i? Journal of
% Cardiovascular

K’

Z
Development and Disease @

Article

Tumor Characteristics and Cardiovascular Mortality in
19,228 Thyroid Cancer Patients: A Population-Based
Competing Risk Study

Yumei Chen 'f, Chang Liu 2

40, Tianwang Guan 3, Tachua Chen 2, Zeru Chen 2, Yaosheng Luo !, Aihua Cai ?,

Xiaoying Huangfang !, Min Yi '* and Ming Hu **

W) Check for updates

Academic Editors: Giuseppina
Maura Francese and Lucio

Giuseppe Granata

Received: 22 September 2026
Revised: 21 October 2026
Accepted: 26 October 2026
Published: 2 November 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Endocrinology, The Second Affiliated Hospital of Guangzhou Medical University,
Guangzhou 510260, China; 2023210123@stu.gzhmu.edu.cn (Y.C.); yslaw_st@163.com (Y.L.);
huangfxy@126.com (X.H.)

Department of Clinical Medicine, The Second Clinical College of Guangzhou Medical University,
Guangzhou 511436, China; 2023111182@stu.gzhmu.edu.cn (C.L.); 15626059554@163.com (T.C.);
18312606012@163.com (Z.C.); 18318635939@163.com (A.C.)

Department of Cardiovascular Medicine, Guangdong Cardiovascular Institute, Guangdong Provincial
People’s Hospital, Guangdong Academy of Medical Sciences, Southern Medical University,
Guangzhou 510080, China; guantianwang@163.com

Guangdong Key Laboratory of Vascular Diseases, Guangzhou Institute of Cardiovascular Disease, The Second
Affiliated Hospital of Guangzhou Medical University, Guangzhou 510260, China

*  Correspondence: minyi@gzhmu.edu.cn or smu_min@126.com (M.Y.); huming1989@126.com (M.H.)
These authors contributed equally to this work.

Abstract

The association between tumor characteristics and cardiovascular mortality in thyroid can-
cer (TC) remains poorly characterized. We identified 19,228 primary TC patients from
SEER (2004-2015), with follow-up through 2020. Fine-Gray and cause-specific Cox mod-
els evaluated cardiovascular disease (CVD) mortality, with analyses by sex and age. A
nomogram was developed for exploratory risk stratification, and separate continuous-age
competing-risk models were assessed in training and validation cohorts. During a median
follow-up of 8.3 years, 321 (18.7%) of 1713 deaths were CVD-related. Compared with
localized disease, regional and distant stage were associated with higher cause-specific
hazards of CVD death (csHR 1.32, 95% CI 1.03-1.71; and 2.46, 1.71-3.55, respectively). The
distant-stage subdistribution association was elevated early after diagnosis and attenuated
over follow-up (12-month sHR 2.79, 95% CI 1.61-4.83). Male sex was associated with a
higher overall subdistribution hazard (sHR 2.19, 95% CI 1.73-2.78). The prediction model
yielded validation AUCs of 0.854-0.895 at 5-10 years, but adding stage did not meaningfully
improve five-year prediction beyond the baseline models evaluated. These findings support
attention to cardiovascular risk at TC diagnosis and during survivorship, taking tumor
stage, conventional risk factors and planned treatment into account.

Keywords: thyroid cancer; cardiovascular mortality; tumor characteristics; sex differences;
competing risks; risk stratification

1. Introduction

Thyroid cancer (TC) is the most prevalent endocrine malignancy, with a notably
high 5-year survival rate approaching 98% in several high-income settings [1-3]. As the
population of TC survivors continues to grow, attention has increasingly shifted toward
long-term health risks, particularly non-cancer-related causes of death. Accumulating
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evidence indicates that cardiovascular disease (CVD) has emerged as the leading cause of
non-cancer mortality among TC survivors. SEER studies have examined the contribution of
prior cancer history and histological type to mortality after TC diagnosis [4,5]. According
to SEER program data, CVD accounted for 21.3% of all deaths among TC patients, making
it the leading cause of non-malignant mortality in this population [6].

The mechanisms underlying elevated cardiovascular risk in TC patients have tradition-
ally been attributed to two main factors: the cardiotoxic effects of cancer treatments and the
accumulation of traditional cardiovascular risk factors [7,8]. Thyroid-stimulating hormone
(TSH) suppression therapy, a cornerstone of postoperative management for intermediate-
and high-risk patients, has been implicated in elevated heart rate, increased diastolic blood
pressure, and higher risks of atrial fibrillation and coronary heart disease [9]. A seminal
study published in 2013 followed 524 differentiated thyroid cancer (DTC) patients and
found higher cardiovascular mortality than in matched controls, with lower TSH levels
associated with higher cardiovascular mortality within the DTC cohort [10]. Similarly,
a 2019 study using data from the Korean National Health Insurance Service compared
182,419 TC patients with a 1:1 matched control group and found significantly increased
risks of coronary heart disease and ischemic stroke among TC patients, with those tak-
ing levothyroxine doses of 170 pg/day or more facing adjusted hazard ratios of 1.47 for
coronary heart disease and 1.56 for ischemic stroke [11]. A 2023 meta-analysis evaluating
cardiovascular outcomes in TC patients assessed the impact of radioactive iodine therapy
and found a neutral effect on cardiovascular outcomes with a pooled relative risk of 1.00
(95% C10.87-1.16) [12].

However, a growing body of evidence suggests that the association between TC and car-
diovascular mortality extends beyond treatment-related toxicity and traditional risk factors.
The Utah Cancer Survivors Study identified TSH suppression, cancer stage and pre-existing
comorbidity among factors associated with cardiovascular disease in TC survivors [13].
This observation raises a question: do tumor characteristics at diagnosis help characterize
subsequent cardiovascular vulnerability? The emerging “double-hit” hypothesis in cardio-
oncology provides a biological rationale for examining tumor-related and treatment-related
cardiovascular stress [14-18]. Subsequent cancer treatments then constitute a “second hit,”
compounding the initial insult [7,8,17].

Despite these insights, the specific impact of thyroid cancer (TC) characteristics on car-
diovascular mortality remains poorly characterized. TC has a striking female predominance
in incidence (approximately a 3:1 female-to-male ratio), whereas males often present with
more aggressive disease and less favorable cancer outcomes [19]. Whether associations
between tumor characteristics and cardiovascular mortality differ by sex or age remains
uncertain. These dimensions are clinically relevant when considering cardiovascular risk
across the TC survivorship continuum [19].

Therefore, we conducted this large population-based study using the Surveillance,
Epidemiology, and End Results (SEER) database to achieve three objectives: first, to investi-
gate the association between tumor stage and cardiovascular mortality in TC patients after
adjustment for selected covariates; second, to determine whether associations between tu-
mor stage and CVD death differ by sex; and third, to explore associations across age groups.
By employing Fine-Gray and cause-specific Cox models, we distinguish associations with
the subdistribution hazard from those with the CVD death hazard among patients still
alive [20]. Our findings aim to advance the understanding of cardiovascular vulnerability
after TC diagnosis and to inform cardiovascular risk assessment for the growing population
of TC survivors.
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2. Materials and Methods
2.1. Study Design and Participants

We conducted a population-based retrospective cohort study using the SEER 17 Reg-
istries Research Plus database, November 2022 submission, which covers approximately
26.5% of the United States population [21]. The source SEER 17 database covers diagnoses
during 2000-2020; the analytic cohort was restricted to patients diagnosed during 2004-2015.
Inclusion criteria were a single microscopically confirmed case of primary thyroid cancer
(site C73.9) diagnosed in 20042015 and papillary, follicular, medullary or anaplastic his-
tology. Exclusion criteria included the absence of a known localized, regional or distant
category in the SEER “Combined Summary Stage (2004+)” field; nonpositive or missing
survival time; unknown vital status or, among decedents, missing cause of death; and
incomplete data for the covariates used in the primary and additional covariate-adjusted
models: age, sex, race, marital status, area-level median household income, histology, tumor
size, grade, multifocality, domicile, diagnosis year and diagnosis-to-treatment interval.
These criteria yielded a common complete-record cohort of 19,228 patients for both associa-
tion models. Figure 1 summarizes the patient selection process. Broader eligibility cohorts
with less restrictive data-completeness requirements were evaluated only as sensitivity
populations (Table S13; Supplementary Method S1).
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Figure 1. Selection of eligible patients and study design. The primary analytic cohort comprised
19,228 patients, meeting the stated clinical eligibility and complete-record criteria, including 321 car-
diovascular deaths, 1392 other deaths and 17,515 censored observations. Prediction analyses used
a random split of 13,453 training and 5775 validation patients; association analyses used the full
primary cohort. Broader eligibility cohorts with less restrictive data-completeness requirements were
sensitivity populations, not independent validation samples.

https://doi.org/10.3390/jcdd13110565


https://doi.org/10.3390/jcdd13110565

J. Cardiovasc. Dev. Dis. 2026, 13, 565

40f 14

2.2. Study Variables and Primary Outcomes

Participant variables included age at diagnosis, year of diagnosis, sex, race, marital sta-
tus, median household income, domicile, tumor multifocality, histological type, tumor size,
tumor grade, SEER stage, time from diagnosis to treatment, radiotherapy, chemotherapy,
and surgery. For descriptive summaries and the exploratory nomogram point scale, we
categorized age at diagnosis into 2 groups using 55 years as the cutoff, consistent with the
prognostic age boundary used for DTC [22]. Age was modeled continuously in the princi-
pal association and prediction analyses. Tumor size was classified as <20 mm, 20-40 mm,
and >40 mm for descriptive analysis. Histological types were classified according to the
morphological codes of the International Classification of Diseases for Oncology, 3rd edition
(ICD-0O-3), and tumor stage was classified as localized, regional or distant using the SEER
field “Combined Summary Stage (2004+).” This summary-stage classification is distinct
from AJCC TNM staging; distant disease includes specified extensive contiguous spread as
well as distant metastasis (Tables 51 and 52).

In our study, causes of death were categorized as CVD and non-CVD, with CVD
death being the primary endpoint of interest, wherein CVD causes consisted of diseases
of the heart; hypertension without heart disease; cerebrovascular disease; atherosclerosis;
aortic aneurysm and dissection; and other diseases of arteries, arterioles and capillaries
(Table S3) [23]. Non-CVD death comprised all other causes and was treated as a competing
event. Follow-up time was accumulated from the initial diagnosis of TC until loss-to-follow-
up, death, or the last follow-up date (31 December 2020).

2.3. Statistical Analysis

Participants were randomized into training and validation cohorts in a 7:3 ratio for
prediction analyses. Categorical variables were summarized using counts with percent-
ages. Association analyses used the entire primary cohort. An exploratory categorical-age
nomogram-derived point score and its previously selected risk-group cutoffs were re-
tained [24]. Separate continuous-age competing-risk prediction models were evaluated in
the same training/validation split.

Fine-Gray regression estimated subdistribution hazard ratios (sHRs), while cause-
specific Cox regression estimated hazard ratios (csHRs), censoring non-CVD deaths. The
primary multivariable model included stage, sex, continuous age using a four-degree-of-
freedom natural spline, race, marital status, area-level median household income, histo-
logical type and continuous diagnosis year. Covariates were selected for clinical relevance
rather than univariate significance. Cardiovascular risk factors, including diabetes that
may develop after cancer diagnosis [25], were unavailable for adjustment. An additional
covariate-adjusted sensitivity model added tumor size, grade and multifocality to assess
robustness to correlated measures of tumor extent and aggressiveness, and the domicile and
diagnosis-to-treatment interval to examine geographic context and recorded care timing.
The diagnosis-to-treatment interval was included only in sensitivity adjustment because
it may reflect disease severity or care pathways. Formal sex-by-stage interaction was as-
sessed by a joint two-degree-of-freedom Wald test. Exploratory age-stratified analyses
used 50 years as a pragmatic midlife cutoff, informed by hormonal changes around the
menopausal transition and reported changes in cardiovascular risk patterns during midlife.

Stage-by-time terms evaluated nonproportional subdistribution hazards. Five-year
absolute risks were estimated by combining cause-specific models for CVD and non-CVD
death and standardizing over the primary cohort. Full specifications are provided in
Supplementary Method S3.

Discrimination and calibration of the separate continuous-age prediction models were
evaluated at 5, 8 and 10 years using competing-risk AUC, Brier scores and grouped observed
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cumulative incidence. Paired comparisons evaluated the incremental contribution of stage
within two fixed predictor sets: a demographic set and a nomogram-related set including
histology. The previously selected exploratory cutoffs of 125 and 221 were applied to scores
reconstructed from the displayed nomogram points (Table 510); the score groups remain
exploratory [26]. Group-specific cumulative incidence accounted for non-CVD death and
was compared using Gray’s test over follow-up restricted to 120 months. Statistical analyses
used R software (versions 4.3.1 and 4.5.2). Tests were two-sided, with p < 0.05 as the nominal
significance level; detailed specifications are provided in Supplementary Methods 52-S5.
Surgery, radiotherapy, and chemotherapy were summarized descriptively. Additional
post hoc sensitivity analyses restricted patients to those undergoing surgery and adjusted for
recorded radiation and chemotherapy, including a DTC-only analysis. SEER lacks detailed
information on specific medications, dosages, and treatment duration; treatment-related
confounding and survivor treatment bias therefore remain possible. Pretreatment cardio-
vascular history, important in population-based risk prediction [27], was also unavailable.

3. Results
3.1. Baseline Characteristics and CVD Mortality in the Overall Cohort

A total of 19,228 patients diagnosed with primary TC between 2004 and 2015 were
included in this study, with a median follow-up of 8.3 years. The cohort was predominantly
female (75.8%) and aged <55 years (68.1%). Papillary thyroid cancer (PTC) accounted
for 87.9% of cases, and most patients presented with localized (64.8%) or regional (30.3%)
disease. Nearly all patients underwent surgery (99.1%), and approximately half received
radiotherapy (52.2%) (Table 1). Baseline characteristics of the training (n = 13,453) and
validation (n = 5775) cohorts are presented in Table 54.

Table 1. Baseline characteristics of 19,228 patients with thyroid cancer. Data are presented as 1 (%).

Variables Category n %
Age at diagnosis, years <55 13,088 68.1
Age at diagnosis, years >55 6140 31.9
Year of diagnosis 2004-2009 5684 29.6
Year of diagnosis 20102015 13,544 70.4
Sex Female 14,581 75.8
Sex Male 4647 24.2
Race Other 2521 13.1
Race White 15,467 80.4
Race Black 1240 6.4
Marital status Married 12,356 64.3
Marital status Unmarried 6872 35.7
Median household income, USD thousands >75 8035 41.8
Median household income, USD thousands 50-<75 9206 479
Median household income, USD thousands <50 1987 10.3
Residence Metropolitan 17,185 89.4
Residence Nonmetropolitan 2043 10.6
Histological type Papillary 16,895 87.9
Histological type Follicular 1810 9.4
Histological type Medullary 112 0.6
Histological type Anaplastic 411 21
Tumor size, mm <20 10,976 57.1
Tumor size, mm 20-40 5693 29.6
Tumor size, mm >40 2559 13.3
Tumor grade Low 17,830 92.7
Tumor grade High 1398 7.3
SEER summary stage Localized 12,469 64.8
SEER summary stage Regional 5823 30.3
SEER summary stage Distant 936 49
Tumor focality Solitary 11,339 59.0
Tumor focality Multifocal 7889 41.0
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Table 1. Cont.

Variables Category n %
Diagnosis to treatment, months 0 11,575 60.2
Diagnosis to treatment, months 1-24 7653 39.8
Recorded radiation No/unknown 9188 47.8
Recorded radiation Yes 10,040 52.2
Recorded chemotherapy No/unknown 18,866 98.1
Recorded chemotherapy Yes 362 1.9
Surgery No 181 0.9
Surgery Yes 19,047 99.1
Follow-up status Censored 17,515 91.1
Follow-up status Cardiovascular death 321 1.7
Follow-up status Other death 1392 7.2

Percentages use the full cohort denominator. Income is an area-level measure. Other race includes
American Indian/Alaska Native and Asian/Pacific Islander categories; unmarried includes single,
domestic partner, widowed, separated and divorced. Grades I-II are considered low and grades III-IV
are considered high. No/unknown treatment categories do not establish absence of exposure.

During follow-up, 1713 deaths occurred, of which 321 (18.7%) were attributed to CVD;
1392 patients died from other causes and 17,515 were censored (Table 1). The proportion
dying from CVD was higher in men (2.9%) than in women (1.3%). CVD accounted for 18.7%
of recorded deaths, alongside substantial mortality from other causes, and the proportion
of CVD deaths differed by sex. Figure S1 displays the cause-specific cumulative hazard
by sex.

3.2. Tumor Characteristics and CVD Death

In multivariable analysis adjusting for the selected covariates, distant stage remained
associated with an increased cause-specific hazard of CVD death (csHR 2.46, 95% CI
1.71-3.55), compared with localized disease. Regional stage also showed an association
after adjustment (csHR 1.32, 95% CI 1.03-1.71). The corresponding sHRs were 1.10 (95%
CI10.74-1.62) and 1.16 (95% CI 0.90-1.50), respectively (Tables S5 and S6).

Notably, anaplastic thyroid carcinoma (ATC) was associated with a lower subdistribu-
tion hazard of CVD death than follicular carcinoma (sHR 0.19, 95% CI 0.08-0.43), reflecting
the strong competing mortality in these patients. Among 411 patients with ATC, 7 died from
CVD and 362 from other causes. The corresponding csHR was 0.90 (95% CI 0.40-2.02). The
additional covariate-adjusted analysis produced similar stage estimates (Figure 2, Table S6).

Stage associations varied over time in the Fine-Gray model (joint stage-by-time
p = 7.81 x 10~°). For distant versus localized disease, the sHR was 2.79 (95% CI 1.61-4.83)
at 12 months and 0.82 (95% CI 0.52-1.30) at 60 months (Figure S2; Table S11). The adjusted
five-year CVD cumulative incidence was 0.770%, 0.868% and 1.076% for localized, regional
and distant disease, respectively; stage risk differences and competing-death estimates are
provided in Table 512.

In the broader eligibility sensitivity cohort (1 = 90,105), estimates differed: distant stage
was associated with a lower CVD subdistribution hazard (sHR 0.715, 95% CI 0.582-0.879)
but a higher cause-specific hazard (csHR 1.70, 95% CI 1.41-2.05; Table S13). Surgery-
restricted, treatment-adjusted sensitivity analyses retained the higher distant-stage cause-
specific hazard (Table S15).
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Figure 2. Associations between tumor characteristics and cardiovascular death. Fine-Gray subdis-
tribution hazard ratios and cause-specific Cox hazard ratios with 95% confidence intervals in the
primary cohort are outlined. The primary model adjusts for stage, sex, continuous age, race, marital
status, income, histology and diagnosis year. The sensitivity model additionally adjusts for size, grade,
multifocality, domicile and treatment interval. Both use 19,228 patients. Localized stage and follicular
histology are reference groups. Time-varying stage estimates are provided in Table S11. Blue and
red denote histological type and SEER stage, respectively. Points indicate hazard ratio estimates,
horizontal bars indicate 95% confidence intervals, and vertical dashed lines indicate a hazard ratio of
1. n.s., not significant; * p < 0.05, *** p < 0.001.

3.3. Associations by Sex and Age

Sex-conditional estimates from the interaction model showed elevated cause-specific
hazards for distant disease in both men (adjusted csHR 2.60, 95% CI 1.60-4.24) and women
(csHR 2.23, 95% CI 1.30-3.83). In the primary model without interaction terms, male
sex was associated with a higher overall CVD subdistribution hazard (sHR 2.19, 95% CI
1.73-2.78). However, joint sex-by-stage interaction tests were not statistically significant in
the Fine—Gray model (p = 0.233) or the cause-specific Cox model (p = 0.397); these data
therefore do not establish that stage associations differ by sex.

We further stratified each sex by age using 50 years as an exploratory cutoff. There
were 27 CVD deaths below age 50 and 294 at age >50; neither distant-stage subgroup below
age 50 had a CVD death (0/85 men and 0/122 women). These sparse data limit assessment
of age-related associations; potential contributions from changes in sex-hormone levels
remain untested. Stage-specific event counts are presented in Tables S8 and S9.

3.4. Nomogram Development and Risk Stratification

We retained an exploratory categorical-age nomogram-derived point score based on
age, sex, race, marital status, area-level income, histological type and stage (Figure 3;
Table S10). This point scale is distinct from the separately evaluated continuous-age
competing-risk prediction model, which achieved validation AUCs of 0.854, 0.877 and
0.895 at 5, 8 and 10 years, respectively (Figure 4; Table S14). Grouped validation calibration
and paired model comparisons are reported in Table S14; the point scale itself has not been
externally validated.
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Figure 3. Exploratory nomogram-derived point score and cardiovascular risk stratification in thyroid
cancer. The categorical-age score incorporates age at diagnosis, sex, race, marital status, area-level
median household income, histologic type, and SEER summary stage. Point assignments are detailed
in Table S10. Previously selected score cutoffs of 125 and 221 define the exploratory low- (green),
intermediate- (yellow), and high-risk (orange) groups. The figure displays point assignments and
risk strata rather than individual predicted survival probabilities.
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Figure 4. Time-dependent receiver operating characteristic curves for cardiovascular mortality in the
internal validation cohort. Time-dependent receiver operating characteristic (ROC) curves at 5, 8, and
10 years were generated using the continuous-age competing-risk prediction model incorporating
demographic characteristics, histological type, and time-varying effects of the SEER summary stage.
In the internal validation cohort (n = 5775), the areas under the curve (AUCs) were 0.854 (95%
CI, 0.811-0.897), 0.877 (95% CI, 0.844-0.909), and 0.895 (95% CI, 0.862-0.928) at 5, 8, and 10 years,
respectively. Non-cardiovascular deaths were treated as competing events.
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The stage-standardized cumulative incidence of cardiovascular and competing non-
cardiovascular death is shown in Figure 5 (Table S12). Reconstructed nomogram score
groups were compared using cumulative incidence and Gray’s tests in the training and
internal validation cohorts (Figure S3; Table S17). These comparisons are exploratory and
do not establish the calibration or clinical utility of the original point scale.
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Figure 5. Standardized cumulative incidence of cardiovascular and non-cardiovascular death by
SEER stage. Curves show model-standardized cumulative incidence in the primary cohort (left,
cardiovascular death; right, other death). Shading indicates pointwise 95% bootstrap confidence
intervals; numbers at risk are observed counts (Table S12).

4. Discussion

In this population-based cohort of 19,228 TC patients, regional and distant disease
were associated with higher cause-specific hazards of cardiovascular death. Distant-stage
disease also showed an early elevation in the subdistribution hazard that attenuated over
follow-up. These findings place the timing of cardiovascular events and the patient’s overall
prognosis within the clinical interpretation of tumor characteristics.

For patients with advanced TC, cardiovascular prognosis must be considered alongside
the substantial probability of death from other causes. These competing deaths reduce
the opportunity to experience a cardiovascular death. ATC illustrates this distinction:
substantial competing mortality contributes to a low cardiovascular subdistribution hazard,
which should not be interpreted as cardiovascular protection.

Inflammation provides a biological framework for investigating cardiovascular vul-
nerability in cancer. Inflammatory biomarkers have been associated with survival in stage
III colon cancer [28]. Experimental studies show that proinflammatory cytokines such as
TNF-« promote endothelial activation and inflammatory signaling, providing a possible link
with atherosclerosis [29]. These clinical and experimental observations provide biological
context for the tumor-related “first hit” hypothesis.

Most CVD deaths occurred at older ages. Although women comprised 75.8% of the
cohort, male sex was associated with a higher overall CVD subdistribution hazard. Age-
related hormonal changes may contribute to background cardiovascular vulnerability; the
menopausal transition has been associated with adverse changes in lipids, body composition
and vascular health [30,31]. Experimental studies also describe estrogen-related vascular
and inflammatory pathways [32,33]. These observations provide biological context only:

https://doi.org/10.3390/jcdd13110565


https://doi.org/10.3390/jcdd13110565

J. Cardiovasc. Dev. Dis. 2026, 13, 565

10 of 14

menopausal status and hormone concentrations were not measured in SEER, so the present
findings cannot be attributed to estrogen-related mechanisms.

In males, testosterone concentrations decline gradually with aging, and lower calcu-
lated free testosterone has been associated with incident heart failure in older men [34].
The cardiovascular effects of androgens are complex and include vascular, metabolic and
myocardial pathways [35].

A nationwide analysis reported increased atrial fibrillation risk among DTC patients
across surgical and radioactive iodine treatment groups [36]. Systemic therapies for radioac-
tive iodine-refractory DTC can also have cardiovascular toxicities [37]. A meta-analysis
of long-term TSH suppression reported increased atrial fibrillation and stroke risk [38].
The seminal study by Klein Hesselink et al. [10] demonstrated that DTC patients had
significantly higher cardiovascular mortality compared to matched controls, with lower
TSH associated with higher cardiovascular mortality within the DTC cohort. Subsequent
meta-analyses reported increased atrial fibrillation risk [39] and a higher composite risk
of cardiac or skeletal adverse events with TSH suppression [40]. In our surgery-restricted
analyses, adjustment for recorded radiation and chemotherapy did not remove the higher
cause-specific hazard associated with distant stage.

The Utah Cancer Survivors Study by Park et al. [13] identified cancer stage, treatment
and comorbidity as relevant to cardiovascular disease risk. Our study extends this clinical
question by examining cardiovascular death in relation to tumor stage over follow-up
while accounting for competing mortality. This distinction is clinically relevant when the
cardiovascular needs of patients with advanced disease are considered alongside those of
long-term survivors.

We retained an exploratory nomogram-derived point score incorporating age, sex and
tumor stage among its components [24]. Its reconstructed risk groups require external
validation and should not guide clinical decisions. The separate continuous-age models
showed good discrimination. Adding stage did not clearly improve five-year prediction
beyond the corresponding base models (Table S14).

Current cardio-oncology guidelines recommend baseline cardiovascular risk assess-
ment before potentially cardiotoxic treatment, with additional surveillance for high-risk
individuals [41,42]. Cardiovascular risk is dynamic across the cancer continuum and should
be re-evaluated during treatment and survivorship [42]. Consistent definitions of cardio-
vascular toxicities can improve outcome assessment in future TC survivorship studies [43].
Referral to cardio-oncology and additional cardiac testing should be guided by established
cardiovascular risk and planned treatment [41,42]. Long-term survivors require continued
attention to modifiable risk factors. Increased diabetes incidence after cancer diagnosis has
also been reported in a nationwide Korean cohort [25], adding to the clinical importance of
monitoring conventional risk factors during survivorship.

Future studies with direct measurements of menopausal status, sex hormones, in-
flammation, and treatment exposure are needed to test whether these factors contribute
to sex-associated cardiovascular outcomes after TC [28,31,34,35]. Prospective external co-
horts are also needed to validate the prediction models and determine whether tumor
characteristics improve risk assessment beyond established cardiovascular factors.

Strengths and Limitations

Several limitations should be acknowledged. First, as a retrospective registry study,
the SEER database lacks information on traditional cardiovascular risk factors (smoking,
hypertension, diabetes, dyslipidemia) and detailed treatment data (TSH suppression levels,
RAI doses), which may introduce residual confounding. Recorded treatment sensitivity
analyses cannot remove confounding by treatment selection or timing. Second, the relatively
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low number of CVD deaths in certain subgroups (particularly younger patients and those
with rare histologic types) limited statistical power, reflected in wide confidence intervals
for some estimates. Third, our study population was drawn from the United States SEER
registry and may not be generalizable to other geographic regions with different demo-
graphic characteristics, healthcare systems, or cardiovascular risk profiles. The primary
cohort required complete records for the expanded covariate set so that the primary and
additional adjustment models could be estimated in the same patients. Estimates in the
broader eligibility cohort differed, particularly for the Fine-Gray model (Table S13); this
indicates sensitivity to cohort definition and limits generalization, but does not by itself
quantify selection bias. Cause-of-death coding may be imperfect. Stage nonproportionality
was addressed with time-varying models, but the standardized risks remain dependent on
model specification. Hormonal and menopausal status were not directly measured. The
random split provides internal assessment of the continuous-age models. Score-group anal-
yses used reconstructed displayed points rather than verified original unrounded scores;
the nomogram point scale and risk cutoffs require external validation.

5. Conclusions

In this large population-based cohort, regional and distant TC were associated with
higher cause-specific hazards of cardiovascular death than localized disease, and the distant-
stage subdistribution association was elevated early after diagnosis. Male sex was associated
with a higher overall CVD subdistribution hazard. Despite these associations, adding stage
did not meaningfully improve five-year prediction beyond the baseline models evaluated.
These findings support cardiovascular assessment from TC diagnosis through survivorship,
with attention to conventional risk factors, planned treatment and overall prognosis.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jcdd13110565/s1. Supplementary Method S1. Study popula-
tion and variable definitions. Supplementary Method S2. Multivariable regression and subgroup
analyses. Supplementary Method S3. Time-varying associations and standardized absolute risks.
Supplementary Method S4. Exploratory nomogram and competing-risk prediction. Supplementary
Method S5. Treatment-related sensitivity analyses and diagnostics. Table S1. Morphological codes of
histological types of thyroid cancer. Table S2. Classification and detailed description of Surveillance,
Epidemiology, and End Results summary stage. Table S3. Specific causes of cardiovascular death.
Table S4. Baseline characteristics of training and validation cohorts. Table S5. Primary multivariable
associations with cardiovascular death. Table S6. Additional covariate-adjusted associations with car-
diovascular death. Table S7. Sex-conditional stage associations and formal interaction tests. Table S8.
Age-stratified stage and outcome counts in males. Table S9. Age-stratified stage and outcome counts
in females. Table S10. Specific scores of prognostic factors in the exploratory nomogram. Table S11.
Time-dependent stage associations with cardiovascular death. Table S12. Five-year absolute risks and
stage risk differences. Table S13. Broader eligibility sensitivity analyses. Table S14. Competing-risk
prediction models and validation performance. Table S15. Surgery-restricted treatment-adjusted
sensitivity analyses. Table S16. Model diagnostics and sensitivity checks. Table S17. Exploratory
cumulative incidence by reconstructed nomogram score group. Figure S1. Cause-specific camulative
hazard of cardiovascular death by sex. Nelson—Aalen cumulative hazard curves in the primary
cohort (n = 19,228), stratified by sex. Non-cardiovascular deaths are censored at their occurrence.
The vertical axis shows cause-specific cumulative hazard, not cumulative incidence or percentage
risk. Figure S2. Time-varying stage associations with cardiovascular mortality. Fine-Gray sub-
distribution hazard ratios for regional and distant versus localized SEER summary stage. Shading
represents pointwise 95% confidence intervals. The joint stage-by-time test yielded p = 7.81 x 107°
(Table S11). Figure S3. Cardiovascular cumulative incidence by exploratory nomogram score group.
Cumulative-incidence curves for reconstructed low (<125), intermediate (126-221) and high (>222)
score groups in training and internal validation cohorts. Non-cardiovascular deaths were competing
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