). Comparing a com-
munity-based Chinese cohort with a nationally representative US cohort allows us to test the generalizability of findings
across distinct genetic backgrounds, dietary patterns, lifestyle factors, and healthcare systems. Replication of results in
two geographically and ethnically diverse populations provides stronger evidence than a single-country study. We
examined potential associations between thyroid hormone levels and CKM staging, while establishing detailed dose-
response relationships. All participants were elderly, defined as aged 60 to 80 years.

Methods

Study Population

The Shanghai Friendship Community Elderly Cohort (SFCEC) constitutes a population-based cross-sectional study
conducted in Baoshan District, Shanghai between April and September 2020. Eligibility criteria included: (1) 60<age<80
years, consistent with the NHANES study population which exclusively comprises individuals under the age of 80; (2)
residence in Eastern China; (3) capacity for independent questionnaire completion; and (4) willingness to participate in
comprehensive health assessments including questionnaires, physical examinations, and laboratory tests. From the initial
pool, we excluded individuals with incomplete thyroid function data (n=21), missing BMI or waist circumference
measurements (n=171), missing HbAlc values (n=2), missing eGFR data (n=1), missing disease history records
(n=65), missing education status information (n=70), missing marital status (n=7), missing household income data
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(n=42), and missing systolic blood pressure measurements (n=32), resulting in a final analytical sample of 3,300
participants. The study protocol received approval from the Ethics Review Committee of Huashan Hospital, Fudan
University (Approval No. 2020-004), with written informed consent obtained from all participants.

For comparative analysis, we utilized data from the 2007-2012 National Health and Nutrition Examination Survey
(NHANES), a nationally representative, stratified multistage probability survey in the United States that collects
extensive demographic, clinical, and laboratory data. Applying identical exclusion criteria (age <60 years, missing
thyroid function data, or incomplete demographics), we included 1,153 NHANES participants for final analysis. All
NHANES participants provided written informed consent. Detailed selection procedures are illustrated in eFigure 1.
Additionally, we performed sensitivity analyses restricted to euthyroid participants, defined as those with TSH levels
within the normal reference range (0.3-3.6 mIU/L in SFCEC and 0.45-4.5 mIU/L in NHANES).

Thyroid Function Measurement

In both cohorts, thyroid function profiles were assessed, including thyroid-stimulating hormone (TSH), free triiodothyr-
onine (FT3), free thyroxine (FT4), total triiodothyronine (TT3), and total thyroxine (TT4). The units were standardized as
follows: TT3 and FT4 in ng/dL, FT3 in pg/mL,TT4 in ug/dL, and TSH in mIU/L. In SFCEC, measurements were
performed using chemiluminescence assays (Thorin reagents), while NHANES employed serum-based immuno-
enzymatic methods as detailed in the NHANES laboratory protocol (http://wwwn.cdc.gov/nchs/nhanes/2007-2008/
THYROD_E.htm).

CKM Syndrome Ascertainment

CKM syndrome was classified into five progressive stages (0—4) following established criteria from the American Heart
Association (AHA) and Aggarwal et al'® Detailed CKM stage definitions, adapted to data available in NHANES, have
been previous described (see eTable 1). Briefly, the staging system was operationalized as follows: Stage 0 comprised
individuals with normal body mass index(BMI) and waist circumference without additional metabolic abnormalities;
Stage 1 included those meeting criteria for adiposity (elevated BMI or waist circumference) or prediabetes; Stage 2
encompassed participants with multiple metabolic risk factors or moderate-to-high risk chronic kidney disease (CKD) as
defined by Kidney Disease Improving Global Outcomes (KDIGO) guidelines;'* Stage 3 identified participants with very-
high-risk KDIGO CKD or a high predicted 10-year CVD risk estimated using the PREVENT equations (see eTable 2);
Stage 4 represented patients with clinically confirmed CVD.

Covariates

This study adjusted for comprehensive covariates encompassing demographic characteristics (age, sex [male/female],
marital status [married/cohabitating, divorced/separated, never married, widowed]), socioeconomic status (educational
attainment [<high school, high school, >high school]"® and annual household income [<14,000, 14,000-28,000, or
>28,000 USD] converted from RMB at 7:1 exchange rate), and lifestyle factors (current smoking status and alcohol
consumption, both dichotomized as yes/no).

Statistical Analysis

We performed analyses in sequential phases: First, continuous variables were summarized as mean + standard deviation
(SD), while categorical variables were expressed as frequencies (percentages). Second, multivariable ordinal logistic
regression models were employed to examine associations between thyroid hormone parameters (analyzed as both con-
tinuous variables and tertiles [T1-T3]) and CKM syndrome. Two modeling approaches were implemented: Model 1
(unadjusted) and Model 2 (adjusted for age [continuous], sex, educational attainment, smoking status, alcohol consumption,
marital status, and household income). For NHANES analyses, we incorporated sampling weights, stratification variables,
and primary sampling units to maintain national representativeness. To explore potential effect modification by thyroid axis
status, we repeated all multivariable logistic regression analyses within the euthyroid subgroup. Third, we conducted
stratified analyses by prespecified subgroups including age (<70,>70 years), sex, education level, smoking status, alcohol
use, marital status, and income levels. Fourth, baseline characteristics were presented as mean + standard error (SE) for
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continuous variables and percentages for categorical variables, with participants categorized into tertiles based on TT4 or
FT4 levels. Finally, restricted cubic spline (RCS) regression with three knots was performed to assess potential nonlinear
relationships between thyroid hormone levels and CKM syndrome, adjusting for Model 2 covariates. Model fit was evaluated
using the Akaike Information Criterion (AIC), where lower values indicate superior model performance. All statistical

computations were executed using R software (version 4.4.2; R Foundation for Statistical Computing).

Results

Characteristics of the Study Population

Table 1 presents the detailed baseline characteristics of 3,300 SFCEC participants (60.8% female, mean age 74.47
+3.35 years) and 1,153 NHANES participants (56.0% female, mean age 69.91+£0.28 years). Thyroid function
profiles showed cohort-specific patterns: SFCEC participants exhibited mean levels of TSH (2.50+1.97 mIU/L),
FT4 (1.13+0.19 ng/dL), TT4 (8.98+1.95 ug/dL), FT3 (2.62+0.41 pg/mL), and TT3 (90.70+£15.60 ng/dL), while
NHANES participants demonstrated TSH (2.40+0.09 mIU/L), FT4 (0.85+0.01 ng/dL), TT4 (8.18+0.08 ug/dL),
FT3 (3.01+0.01 pg/mL), and TT3 (105.45+0.81 ng/dL). Both cohorts revealed remarkably high CKM prevalence,
with 98.33% of SFCEC and 98.76% of NHANES participants classified as stages 1-4. Notably, the two databases
showed discrepancies in education level, marital status, household income, and alcohol consumption. The propor-
tion of each major CKM-related disease is shown in the eTable 3.

Association Between Thyroid Hormone Levels and CKM Syndrome

Multivariable logistic regression analyses revealed significant associations between thyroid hormone levels and
CKM syndrome stages in both cohorts (Table 2). In the SFCEC cohort, after full adjustment for covariates, each unit
increase in TT4 (OR=1.064, 95% CI: 1.030-1.100) and FT4 (OR=1.538,95% CI:1.097-2.157) was associated with
elevated CKM risk. Participants in the highest tertile of TT4 (OR = 1.304, 95% CI: 1.114-1.528) and FT4 (OR =
1.250, 95% CI: 1.066—1.466) showed significantly increased risk compared to the lowest tertile. Comparable
patterns were observed in the NHANES cohort, where each unit increase in TT4 (OR = 1.145, 95% CI: 1.070-
1.225) and FT4 (OR = 3.500, 95% CI: 1.745-7.020) was significantly associated with higher CKM stages. Likewise,
participants in the highest tertile of TT4 (OR = 1.667, 95% CI: 1.219-2.277) and FT4 (OR = 1.534, 95% CI: 1.046—
2.248) demonstrated increased risk relative to the lowest tertile. However, no significant associations were observed
between TT3, FT3 or TSH levels and CKM. Given the potential confounding by overt thyroid dysfunction,
sensitivity analyses were performed in euthyroid participants. While the positive association of TT4 with advanced
CKM stages persisted in this subgroup (SFCEC: OR=1.063, 95% CI: 1.026—1.102; NHANES:OR=1.160, 95% CI:
1.085-1.241), a divergent and protective association emerged for TT3, which was associated with lower odds of
CKM (T3 vs. T1 in SFCEC: OR=0.817, 95% CI: 0.685-0.973; T2 vs. T1 in NHANES: OR=0.617, 95% CI: 0.413—
0.923). The association for FT4 remained positive in continuous models (SFCEC:OR=1.482, 95% CI: 1.011-2.172;
NHANES:OR=3.245, 95% CI: 1.413-7.455) but was attenuated when analyzed categorically. Detailed results are
provided in eTable 4.

Subgroup Analyses

Stratified analyses were performed across both cohorts by age group, sex, education level, household income, smoking
status, alcohol consumption, and marital status (Table 3). Elevated TT4 and FT4 levels remained significantly associated
with increased CKM risk in most subgroups in both cohorts. Furthermore, subgroup analyses based on TT4 levels
indicated a more pronounced association between TT4 and CKM among female participants in the NHANES cohort.
Similarly, analyses based on FT4 levels showed a stronger association between FT4 and CKM among participants with
middle household income (all P < 0.05; P for interaction < 0.05).
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Table | Baseline Characteristics of the Study Population

Characteristic Participants
Shanghai Friendship Community Elderly Cohort NHANES
(n=3300) (n=1153)
Age 74.47 (3.35) 69.91 (0.28)
Sex
Female 2008 (60.85) 587 (56.00)
Male 1292 (39.15) 566 (44.00)
Education status
< high school 2329 (70.57) 205 (10.82)
High school 586 (17.76) 461 (37.45)
>high school 385 (11.67) 487 (51.73)
Marital status
Divorced/separated 38 (1.15) 164 (11.79)
Married/cohabit 3030 (91.82) 693 (64.96)
Never married 3 (0.09) 44 (2.74)
Widowed 229 (6.94) 52 (20.51)
Smoking status
Yes 260 (7.88) 121 (8.27)
No 3040 (92.12) 1032 (91.73)
Drinking status
Yes 231 (7.00) 606 (57.36)
No 3069 (93.00) 547 (42.64)
Household income
<14,000 2363 (71.61) 354 (20.87)
14,000-28,000 885 (26.82) 377 (32.72)
>28,000 52 (1.57) 422 (46.41)
TT4 8.98 (1.95) 8.18 (0.08)
FT4 1.13 (0.19) 0.85 (0.01)
TT3 90.70 (15.60) 105.45 (0.81)
FT3 2.62 (0.41) 3.01 (0.01)
TSH 2.50 (1.97) 2.40 (0.09)
CKM syndrome
Stage 0 55 (1.67) 12 (1.24)
Stage | 465 (14.09) 71 (841)
Stage 2 1363 (41.30) 596 (51.55)
Stage 3 1178 (35.70) 195 (13.91)
Stage 4 239 (7.24) 279 (24.90)

Notes: Continuous variables were summarized as mean * standard deviation (SD), while categorical variables were expressed as
frequencies (percentages).

Abbreviations: NHANES, National Health and Nutrition Examination Survey; TT4, total thyroxine; FT4, free thyroxine; TT3, total
triiodothyronine; FT3, free triiodothyronine; TSH, thyroid-stimulating hormone; CKM syndrome, Cardiovascular-Kidney-Metabolic
syndrome;

Baseline Characteristics by TT4 and FT4 Tertiles

Table 4 presents the baseline characteristics stratified by TT4 tertiles. Notably, a significant difference in TT4 levels was
observed in gender subgroups, with females having higher TT4 levels in both SFCEC and NHANES cohorts (p < 0.05).
Participants with higher TT4 tertiles showing greater prevalence of advanced CKM stages (Stages 1-4). However,
analysis of FT4 tertiles revealed this association with CKM staging only in the SFCEC cohort, with no significant pattern
observed in NHANES (p > 0.05). Related results are detailed in eTable 5.
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Table 2 Association Between Thyroid Hormone Levels and CKM Syndrome

Population Shanghai Friendship Community Elderly Cohort NHANES
Model I° Model 2 ° Model I° Model 2 °
OR (95% CI) p OR (95% CI) P OR (95% CI) P OR (95% CI) p

TT4 1.066 (1.032—1.101) | <0.001 | 1.064 (1.030-1.100) | <0.001 1.147 (1.065-1.236) | <0.001 | 1.145 (1.070-1.225) | <0.001
TI Ref Ref Ref Ref

T2 1.015 (0.869—1.185) | 0.854 1.126 (0.960-1.321) | 0.145 1.096 (0.787-1.526) 0.590 1.045 (0.780-1.399) | 0.772
T3 1.301 (1.115-1.518) | <0.001 | 1.304 (I.114-1.528) | 0.001 1.738 (1.273-2.372) 0.001 1.667 (1.219-2.277) | 0.003
FT4 2.227 (1.601-3.097) | <0.001 | 1.538 (1.097-2.157) | 0.013 | 5.098 (2.180-11.925) | <0.001 | 3.500 (1.745-7.020) | <0.001
TI Ref Ref Ref Ref

T2 1.228 (1.052-1.432) | 0.009 1.128 (0.962—1.321) | 0.138 1.424 (1.017-1.994) 0.045 1.286 (1.010-1.637) | 0.048
T3 1.459 (1.250-1.703) | <0.001 | 1.250 (1.066—1.466) | 0.006 1.861 (1.147-3.018) 0.015 1.534 (1.046-2.248) | 0.035
TT3 0.990 (0.986-0.994) | <0.001 | 0.997 (0.993-1.001) | 0.201 0.988 (0.979-0.997) 0.009 | 0.993 (0.986—1.000) | 0.065
TI Ref Ref Ref Ref

T2 0.736 (0.630-0.858) | <0.001 | 0.828 (0.707-0.970) | 0.020 0.577 (0.426-0.781) | <0.001 | 0.675 (0.474-0.962) | 0.036
T3 0.675 (0.577-0.789) | <0.001 | 0.852 (0.725-1.002) | 0.052 0.557 (0.349-0.889) 0.018 | 0.692 (0.482-0.992) | 0.052
FT3 1.002 (0.859-1.169) | 0.981 0.989 (0.843—-1.160) | 0.890 0.526 (0.323-0.857) 0.010 | 0.664 (0.436-1.011) | 0.057
TI Ref Ref Ref Ref

T2 0.991 (0.850-1.157) | 0.912 | 0.979 (0.835-1.147) | 0.791 0.895 (0.615-1.305) 0.568 1.101 (0.771-1.572) | 0.599
T3 0.940 (0.805—1.096) | 0.429 | 0.964 (0.822—1.131) | 0.654 0.639 (0.458-0.890) 0.011 0.712 (0.526-0.964) | 0.034
TSH 0.967 (0.938-0.997) | 0.030 1.014 (0.983-1.046) | 0.389 1.014 (0.981-1.048) 0.421 0.979 (0.948-1.010) | 0.177
Tl Ref Ref Ref Ref

T2 0.890 (0.771-1.050) | o0.18I 1.042 (0.889-1.222) | 0.612 0.969 (0.670-1.401) 0.866 | 0.974 (0.684—1.386) | 0.882
T3 0.842 (0.721-0.982) | 0.029 1.126 (0.957-1.323) | 0.152 0.996 (0.759-1.308) 0.978 | 0.780 (0.583—1.044) | 0.104

Notes: *Model | is the crude model. ® Model 2 is adjusted for age [continuous], sex, educational attainment, smoking status, alcohol consumption, marital status, and
household income.

Abbreviations: NHANES, National Health and Nutrition Examination Survey; TT4, total thyroxine; FT4, free thyroxine; TT3, total triiodothyronine; FT3, free
triiodothyronine; TSH, thyroid-stimulating hormone; CKM syndrome, Cardiovascular-Kidney-Metabolic syndrome; OR, odds ratio;Cl, confidence interval; Ref, reference;
TI, Tertile |; T2, Tertile 2; T3, Tertile 3;

Dose—Response Relationships of TT4 and FT4 with CKM Syndrome

Restricted cubic spline (RCS) analyses revealed significant linear associations between thyroid hormone levels and CKM
stages after full covariate adjustment (Figure 1). In the SFCEC cohort, TT4 levels showed a strong linear relationship
with CKM risk (P-overall < 0.001; P-nonlinear = 0.379), with similar trends observed in NHANES (P-overall = 0.013; P-
nonlinear = 0.404). For FT4, both cohorts demonstrated consistent linear dose-response patterns (SFCEC: P-overall =
0.028, P-nonlinear = 0.340; NHANES: P-overall = 0.016, P-nonlinear = 0.131), indicating progressively higher CKM
risk with increasing TT4 or FT4 levels.

Discussion
To our knowledge, this represents a large-scale study investigating the association between thyroid hormone levels and
CKM syndrome stages using data from both Chinese (SFCEC) and US (NHANES) elderly populations. The remarkably
high prevalence of CKM (approximately 98%) in both cohorts underscores the urgent need to identify modifiable risk
factors in aging populations. Our key finding of a significant positive association between elevated TT4 and FT4 levels
and CKM risk, supported by dose-response analyses, suggests that T4 may serve as potential biomarkers for CKM
progression.

Previous research has clearly established important connections between abnormal thyroid hormone levels and key
components of CKM syndrome including obesity, DM,CKD, and CVD. First, in our study, the proportion of obese
patients was the highest (67.20% in the SFCEC cohort and 72.20% in the NHANES). Multiple studies have demonstrated
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Table 3 Associations of TT4 and FT4 Levels with CKM Among Subgroups

Subgroups Shanghai Friendship Community Elderly Cohort NHANES
TT4 FT4 TT4 FT4
OR (95% CI) P p_Interaction OR (95% CI) p p_Interaction OR (95% CI) p p_Interaction OR (95% CI) P p_Interaction
Age 0.986 0.554 0.086 0.286
>70 1.06 (1.03-1.10) 1.44E-04 2.29 (1.64-3.19) 1.18E-06 1.05 (0.96-1.16) 0.266 2.74 (1.64-4.59) 1.28E-04
<=70 1.09 (0.77-1.53) 0.636 1.3 (0.11-15.56) 0.836 1.24 (1.09-1.42) 0.001 7.25 (1.14-46.15) 0.036
Sex 0.864 0.849 0.013 0.367
Female 1.07 (1.03-1.12) 0.002 1.62 (1.04-2.52) 0.034 1.33 (1.21-1.47) | 5.69E-09 8.85 (3.37-23.23) 9.35E-06
Male 1.07 (1.02-1.13) 0.012 1.69 (0.98-2.92) 0.06 1.03 (0.90-1.18) 0.667 3.89 (1.06-14.32) 0.041
Education status 0.842 0.825 0.118 0.040
< high school 1.07 (1.03-1.11) | 8.52E-04 1.93 (1.30-2.86) 0.001 1.01 (0.86—1.20) 0.875 0.95 (0.18-5.14) 0.952
High school 1.04 (0.96-1.12) 0.32 2.25 (1.02-4.98) 0.045 1.13 (1.01-1.26) 0.038 5.2 (2.20-12.31) 1.75E-04
>high school 1.07 (0.97-1.17) 0.168 2.54 (0.99-6.53) 0.053 1.18 (1.05-1.33) 0.006 6.8 (1.74-26.52) 0.006
Marital status 0.174 0.776 0.047 0.669
Divorced/separated 1.55 (1.05-2.30) 0.028 23.76 (0.73-768.45) 0.074 1.33 (1.15-1.54) 1.25E-04 8.52 (0.55-132.51) 0.126
Married/cohabit 1.07 (1.03-1.10) 1.80E-04 2.17 (1.54-3.07) I.11E-05 1.08 (0.98-1.19) 0.131 4.22 (1.58-11.29) 0.004
Never married 0.16 (0.01-3.72) 0.251 106.64 (0-8.34E+15) 0.775 1.25 (0.86—1.82) 0.249 12.64 (0.03-5177.62) 0.409
Widowed 1.05 (0.93-1.19) 0.409 2.48 (0.77-7.98) 0.129 1.15 (1.00-1.33) 0.054 3.67 (1.75-7.69) 5.73E-04
Smoking status 0.799 0.847 0.323 0.685
Yes 1.07 (0.94-1.22) 0.307 2.46 (0.67-9.00) 0.174 1.04 (0.85-1.28) 0.685 3.1 (0.19-51.55) 0.431
No 1.06 (1.03-1.10) | 4.82E-04 1.96 (1.38-2.77) 1.53E-04 1.16 (1.07-1.25) 1.70E-04 5.46 (2.30-12.95) 1.17E-04
Drinking status 0.527 0.588 0.069 0.133
Yes 1.12 (0.98-1.29) 0.104 2.85 (0.71-11.52) 0.141 1.2 (1.09-1.32) 3.08E-04 743 (1.90-29.13) 0.004
No 1.07 (1.03-1.10) 1.07E-04 2.08 (1.48-2.93) 2.58E-05 1.05 (0.94-1.18) 0.401 3.3 (1.35-8.10) 0.009
Household income 0.152 0.587 0.274 0.006
<14,000 1.08 (1.04-1.13) 2.75E-05 2.03 (1.38-2.98) 3.06E-04 1.12 (1.01-1.24) 0.024 2.36 (1.04-5.38) 0.04
14,000-28,000 1.01 (0.95-1.08) 0.715 3.03 (1.54-5.95) 0.001 1.19 (1.03-1.36) 0.015 10.54 (3.00-37.02) 2.40E-04
>28,000 1.12 (0.85-1.47) 0.432 1.22 (0.16-9.44) 0.849 1.12 (0.98-1.28) 0.084 4.99 (1.24-20.08) 0.024

Notes: The Model is adjusted for age, sex, educational attainment, smoking status, alcohol consumption, marital status, and household income.
Abbreviations: NHANES, National Health and Nutrition Examination Survey; TT4, total thyroxine; FT4, free thyroxine; CKM syndrome, Cardiovascular-Kidney-Metabolic syndrome; OR, odds ratio; Cl, confidence interval;
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Table 4 Baseline Characteristics by TT4 Tertiles

Characteristic Shanghai Friendship Community Elderly NHANES
Cohort
TI T2 T3 P TI T2 T3 P
[3.1,8.0] (8.0,9.7] (9.7,22.7] [2.5,7.4] (7.4,8.8] | (8.8,17.9]

Age 74.60 (3.33) | 74.25 (3.44) | 74.55 (3.26) | 0.027 | 69.34(0.36) | 69.64(0.45) | 70.86(0.57) | 0.065

Sex 0.014 0.004
Female 662(60.40) 708 (64.07) 638 (58.05) 171(48.80) | 187(54.72) | 229(65.68)

Male 434 (39.60) 397 (35.93) | 461 (41.95) 228(51.20) | 192(45.28) | 146(34.32)

Education status 0.279 0.232
<high school 783 (71.44) 779 (70.50) 767 (69.79) 68(9.87) 52(8.73) 85(14.12)

High school 201 (18.34) 183 (16.56) 202 (18.38) 146(34.52) | 174(39.80) | 141(38.38)
>high school 112 (10.22) 143 (12.94) 130 (11.83) 185(55.60) | 153(51.47) | 149(47.50)

Marital status 0.625 0.030
Divorced/separated 11 (1.00) 10 (0.90) 17 (1.55) 69(15.74) 51(11.37) 44(7.65)
Married/cohabit 1007 (91.88) | 1018 (92.13) | 1005 (91.45) 244(64.03) | 231(66.76) | 218(64.14)

Never married 0 (0.00) 2 (0.18) | (0.09) 17(3.78) 14(2.19) 13(2.11)
Widowed 78 (7.12) 75 (6.79) 76 (6.91) 69(16.44) 83(19.68) 100(26.10)

Smoking status 0.136 0.556
Yes 8l (7.40) 78 (7.06) 101 (9.19) 43(7.71) 39(9.57) 39(7.56)

No 1015 (92.60) | 1027 (92.94) | 998 (90.81) 356(92.29) | 340(90.43) | 336(92.44)

Drinking status 0.193 0.011
Yes 86 (7.85) 80 (7.24) 65 (5.91) 244(65.74) | 190(55.09) | 172(50.04)

No 1010 (92.15) | 1025 (92.76) | 1034 (94.09) 155(34.26) | 189(44.91) | 203(49.96)

Household income 0.546 0.353
<14,000 791 (72.17) 795 (71.95) 777 (70.70) 111(18.24) | 113(19.80) | 130(25.06)
14,000-28,000 292 (26.64) 288 (26.06) 305 (27.75) 130(33.74) | 132(34.30) | 115(29.87)
>28,000 13 (1.19) 22 (1.99) 17 (1.55) 158(48.02) | 134(45.90) | 130(45.07)

CKM syndrome 0.001 0.008
Stage 0 20 (1.82) 24 (2.17) 11 (1.00) 9(2.73) 1(0.20) 2(0.59)

Stage | 178 (16.24) 164 (14.84) 123 (11.19) 32(10.63) 24(10.22) 15(3.91)

Stage 2 447 (40.79) | 468 (42.35) | 448 (40.76) 201(52.11) | 211(53.47) | 184(48.88)
Stage 3 373 (34.03) 363 (32.85) | 442 (40.22) 59(10.71) 63(14.36) 73(17.14)
Stage 4 78 (7.12) 86 (7.79) 75 (6.83) 98(23.82) 80(21.75) 101(29.48)

Notes: Continuous variables were summarized as mean * standard deviation (SD), while categorical variables were expressed as frequencies
(percentages).

Abbreviations: NHANES, National Health and Nutrition Examination Survey; TT4, total thyroxine; CKM syndrome, Cardiovascular-Kidney-Metabolic
syndrome; T1, Tertile |; T2, Tertile 2; T3, Tertile 3.

that in carefully matched comparisons with lean individuals, obese subjects consistently show higher circulating TSH
levels while maintaining normal or even slightly elevated FT4 concentrations,” suggesting a complex relationship
between obesity and thyroid function regulation. Importantly, longitudinal data from a Chinese cohort of 256 obese
patients with initially normal thyroid function revealed significant reductions in both TT4 and FT4 levels following
substantial weight loss achieved through partial gastrectomy,'® providing compelling evidence for reversible thyroid
hormone alterations in obesity. These human findings are further supported by parallel observations in animal models
where obese cats exhibited elevated TT4 and FT4 levels compared to their normal-weight counterparts.'> Second,
regarding DM, well-designed clinical studies including Li Q et al’s investigation of 488 untreated patients from Eastern
China have consistently reported significantly higher TT4 and FT4 levels in individuals with diabetes mellitus,'®
highlighting thyroid hormones’ crucial role as master regulators of glucose metabolism through multiple mechanisms
including modulation of insulin secretion, intestinal glucose absorption, hepatic gluconeogenesis, and peripheral tissue
glucose uptake.'” Current evidence strongly suggests that even subtle variations in thyroid hormone levels within the
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Figure | Restricted cubic spline plots of the association between TT4 and FT4 levels and CKM. (A) The association between TT4 levels and CKM in Shanghai Friendship
Community Elderly Cohort. (B) The association between TT4 levels and CKM in NHANES. (C) The association between FT4 levels and CKM in Shanghai Friendship
Community Elderly Cohort. (D) The association between FT4 levels and CKM in NHANES. The Model is adjusted for age, sex, educational attainment, smoking status,
alcohol consumption, marital status, and household income.

Notes: The reference group (Stage 0) was small (n=55 in SFCEC, n=12 in NHANES); caution is needed when interpreting the slopes at lower T4 levels.
Abbreviations: NHANES, National Health and Nutrition Examination Survey; TT4, total thyroxine; FT4, free thyroxine; CKM syndrome, Cardiovascular-Kidney-Metabolic
syndrome.

conventional normal reference range may significantly influence diabetes risk,'’ underscoring the importance of
considering thyroid function in metabolic assessments. Third, regarding the relationship between thyroid function and
CKD, existing studies demonstrate that thyroid dysfunction accelerates CKD progression, highlighting the necessity of
monitoring thyroid function in CKD management.® Furthermore, these studies have further elucidated the specific
mechanisms by which thyroid abnormalities affect renal function through alterations in thyroid hormone synthesis.®
Interestingly, the study by Rhee CM et al observed a tendency for reduced TT4 levels in CKD patients,'® which differs
from our current findings. This discrepancy may stem from the relatively lower proportion of CKD patients in our study
population (see eTable 3). Furthermore, extensive research has established that abnormalities in thyroid hormone levels

significantly disrupt lipid and glucose homeostasis and contribute to the pathogenesis of CVD.® In a Turkish study of 95
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patients with acute myocardial infarction (AMI), blood TT4 levels were significantly higher in AMI patients compared to
controls—a finding consistent with our results.'® Additionally, a substantial proportion of elderly patients with CKM
syndrome in our study exhibited dyslipidemia, with prevalence rates of 45.30% in the SFCEC cohort and 39.20% in the
NHANES cohort. In conclusion, although existing evidence has established thyroid hormone dysregulation as
a contributing factor to individual components of CKM syndrome such as obesity, DM, and CVD, the comprehensive
relationship between thyroid function and integrated CKM staging remained poorly characterized prior to this study.

The strikingly high prevalence of CKM stages 1-4 in both elderly cohorts (approximately 98%) likely reflects
cumulative age-related metabolic and cardiovascular risk factors. This near-universal burden suggests that CKM staging
may have limited utility for early detection in older adults; instead, its clinical value may lie in distinguishing advanced
stages (Stage 3—4)° and predicting progression. Our finding of linear TT4/FT4 associations with higher stages supports
their potential to identify individuals at risk for progressing to subclinical or clinical CVD. These results suggest that
future studies should test whether CKM staging criteria need to be adjusted for older adults. Additionally, the two cohorts
differed substantially in the prevalence of CKD (2.7% in SFCEC vs. 20.5% in NHANES) and established CVD (7.2% vs.
24.9%). These differences reflect underlying population health disparities, healthcare access, and possibly true epide-
miologic differences. Despite these baseline differences, the positive association between TT4/FT4 and CKM stages
remained consistent in both cohorts, suggesting that the relationship is robust across different disease profiles. Regarding
racial composition, the NHANES cohort was predominantly Non-Hispanic White (80.5%, eTable 6). In contrast, the
SFCEC cohort was ethnically homogeneous (Han Chinese, >99%). Despite these racial differences, both cohorts showed
consistent positive associations between TT4/FT4 and CKM stages, suggesting that the observed relationship is not
driven solely by a specific racial group. However, the sample sizes of non-White subgroups in NHANES were
insufficient for adequately powered race-stratified analyses. Future multi-ethnic studies are needed to explore whether
the thyroid-CKM association differs by race or ethnicity. Furthermore,our RCS analyses demonstrated linear TT4/FT4-
CKM associations without a threshold effect, even among euthyroid participants. This raises the question of whether
current T4 reference ranges,which are derived from healthy populations,are optimal for elderly risk assessment. Our
findings indicate that higher T4 within the normal range is associated with more advanced CKM stages. Clinicians should
note that upper-normal T4 may signal increased risk despite normal TSH. Future studies should test whether age-specific
reference ranges are needed.

The precise biological mechanisms linking elevated TT4/FT4 levels with CKM syndrome remain to be fully
elucidated. As a complex multisystem disorder, CKM syndrome is known to be driven by chronic systemic inflammation
and oxidative stress.”” In obesity, overexpression of pro-inflammatory cytokines (eg., TNF-o, IL-6, MCP-1) promotes
tissue specific inflammation and oxidative damage, contributing to cardiovascular and metabolic dysregulation.”’ The
kidneys are particularly susceptible to oxidative injury, where Reactive oxygen species (ROS) mediated damage to
glomeruli and tubules may accelerate renal dysfunction.”? Similarly, in the cardiovascular system, oxidative stress
promotes pathological remodeling processes underlying left ventricular hypertrophy and atherosclerosis.”*** Thyroid
hormones contribute to oxidative damage and inflammatory activation through multiple molecular pathways. On one
hand, the phenolic hydroxyl group in thyroid hormones exhibit intrinsic oxidant capacity, enabling direct DNA damage.?
On the other hand, thyroid hormones enhance nitric oxide synthase (NOS) activity, leading to excessive nitric oxide (NO)
production. They also activate the hepatic NF-kB pathway, which elevates cytokine levels and subsequently promotes the
generation of reactive oxygen species (ROS).?® Additionally, circulating T4 binds membrane integrin avp3 to initiate
MAPK-dependent upregulation of HIF-lo. and COX2,”’** which promotes NLRP3 inflammasome assembly.”~° In
parallel, the T4—integrin avp3 axis activates PI3K and AKT, thus inducing a robust production of ROS,"" as well as
enhancing HIF-1a expression.”®>! These interconnected pathways demonstrate how thyroid hormones can potentiate
oxidative stress and inflammatory responses through both direct molecular actions and complex signaling cascades.
Notably, the absence of significant associations for TSH, FT3, and TT3 in the primary adjusted models points to a T4-
specific peripheral mechanism rather than central hypothalamic-pituitary-thyroid axis dysregulation. This aligns with our
hypothesis that T4 may act via integrin avp3 and non-genomic pathways to promote inflammation and oxidative stress,'"
independent of TSH regulation or T3 conversion. Supporting the inflammatory hypothesis, recent NHANES analyses
have provided two key insights: one study identified a positive correlation between thyroid hormone levels (TT4 or FT4)
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and systemic inflammatory markers (SIRI),>> while another established a link between the systemic immune-
inflammation index (SII) and CKM syndrome.*® Collectively, these observations suggest that chronic inflammation
may be a central mechanism bridging T4 with CKM pathogenesis.

In sensitivity analyses restricted to euthyroid individuals, higher TT3 levels were associated with lower odds of CKM,
a finding that contrasts with the null results from the primary analysis. This inverse association may reflect reduced
peripheral conversion of T4 to T3 due to systemic inflammation or illness (eg., low T3 syndrome),** rather than a direct
protective effect of T3 itself. Future studies should measure deiodinase activity and T4/T3 ratios to clarify the underlying
mechanisms. We therefore interpret this euthyroid-subgroup finding as hypothesis-generating, requiring confirmation in
future mechanistic studies.

Strengths and Limitations

This study possesses several notable strengths. First, we analyzed data from two large, well-characterized cohorts - the
Shanghai Friendship Community Elderly Cohort (SFCEC) and the nationally representative US NHANES population -
enhancing the generalizability of our findings across distinct ethnic groups. Second, our analytical approach rigorously
accounted for NHANES’s complex survey design through appropriate weighting, stratification, and clustering adjust-
ments, ensuring robust population-level estimates.

However, several limitations warrant consideration. First, this is an observational study, and the associations observed
cannot establish causality. Second, although we adjusted for comprehensive demographic and lifestyle confounders, residual
confounding from unmeasured factors (eg., thyroid autoantibodies) cannot be excluded. Third, the predominantly elderly
study population may limit extrapolation of our findings to younger adults. Fourth, despite statistical adjustment, the two
cohorts differed substantially in education, income, and alcohol consumption, which may introduce residual bias. However,
the consistent TT4/FT4 association across both cohorts argues against major confounding by these factors. Fifth, we lacked
detailed information on the severity of hypertension and diabetes, as well as the duration of medication use. Only current use
of antihypertensive, antidiabetic, and lipid-lowering drugs (yes/no) was recorded. Furthermore, as a sensitivity analysis, we
repeated analyses in euthyroid participants. While the positive association with elevated TT4 and FT4 persisted, the
relationship with other hormones (eg., TT3) differed. These exploratory findings underscore the complexity of thyroid-
CKM relationships and suggest future mechanistic studies are needed to investigate how specific thyroid hormone signaling
pathways contribute to CKM pathogenesis, potentially revealing novel therapeutic targets.

Conclusions

In summary, this study identified elevated TT4 and FT4 levels as potential independent risk markers for CKM syndrome
in elderly populations from both China and the United States. The consistency of these findings across diverse cohorts
suggests that free and total thyroxine levels could serve as clinically useful biomarkers for monitoring CKM progression
in aging adults. Consequently, clinical screening of TT4 and FT4 levels may aid in risk stratification for CKM
progression. Further research, particularly prospective longitudinal studies, is warranted to confirm these associations
and to elucidate the mechanistic role of thyroxine in the development of CKM over time.
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