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Abstract 16 

Background Calcific aortic valve disease (CAVD) is a common degenerative valvular 17 

disease in the elderly, and transcatheter aortic valve replacement (TAVR) is now its 18 

mainstream treatment. Conventional risk scores based on demographic and comorbidity data 19 

do not capture local cardiac inflammation or systemic nutritional status, limiting prediction of 20 

major adverse cardiovascular events (MACE) after TAVR. Epicardial adipose tissue (EAT) 21 

volume and the Naples Prognostic Score (NPS) reflect these dimensions, but their combined 22 
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incremental value is unknown. We assessed their independent and incremental value for 23 

MACE after TAVR, using EuroSCORE II as reference. 24 

Methods In this single-center retrospective cohort study, 427 consecutive patients with severe 25 

CAVD undergoing TAVR (January 2020 to July 2025) were enrolled. EAT volume was 26 

quantified on computed tomography angiography and dichotomized at the cohort median; 27 

NPS was derived from routine laboratory indices and categorized as low (0–2) or high (3–4). 28 

The endpoint was MACE after TAVR, defined by Valve Academic Research Consortium 3 29 

criteria. Multivariable Cox regression assessed independent prognostic value; nested models 30 

were compared by Harrell’s C-index, time-dependent ROC, net reclassification index (NRI), 31 

integrated discrimination improvement (IDI) and decision curve analysis. Proportional 32 

hazards were assessed. 33 

Results During a median follow-up of 24.51 months, 89 patients (20.8%) experienced 34 

MACE. After adjustment, both high EAT and high NPS were independent predictors, with 35 

average hazard ratios (HRs) of 3.01 (95% confidence interval (CI) 1.80–5.03; P < 0.001) and 36 

1.96 (95% CI 1.27–3.04; P = 0.003). Adding both markers raised the C-index from 0.716 to 37 

0.751 (likelihood-ratio P < 0.001); the 24-month area under the curve was 0.757. Integrated 38 

discrimination improvement was 0.068 (95% CI 0.031–0.134; P = 0.011) and net 39 

reclassification index was 0.075 (95% CI −0.081–0.239; P = 0.345). Calibration and 40 

sensitivity analyses supported the model; time-varying analysis showed that the effect of high 41 

EAT increased over follow-up whereas that of high NPS was confined to the early period. 42 

Conclusions Preoperative EAT volume and NPS are independent, complementary predictors 43 

of MACE after TAVR. Their combination improves on conventional risk scores and requires 44 

only routine preoperative examinations. 45 

Keywords: Calcific aortic stenosis; Epicardial adipose tissue; Major adverse cardiovascular 46 

events; Naples prognostic score; Transcatheter aortic valve replacement 47 
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Background 48 

Calcific aortic valve disease (CAVD) is the most common valvular heart disease in the elderly 49 

population. Its pathological essence is left ventricular outflow tract obstruction caused by 50 

progressive fibrosis and calcific thickening of valve leaflets, which results from the combined 51 

effects of aging, metabolic disorders and chronic inflammation [1–3]. The Global Burden of 52 

Disease study showed that calcific aortic valve disease caused approximately 102,700 deaths 53 

and affected 12.6 million people worldwide in 2017. In developed countries, the prevalence 54 

reaches 1.7% in people aged over 65 years and exceeds 12% in those aged over 75 years, and 55 

the prevalence continues to rise with the acceleration of population aging [4]. Aortic stenosis 56 

progresses insidiously, and once symptoms appear, the natural prognosis deteriorates 57 

dramatically. The 1-year mortality rate can reach 50% in patients with severe symptomatic 58 

aortic stenosis who do not receive valve replacement intervention, with a median survival of 59 

only 2 to 5 years and a significantly increased risk of sudden death [5, 6]. Surgical aortic 60 

valve replacement has long been the standard treatment for severe aortic stenosis, but elderly 61 

patients with multiple comorbidities and high surgical risk are often intolerant to surgery, 62 

leaving a huge unmet clinical need. 63 

The emergence of transcatheter aortic valve replacement (TAVR) has transformed the 64 

treatment of aortic stenosis, with indications broadening from surgically high-risk or 65 

inoperable patients to intermediate- and low-risk populations. The 2021 guidelines of the 66 

European Society of Cardiology (ESC) and the European Association for Cardio-Thoracic 67 

Surgery (EACTS) recommended TAVR as first-line therapy for patients aged ≥ 75 years or at 68 

high surgical risk [7], and the 2025 update lowered the preferred age threshold to ≥ 70 years 69 

for anatomically suitable patients [8]. Randomized evidence supports this expansion: the 10-70 

year NOTION results showed long-term outcomes comparable to surgery in low- and 71 

intermediate-risk patients [9], and the EARLY TAVR trial showed that early intervention in 72 
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asymptomatic severe aortic stenosis reduced the composite endpoint of death, stroke and 73 

cardiovascular rehospitalization [10]. As indications have widened, the treated population has 74 

become increasingly heterogeneous, making accurate preoperative risk stratification and 75 

individualized decision-making increasingly important. 76 

Currently, commonly used surgical risk scores such as EuroSCORE II and Society of 77 

Thoracic Surgeons Predicted Risk of Mortality (STS-PROM) are mainly constructed based on 78 

demographic characteristics and comorbidities. Originally developed for perioperative risk 79 

assessment of cardiac surgery, they have limited predictive performance when applied to 80 

TAVR populations. A large-scale external validation study including 2,946 German patients 81 

showed that the discriminative power of 6 commonly used risk scores for 30-day mortality 82 

after TAVR did not exceed 0.67, and there was a general phenomenon of overestimating risk 83 

with poor calibration [11]. Long-term follow-up of high-risk patients from the UK TAVR 84 

Registry also showed that long-term survival after TAVR is mainly determined by baseline 85 

comorbidities, cardiac function and other intrinsic factors, with limited independent influence 86 

of procedure-related variables, and traditional scores have limited predictive value for long-87 

term outcomes [12]. Recently developed TAVR-specific scores such as the PRE-TAVR 88 

model, which incorporate variables such as New York Heart Association (NYHA) class, 89 

chronic obstructive pulmonary disease (COPD), C-reactive protein and transvalvular pressure 90 

gradient, can achieve an AUC of 0.77 for 1-year mortality, which is superior to traditional 91 

scores. However, the included variables are complex, and some indicators are not routine 92 

preoperative tests, resulting in limited clinical popularity [13]. Overall, existing risk scores 93 

insufficiently capture heterogeneous factors such as local cardiac remodeling, systemic 94 

inflammatory status and nutritional reserve, which is the core reason for their limited efficacy 95 

[11, 13]. Therefore, exploring simple and accessible new biomarkers to supplement the 96 
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deficiencies of traditional risk scores has become a research hotspot in preoperative risk 97 

stratification of TAVR. 98 

Epicardial adipose tissue (EAT) is a visceral fat depot located between the visceral 99 

pericardium and the myocardium. It shares microcirculation with the myocardium and 100 

coronary vessels without fascial barrier, and can directly act on cardiac tissue through 101 

paracrine and vasocrine pathways, serving as a key hub linking obesity, inflammation and 102 

cardiovascular diseases [14, 15]. Under physiological conditions, EAT has mechanical 103 

buffering, energy supply and brown fat-like thermogenic protective effects. Under 104 

pathological conditions, EAT volume increases, adipocyte phenotype shifts to a pro-105 

inflammatory type, with massive macrophage infiltration, releasing various pro-inflammatory 106 

cytokines such as IL-1β, IL-6, TNF-α and MCP-1, which directly participate in pathological 107 

processes such as myocardial fibrosis, valve calcification and electrical conduction 108 

abnormalities [16–18]. Numerous studies have confirmed that EAT is closely associated with 109 

various cardiovascular diseases such as coronary atherosclerosis, atrial fibrillation and heart 110 

failure [19–21]. In patients with aortic stenosis, EAT thickness is independently correlated 111 

with the degree of valve sclerosis. Pro-inflammatory mediators secreted by EAT can directly 112 

promote osteogenic differentiation and calcification of valve interstitial cells, which is an 113 

important local driving factor for the occurrence and development of CAVD [22–24]. 114 

Consistent with this, EAT has been associated with myocardial fibrosis and left ventricular 115 

dysfunction in patients with aortic stenosis [25, 26]. 116 

In TAVR populations, the prognostic value of EAT has been gradually verified. Eberhard et 117 

al. enrolled 503 TAVR patients and first confirmed that patients with EAT volume > 130 cm³ 118 

had a 69% higher risk of 3-year all-cause mortality [27]. A 5-year long-term follow-up study 119 

of 416 patients by Schulz et al. showed that patients with high EAT volume had significantly 120 

worse long-term prognosis, and EAT volume was an independent predictor of all-cause 121 
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mortality [28]. Salam et al. further found that after adding EAT density (reflecting the degree 122 

of fat inflammation) to the clinical baseline model, the C-index for 2-year mortality prediction 123 

increased from 0.589 to 0.628 [29]. Piña et al. confirmed that both EAT volume and density 124 

were independently associated with 4-year all-cause mortality after TAVR, independent of 125 

cardiac injury stage [30]. In addition, computed tomography (CT)-derived EAT thickness and 126 

the combined assessment of epicardial and visceral adiposity have been associated with 127 

adverse outcomes after TAVR [31–33]. 128 

The Naples Prognostic Score (NPS) was first proposed by Galizia et al. in 2017 in patients 129 

undergoing colorectal cancer surgery. It integrates four routine laboratory indicators: serum 130 

albumin, total cholesterol, neutrophil-to-lymphocyte ratio and lymphocyte-to-monocyte ratio, 131 

which simultaneously reflect the level of systemic inflammation and nutritional status. Higher 132 

scores indicate more severe inflammation and poorer nutritional reserve [34]. Due to the easy 133 

accessibility of indicators and simple calculation, it has gradually expanded to multiple 134 

disease fields in recent years. In oncology, NPS has been confirmed as an independent 135 

predictor of long-term survival in various malignant tumors such as gastric cancer, esophageal 136 

cancer, gallbladder cancer and renal cancer, with better predictive performance than 137 

traditional nutritional scores [35–38]. In the cardiovascular field, Kılıç et al. found that NPS 138 

was an independent predictor of in-hospital mortality in 496 hospitalized patients with heart 139 

failure [39]. Erdoğan et al. confirmed that patients with high NPS had significantly higher in-140 

hospital events and long-term mortality among 1,887 patients with ST-segment elevation 141 

myocardial infarction [40]. 142 

In the TAVR field, the prognostic value of NPS has also been preliminarily verified. Çetin et 143 

al. first confirmed in a 370-patient three-center cohort that patients with high NPS had 144 

significantly higher 1-year mortality, suggesting that NPS can be used for preoperative risk 145 

stratification of TAVR [41]. Gitmez et al. further found that high NPS independently 146 
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predicted 1-year major adverse cardiovascular events [42]. A long-term follow-up study of 147 

430 patients by Demirci et al. showed that the all-cause mortality rate in the high NPS group 148 

reached 87.9%, making it one of the strongest predictors of long-term mortality [43]. In 149 

addition, as a core component of NPS, the prognostic value of neutrophil-to-lymphocyte ratio 150 

(NLR) for mortality after TAVR has also been verified by meta-analysis: a systematic review 151 

including 8 studies with 9,948 patients showed that elevated preoperative NLR was 152 

significantly associated with a 37% increase in mortality [44]. 153 

Current studies have separately verified the prognostic value of EAT volume (a local imaging 154 

inflammatory marker) and NPS (a systemic inflammatory-nutritional score) for postoperative 155 

prognosis after TAVR, but the incremental predictive value of their combination has not been 156 

reported. From the pathophysiological perspective, the two have clear complementarity: EAT 157 

volume reflects local cardiac fat load and paracrine inflammatory level, directly assessing the 158 

degree of target organ damage; NPS reflects systemic immune inflammatory activation and 159 

nutritional reserve, assessing overall tolerance of the body. The two assess patient risk from 160 

the dimensions of local organ and systemic system respectively [14, 45]. González et al. also 161 

observed a correlation between EAT volume and serum albumin level, suggesting an 162 

interaction between local fat inflammation and systemic nutritional-inflammatory axis, further 163 

supporting the theoretical basis for combined exploration [46]. 164 

Based on this background and pathophysiological rationale, this study hypothesized that both 165 

preoperative EAT volume and NPS are independent predictors of MACE after TAVR in 166 

patients with severe aortic stenosis. They provide complementary prognostic information 167 

from the dimensions of local cardiac inflammation and systemic nutritional inflammation 168 

respectively, and their combined application can produce significant incremental predictive 169 

value on the basis of traditional clinical risk scores. The purposes of this study were: (1) To 170 

verify the independent predictive value of preoperative EAT volume and NPS for MACE 171 
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after TAVR in patients with severe aortic stenosis; (2) To evaluate the incremental predictive 172 

performance of their combination on the traditional clinical risk score EuroSCORE II; (3) To 173 

provide a new combined tool for simple preoperative risk stratification of TAVR. 174 

Methods 175 

Study design and ethics 176 

This single-center retrospective cohort study was conducted at the Affiliated Hospital of 177 

Qingdao University and approved by the Medical Ethics Committee of the hospital (approval 178 

No. QYFYWZLL50843). The study strictly followed the ethical principles of the Declaration 179 

of Helsinki and the Strengthening the Reporting of Observational Studies in Epidemiology 180 

(STROBE) reporting guidelines [47]. Since the study was a retrospective analysis, all data 181 

were derived from routine clinical practice and anonymized, involving no additional risk to 182 

patients or privacy disclosure. Therefore, informed consent was waived. 183 

Study population 184 

A total of 472 consecutive patients with severe aortic stenosis who underwent TAVR at our 185 

hospital from January 2020 to July 2025 were initially screened. Patients were excluded step 186 

by step according to the exclusion criteria: 8 patients with valvular disease who had 187 

previously received TAVR; 7 patients with acute myocardial infarction, active infection or 188 

active malignant tumor within 3 months before surgery; 28 patients with poor CT image 189 

quality that precluded EAT measurement or missing key data; 2 patients lost to follow-up 190 

after surgery. Finally, 427 patients meeting the inclusion and exclusion criteria were enrolled 191 

(Fig. 1). 192 
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 193 
Fig. 1 Flow diagram of patient screening and inclusion. TAVR, transcatheter aortic valve replacement. 194 

Inclusion criteria 195 

Patients with aortic stenosis presenting with clinical symptoms such as chest pain, dyspnea 196 

and syncope; meeting the echocardiographic diagnostic criteria for severe aortic stenosis: 197 

aortic valve peak velocity > 4.0 m/s, or mean transvalvular pressure gradient ≥ 40 mmHg (1 198 

mmHg = 0.133 kPa), or valve area < 1.0 cm²; or effective aortic valve area index < 0.6 199 

cm²/m²; assessed by the multidisciplinary heart team as suitable for TAVR on the basis of 200 

anatomical suitability, frailty, comorbidity and patient preference, and who underwent TAVR. 201 

All patients underwent TAVR successfully via the femoral approach. Complete computed 202 

tomography angiography (CTA) images within 3 months before surgery were available for 203 

epicardial adipose tissue volume measurement. Complete results of routine blood tests and 204 
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biochemistry tests within 1 week before surgery were available for calculating the Naples 205 

Prognostic Score (NPS). 206 

Exclusion criteria 207 

Patients were excluded if they had a malignant tumor, active infection or active autoimmune 208 

disease; had previously undergone TAVR; had congenital aortic stenosis; had combined 209 

severe mitral stenosis; or had hypertrophic cardiomyopathy with left ventricular outflow tract 210 

obstruction, pericardial disease (constrictive pericarditis or massive pericardial effusion) 211 

affecting EAT volume measurement, missing coronary CTA data, or had been lost to follow-212 

up. 213 

Data collection 214 

Baseline clinical, imaging, laboratory and surgical data were retrospectively collected through 215 

the hospital electronic medical record system, imaging system and laboratory system. 216 

Baseline clinical data 217 

Data collected included demographic characteristics (sex, age, body mass index (BMI), 218 

smoking history, NYHA class), past medical history (hypertension, diabetes, hyperlipidemia, 219 

chronic pulmonary disease, cerebrovascular disease, atrial fibrillation history, myocardial 220 

infarction history, previous percutaneous coronary intervention (PCI) history), 221 

echocardiographic indicators (bicuspid aortic valve, left ventricular ejection fraction (LVEF), 222 

Doppler velocity index (DVI), peak aortic valve velocity, peak transvalvular pressure 223 

gradient, mean transvalvular pressure gradient, aortic valve area, pulmonary artery systolic 224 

pressure), surgical data (type of implanted valve), and laboratory indicators (white blood cells, 225 

neutrophils, lymphocytes, monocytes, hemoglobin, platelets, NLR, lymphocyte-to-monocyte 226 

ratio (LMR), D-dimer, NT-proBNP, albumin, HDL-C, LDL-C, lipoprotein(a), Cr, estimated 227 

glomerular filtration rate (eGFR)). The Doppler velocity index (DVI) is the ratio of the left 228 

ventricular outflow tract velocity-time integral to the aortic valve velocity-time integral 229 
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(equivalently, the ratio of the corresponding peak velocities), a dimensionless measure of the 230 

hemodynamic severity of aortic stenosis; a DVI below 0.25 is consistent with severe stenosis. 231 

CT image acquisition 232 

CTA images of all enrolled patients were acquired preoperatively. CT examination was 233 
performed with a 128-slice dual-source multislice spiral CT scanner (Revolution CT; GE 234 
MEDICAL SYSTEMS) with contrast-enhanced scan. The contrast medium dosage was 100.0 235 
mL, and the flow rate was not recorded. Scanning parameters included: tube voltage 100 kV, 236 
tube current 649 mA, rotation time 0.28 s/rotation, slice thickness 0.625 mm, interval 0.625 237 
mm. 238 

Epicardial adipose tissue volume measurement 239 

EAT volume was quantified on preoperative routine aortic CTA images using a semi-240 

automatic volumetric method (TIMESlice), the accuracy of which has been validated against 241 

manual measurement by radiology experts [48]. The software automatically defined the 242 

cardiac range (1 cm above the aortic annulus to the cardiac base), covering the total epicardial 243 

adipose tissue in line with the accepted anatomical definition for EAT quantification [49], and 244 

applied a preset adipose tissue threshold (−190 to −30 HU) together with an anatomical 245 

recognition algorithm to identify the inner edge of the visceral pericardium and the outer 246 

myocardial surface (Fig. 2A–C). Two physicians with more than 5 years of experience in 247 

cardiovascular imaging independently reviewed and corrected the boundaries, after which the 248 

software calculated the total EAT volume (Fig. 2D), converted from mm³ to cm³. Patients 249 

were divided into a low EAT group (≤ median) and a high EAT group (> median) according 250 

to the cohort median, consistent with previous TAVR cohort studies in which CT-derived 251 

EAT volume has typically been categorized by the median, tertiles or quartiles rather than by 252 

reference values [28, 50, 51]; a sensitivity analysis modeling EAT volume as a continuous 253 

variable yielded consistent results (Supplemental Table S1). Inter-observer agreement was 254 

assessed by the intraclass correlation coefficient (ICC), which was 0.92 (95% CI 0.88–0.95), 255 

and the average of the two measurements was used for analysis. 256 
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 257 
Fig. 2 Measurement of epicardial adipose tissue (EAT) volume on preoperative computed tomography 258 

angiography. (A) Axial, (B) short-axis and (C) sagittal views showing semi-automatic segmentation of 259 

EAT (orange). EAT was defined as adipose tissue between the visceral pericardium and the outer 260 

myocardial surface with an attenuation of −190 to −30 HU, and the cardiac range extended from 1 cm 261 

above the aortic annulus to the cardiac base. (D) Three-dimensional reconstruction of the segmented EAT 262 

volume, from which the total volume was calculated. CT, computed tomography; EAT, epicardial adipose 263 

tissue; HU, Hounsfield units. 264 

Naples prognostic score calculation 265 

Based on fasting venous blood test results within 1 week before surgery, the total NPS was 266 

calculated using the established criteria, comprising four indicators, with 1 point for each 267 

abnormality, total score 0–4: serum albumin < 4 g/dL; total cholesterol < 180 mg/dL; 268 

neutrophil-to-lymphocyte ratio (NLR) > 2.96; lymphocyte-to-monocyte ratio (LMR) ≤ 4.44. 269 

A score of 0–2 was defined as the low-NPS group, and 3–4 as the high-NPS group. The cutoff 270 

values of the four indicators used in this study are consistent with the original scoring criteria 271 
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proposed by Galizia et al. [34], and related studies in the TAVR field have all adopted the 272 

same thresholds [41–43], ensuring cross-study comparability. The optimal cutoff value fitted 273 

from the study population data was not used to avoid overfitting risk and facilitate clinical 274 

promotion. 275 

EuroSCORE II 276 

EuroSCORE II was calculated using the official online calculator and entered the models as a 277 

continuous variable [52]. 278 

Follow-up and endpoint 279 

Patients were followed up through outpatient reexamination and telephone follow-up. The 280 

follow-up start point was the day of surgery, and the follow-up cutoff date was July 2026. The 281 

primary endpoint was major adverse cardiovascular events (MACE), defined according to the 282 

Valve Academic Research Consortium-3 (VARC-3) criteria [53], as a composite endpoint 283 

including all-cause death, myocardial infarction, ischemic stroke and heart failure 284 

rehospitalization. Myocardial infarction was defined as elevated myocardial injury biomarkers 285 

accompanied by symptoms of myocardial ischemia, new ischemic changes on 286 

electrocardiogram or new evidence of myocardial necrosis on imaging. Ischemic stroke was 287 

defined as new focal neurological deficit confirmed to be of ischemic etiology by imaging. 288 

Heart failure rehospitalization was defined as hospitalization due to worsening heart failure 289 

symptoms, which met the diagnostic criteria for heart failure and responded to intensified 290 

diuretic, vasodilator and other anti-heart failure treatments. The first occurrence of any of 291 

these events during follow-up was classified as MACE. 292 

Statistical analysis 293 

Statistical analyses were performed with R 4.5.3 (R Foundation for Statistical Computing, 294 

Vienna, Austria). All tests were two-tailed and P < 0.05 was considered statistically 295 

significant. Continuous variables were summarized as mean ± SD or median (interquartile 296 
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range) according to the Shapiro–Wilk test and compared with the independent-samples t test 297 

or the Mann–Whitney U test; categorical variables were summarized as n (%) and compared 298 

with the χ² test or Fisher exact test. Baseline characteristics were compared between patients 299 

with and without MACE. No missing values were present for any analyzed variable. 300 

Before modeling, the correlation between the two core exposures (EAT volume and NPS) was 301 

assessed by Spearman rank correlation, and multicollinearity was assessed by the variance 302 

inflation factor (VIF), with VIF < 5 considered acceptable. Univariable Cox proportional 303 

hazards regression was first used to screen candidate variables, but covariates for the 304 

multivariable models were selected according to clinical prior knowledge rather than 305 

univariable P values, in order to avoid data-driven selection and over-adjustment. 306 

EuroSCORE II was used as the baseline adjustment term; hypertension, NYHA class ≥ III and 307 

the Doppler velocity index (DVI) were additionally included to account for inflammatory 308 

comorbidity, baseline cardiac function and the hemodynamic severity of aortic stenosis, 309 

respectively. Age, sex and eGFR are components of EuroSCORE II, and hemodynamic 310 

variables (valve area and peak velocity) were excluded because they are highly correlated 311 

with DVI. Four progressively nested models were constructed: Model 1 (baseline clinical 312 

model: hypertension, NYHA class ≥ III, DVI and EuroSCORE II); Models 2 and 3 (Model 1 313 

plus high EAT and high NPS, respectively); and Model 4 (Model 1 plus both markers). 314 

The proportional hazards (PH) assumption was tested using Schoenfeld residuals and was 315 

considered violated at P < 0.05. For models in which it was violated, a time-varying 316 

coefficient model was additionally fitted with β(t) = β₀ + β₁ × log(t); time-specific hazard 317 

ratios were derived at 3, 6, 12, 18, 24, 36, 48 and 60 months, and this model was compared 318 

with the standard PH model by likelihood-ratio test. Hazard ratios from the standard Cox 319 

models were therefore interpreted as average effects over the follow-up period. 320 
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Model performance and incremental value were evaluated as follows: likelihood-ratio tests for 321 

nested model comparisons; Harrell’s C-index for overall discrimination, with 95% CI derived 322 

from the robust standard error; time-dependent ROC curves with Kaplan–Meier marginal 323 

weighting for the 12- and 24-month AUCs; calibration curves comparing observed (Kaplan–324 

Meier) with predicted 24-month MACE incidence across quintiles of the predicted risk, with 325 

the 95% CI of the observed estimate, assessed by the Grønnesby–Borgan (Nam–D’Agostino) 326 

goodness-of-fit test, and the calibration slope obtained by refitting a Cox model on the linear 327 

predictor; decision curve analysis across threshold probabilities; and the net reclassification 328 

index (NRI) and integrated discrimination improvement (IDI) at 24 months (tertile-based 329 

primary analysis and binary sensitivity analysis), with 95% CIs and P values obtained from 330 

1,000 bootstrap resamples. Kaplan–Meier curves with the log-rank test were used to compare 331 

MACE-free survival across risk strata. The interaction between high EAT and high NPS was 332 

assessed with a product term and likelihood-ratio test, with stratified analyses. Subgroup 333 

analyses were performed for sex, age (< 75 / ≥ 75 years), NYHA class, diabetes and aortic 334 

valve anatomy, using the likelihood-ratio test for interaction. Restricted cubic splines (3 knots 335 

at the 10th, 50th and 90th percentiles of EAT volume, with the median as reference) were 336 

used to assess the dose–response relationship between EAT volume and MACE. Internal 337 

validation used 1,000 bootstrap resamples to derive optimism-corrected C-index and 24-338 

month AUC values. Sensitivity analyses excluded 30-day perioperative events and modeled 339 

EAT volume as a continuous variable. With 89 events and 6 variables in the final model 340 

(event-to-variable ratio ≈ 14.8:1), the analysis satisfied the conventional requirement of at 341 

least 10 events per variable. 342 

Results 343 

Baseline characteristics 344 
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A total of 427 patients with severe aortic stenosis who underwent TAVR were enrolled. The 345 

follow-up was cut off in July 2026, with a maximum follow-up of 77.33 months and a median 346 

follow-up of 24.51 months. During follow-up, 89 patients (20.8%) experienced MACE, 347 

comprising 13 cases of all-cause death, 21 of non-fatal myocardial infarction, 19 of ischemic 348 

stroke and 36 of heart failure rehospitalization, with heart failure rehospitalization being the 349 

most frequent component. Compared with patients without MACE, patients who developed 350 

MACE were older (76.21 ± 8.00 vs 73.00 ± 6.45 years, P < 0.001), were more often female 351 

(48.3% vs 36.1%, P = 0.047), had a higher prevalence of hypertension (67.4% vs 45.0%, P < 352 

0.001) and more advanced NYHA class (≥ III, 65.2% vs 48.8%, P = 0.009), a higher 353 

EuroSCORE II (2.67 (2.02, 4.72) vs 1.71 (1.26, 2.73), P < 0.001) and worse renal function 354 

(creatinine 76.00 (64.00, 108.00) vs 70.00 (60.00, 89.95) µmol/L, P = 0.015; eGFR 75.04 355 

(49.84, 87.90) vs 84.69 (65.94, 92.99) mL/min/1.73 m², P < 0.001). With respect to aortic 356 

valve hemodynamics, the MACE group had a higher Doppler velocity index (0.22 (0.20, 357 

0.25) vs 0.20 (0.17, 0.23), P < 0.001) but lower peak velocity (4.45 ± 0.63 vs 4.62 ± 0.67 m/s, 358 

P = 0.028), peak gradient (80.93 ± 21.23 vs 87.19 ± 25.96 mmHg, P = 0.020) and mean 359 

gradient (48.62 ± 14.20 vs 52.50 ± 17.53 mmHg, P = 0.031). Laboratory indices also differed: 360 

patients with MACE had lower hemoglobin (121.12 ± 23.20 vs 129.65 ± 18.19 g/L, P = 361 

0.002), lower serum albumin (39.23 ± 3.84 vs 40.38 ± 4.01 g/L, P = 0.014), a lower 362 

lymphocyte-to-monocyte ratio (3.39 (2.47, 4.31) vs 3.79 (2.94, 5.15), P = 0.002), a higher 363 

monocyte count (0.46 (0.37, 0.62) vs 0.43 (0.35, 0.52) ×10⁹/L, P = 0.018) and lower total and 364 

LDL cholesterol (4.06 ± 1.09 vs 4.34 ± 1.17 mmol/L, P = 0.039; 2.27 ± 0.86 vs 2.48 ± 0.92 365 

mmol/L, P = 0.048). Regarding the two core exposures, EAT volume was substantially larger 366 

in the MACE group (117.85 (108.98, 119.91) vs 104.86 (99.74, 111.14) cm³, P < 0.001), and 367 

the proportions of patients with high EAT (78.7% vs 42.6%) and high NPS (56.2% vs 29.9%) 368 
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were both significantly higher (both P < 0.001). The remaining baseline characteristics are 369 

shown in Table 1. 370 

Table 1 Baseline characteristics of the study population stratified by MACE 371 

 MACE events   
Baseline characteristics Overall (N = 427) No MACE (N = 338) MACE (N = 89) P value 
Age, years 73.67 ± 6.92 73.00 ± 6.45 76.21 ± 8.00 <0.001 
Sex    0.047 

Female 165 (38.6%) 122 (36.1%) 43 (48.3%)  
Male 262 (61.4%) 216 (63.9%) 46 (51.7%)  

BMI, kg/m² 24.24 ± 3.65 24.19 ± 3.63 24.42 ± 3.77 0.605 
Smoking history 114 (26.7%) 87 (25.7%) 27 (30.3%) 0.461 
Hypertension 212 (49.6%) 152 (45.0%) 60 (67.4%) <0.001 
Diabetes mellitus 122 (28.6%) 92 (27.2%) 30 (33.7%) 0.283 
Hyperlipidemia 205 (48.0%) 167 (49.4%) 38 (42.7%) 0.313 
Chronic lung disease 37 (8.7%) 29 (8.6%) 8 (9.0%) >0.999 
Cerebrovascular disease 53 (12.4%) 37 (10.9%) 16 (18.0%) 0.108 
Atrial fibrillation 44 (10.3%) 34 (10.1%) 10 (11.2%) 0.897 
Myocardial infarction 31 (7.3%) 29 (8.6%) 2 (2.2%) 0.069 
Prior PCI 52 (12.2%) 41 (12.1%) 11 (12.4%) >0.999 
Bicuspid aortic valve 50 (11.7%) 42 (12.4%) 8 (9.0%) 0.476 
Pulmonary hypertension 166 (38.9%) 129 (38.2%) 37 (41.6%) 0.642 
NYHA class ≥ III 223 (52.2%) 165 (48.8%) 58 (65.2%) 0.009 
LVEF, % 59.00 (50.00, 60.00) 59.00 (50.00, 60.75) 59.00 (53.00, 60.00) 0.878 
Aortic valve peak velocity, 
m/s 

4.58 ± 0.67 4.62 ± 0.67 4.45 ± 0.63 0.028 

Peak transvalvular gradient, 
mmHg 

85.89 ± 25.15 87.19 ± 25.96 80.93 ± 21.23 0.020 

Mean transvalvular gradient, 
mmHg 

51.69 ± 16.95 52.50 ± 17.53 48.62 ± 14.20 0.031 

Doppler velocity index (DVI) 0.20 (0.17, 0.24) 0.20 (0.17, 0.23) 0.22 (0.20, 0.25) <0.001 
Aortic valve area, cm² 0.70 ± 0.18 0.70 ± 0.19 0.73 ± 0.17 0.136 
WBC, ×10⁹/L 5.97 (4.96, 7.26) 5.96 (4.96, 7.27) 6.00 (4.95, 7.05) 0.974 
Neutrophil count, ×10⁹/L 3.57 (2.76, 4.48) 3.60 (2.76, 4.47) 3.50 (2.76, 4.51) 0.810 
Lymphocyte count, ×10⁹/L 1.62 (1.24, 2.02) 1.62 (1.27, 2.05) 1.52 (1.13, 1.84) 0.139 
Monocyte count, ×10⁹/L 0.44 (0.35, 0.53) 0.43 (0.35, 0.52) 0.46 (0.37, 0.62) 0.018 
Hemoglobin, g/L 127.87 ± 19.62 129.65 ± 18.19 121.12 ± 23.20 0.002 
Platelet count, ×10⁹/L 187.00 (153.00, 224.00) 187.50 (153.25, 223.75) 187.00 (148.00, 229.00) 0.977 
NLR 2.15 (1.61, 2.94) 2.13 (1.58, 2.87) 2.31 (1.68, 3.31) 0.196 
LMR 3.68 (2.83, 4.92) 3.79 (2.94, 5.15) 3.39 (2.47, 4.31) 0.002 
D-dimer, ng/mL 370.00 (310.00, 490.00) 370.00 (310.00, 480.00) 370.00 (300.00, 520.00) 0.802 
NT-proBNP, pg/mL 1,254.50 (408.90, 

3,768.50) 
1,249.25 (395.02, 

3,722.00) 
1,275.00 (563.00, 

3,802.00) 
0.547 

Serum albumin, g/L 40.14 ± 4.00 40.38 ± 4.01 39.23 ± 3.84 0.014 
Triglycerides, mmol/L 0.97 (0.73, 1.38) 0.96 (0.73, 1.38) 1.01 (0.73, 1.29) 0.941 
Total cholesterol, mmol/L 4.28 ± 1.16 4.34 ± 1.17 4.06 ± 1.09 0.039 
HDL-C, mmol/L 1.24 ± 0.34 1.25 ± 0.33 1.20 ± 0.34 0.225 
LDL-C, mmol/L 2.44 ± 0.91 2.48 ± 0.92 2.27 ± 0.86 0.048 
Lipoprotein(a), mg/L 168.00 (95.00, 405.35) 172.00 (88.93, 407.88) 163.00 (99.00, 387.00) 0.995 
Cr, µmol/L 71.00 (60.00, 92.00) 70.00 (60.00, 89.95) 76.00 (64.00, 108.00) 0.015 
eGFR, mL/min/1.73 m² 83.35 (64.29, 91.76) 84.69 (65.94, 92.99) 75.04 (49.84, 87.90) <0.001 
Prosthesis type    0.114 

Balloon-expandable 69 (16.2%) 60 (17.8%) 9 (10.1%)  
Self-expanding 358 (83.8%) 278 (82.2%) 80 (89.9%)  

EuroSCORE II, % 1.95 (1.34, 3.26) 1.71 (1.26, 2.73) 2.67 (2.02, 4.72) <0.001 
Epicardial adipose tissue 
volume, cm³ 

107.23 (100.46, 112.73) 104.86 (99.74, 111.14) 117.85 (108.98, 119.91) <0.001 

High EAT  214 (50.1%) 144 (42.6%) 70 (78.7%) <0.001 
High NPS 151 (35.4%) 101 (29.9%) 50 (56.2%) <0.001 

Data are presented as mean ± SD, median (IQR), or n (%). Continuous variables were compared using the independent-372 
samples t test or the Mann–Whitney U test, and categorical variables using the Pearson χ² test or Fisher exact test, as 373 



Page 18 of 49 

appropriate. BMI, body mass index; CI, confidence interval; Cr, creatinine; CT, computed tomography; eGFR, estimated 374 
glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; IQR, interquartile range; LDL-C, low-density 375 
lipoprotein cholesterol; LMR, lymphocyte-to-monocyte ratio; LVEF, left ventricular ejection fraction; MACE, major adverse 376 
cardiovascular events; NLR, neutrophil-to-lymphocyte ratio; NPS, Naples prognostic score; NT-proBNP, N-terminal pro-B-377 
type natriuretic peptide; NYHA, New York Heart Association; PCI, percutaneous coronary intervention; SD, standard 378 
deviation; WBC, white blood cell count. 379 

Univariable Cox regression analysis 380 

Univariable Cox proportional hazards regression showed that a total of 17 baseline variables 381 

were statistically associated with MACE risk after TAVR (all P < 0.05), including age, sex, 382 

hypertension, NYHA class ≥ III, Doppler velocity index (DVI), valve area, peak pressure 383 

gradient, peak velocity, mean pressure gradient, lymphocyte-to-monocyte ratio (LMR), serum 384 

albumin, eGFR, hemoglobin, EuroSCORE II score, EAT volume, high EAT group and high 385 

NPS group. The crude effect of core study indicators showed that the risk of MACE in the 386 

high EAT group was 3.84 times that in the low EAT group (HR 3.84, 95% CI 2.31–6.38, P < 387 

0.001); the risk in the high NPS group was 2.64 times that in the low NPS group (HR 2.64, 388 

95% CI 1.73–4.03, P < 0.001). Detailed results are shown in Table 2. 389 

Table 2 Univariable Cox regression analysis for MACE after TAVR 390 

Variable HR (95% CI) P value 
Age, years 1.06 (1.03–1.10) <0.001 
Sex (male vs female) 0.60 (0.40–0.91) 0.017 
Hypertension 2.47 (1.58–3.86) <0.001 
NYHA class ≥ III 1.78 (1.15–2.76) 0.009 
Aortic valve peak velocity, m/s 0.69 (0.51–0.94) 0.019 
Peak transvalvular gradient, mmHg 0.99 (0.98–1.00) 0.020 
Mean transvalvular gradient, mmHg 0.98 (0.97–1.00) 0.026 
DVI, per 0.1 unit 1.55 (1.28–1.88) <0.001 
Aortic valve area, cm² 3.23 (1.09–9.59) 0.034 
Hemoglobin, g/L 0.98 (0.97–0.99) <0.001 
Serum albumin, g/L 0.94 (0.90–0.99) 0.024 
eGFR, mL/min/1.73 m² 0.99 (0.98–0.99) 0.002 
EuroSCORE II, per 1% increase 1.15 (1.09–1.21) <0.001 
EAT volume, cm³ 1.01 (1.01–1.02) <0.001 
High EAT 3.84 (2.31–6.38) <0.001 
High NPS 2.64 (1.73–4.03) <0.001 
Only variables with P < 0.05 are shown; the complete analysis of all 44 candidate variables is presented in Supplementary 391 
Table S2. CI, confidence interval; DVI, Doppler velocity index; EAT, epicardial adipose tissue; eGFR, estimated glomerular 392 
filtration rate; HR, hazard ratio; LMR, lymphocyte-to-monocyte ratio; MACE, major adverse cardiovascular events; NPS, 393 
Naples prognostic score; NYHA, New York Heart Association; TAVR, transcatheter aortic valve replacement. Hazard ratios 394 
for the Doppler velocity index are expressed per 0.1-unit increase. Hazard ratios for sex are expressed as male versus female 395 
(female as reference). 396 

Multivariable Cox regression 397 
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EAT volume and NPS were only weakly correlated (Spearman rs = 0.175 for EAT volume vs. 398 

the high NPS category, P < 0.001), indicating limited information overlap and a 399 

complementary basis for their combined use. All variables in the model had VIF < 1.13, with 400 

no significant multicollinearity (Supplemental Table S3). Schoenfeld residual testing showed 401 

that Models 1 and 3 met the proportional hazards assumption (global P = 0.131 and 0.098), 402 

whereas Models 2 and 4 deviated (global P = 0.006 and 0.003), driven by the high EAT 403 

variable (residual P = 0.010 and 0.009; Supplemental Tables S4 and S5). The time-dependent 404 

behavior of the two markers differed: the effect of NPS was more prominent early after 405 

surgery and weakened thereafter, whereas the EAT hazard ratio increased progressively with 406 

follow-up. The hazard ratios from the standard Cox models should therefore be interpreted as 407 

average effects over the entire follow-up period, with the core efficacy evaluation based on 408 

the time-specific estimates presented in the time-varying analysis below. After adjustment for 409 

hypertension, NYHA class ≥ III, DVI and EuroSCORE II, both high EAT and high NPS 410 

remained independent predictors of MACE. In the baseline + high EAT model the adjusted 411 

HR for high EAT was 3.23 (95% CI 1.94–5.40, P < 0.001), and in the baseline + high NPS 412 

model the adjusted HR for high NPS was 2.21 (95% CI 1.43–3.44, P < 0.001). In the 413 

combined model, the adjusted HRs were 3.01 (95% CI 1.80–5.03, P < 0.001) for high EAT 414 

and 1.96 (95% CI 1.27–3.04, P = 0.003) for high NPS (Table 3). 415 

Table 3 Sequential Cox proportional hazards models for MACE after TAVR 416 

Model Variable HR (95% CI) P value 

Model 1: Base model 

Hypertension 1.99 (1.25–3.16) 0.004 
NYHA class ≥ III 1.73 (1.11–2.72) 0.016 
DVI, per 0.1 unit 1.55 (1.25–1.91) <0.001 
EuroSCORE II, per 1% increase 1.13 (1.07–1.19) <0.001 

Model 2: Base + high EAT 

Hypertension 2.06 (1.30–3.27) 0.002 
NYHA class ≥ III 1.52 (0.96–2.39) 0.073 
DVI, per 0.1 unit 1.49 (1.22–1.82) <0.001 
EuroSCORE II, per 1% increase 1.13 (1.06–1.21) <0.001 
High EAT 3.23 (1.94–5.40) <0.001 

Model 3: Base + high NPS 

Hypertension 2.12 (1.33–3.37) 0.002 
NYHA class ≥ III 1.71 (1.09–2.69) 0.019 
DVI, per 0.1 unit 1.45 (1.18–1.79) <0.001 
EuroSCORE II, per 1% increase 1.10 (1.04–1.16) 0.002 
High NPS 2.21 (1.43–3.44) <0.001 
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Model Variable HR (95% CI) P value 

Model 4: Combined model 

Hypertension 2.11 (1.33–3.35) 0.001 
NYHA class ≥ III 1.49 (0.94–2.35) 0.088 
DVI, per 0.1 unit 1.41 (1.15–1.73) <0.001 
EuroSCORE II, per 1% increase 1.11 (1.03–1.19) 0.006 
High EAT 3.01 (1.80–5.03) <0.001 
High NPS 1.96 (1.27–3.04) 0.003 

CI, confidence interval; DVI, Doppler velocity index; EAT, epicardial adipose tissue; HR, hazard ratio; MACE, major 417 
adverse cardiovascular events; NPS, Naples prognostic score; NYHA, New York Heart Association; TAVR, transcatheter 418 
aortic valve replacement. Hazard ratios for the Doppler velocity index are expressed per 0.1-unit increase. The proportional 419 
hazards assumption was met in Models 1 and 3 (global Schoenfeld residual test P = 0.131 and 0.098) and violated in Models 420 
2 and 4 (P = 0.006 and 0.003); the hazard ratios for Models 2 and 4 therefore represent average effects over the follow-up 421 
period. Time-specific hazard ratios are presented in Supplementary Table S6. 422 

Validation of combined prediction model performance 423 

Overall discriminative ability (C-index) 424 

For overall discriminative ability, the Harrell’s C-index of the baseline clinical model was 425 

0.716 (95% CI 0.654–0.777). After adding the high EAT group to the baseline model, the C-426 

index increased to 0.727 (χ² = 24.21, P < 0.001 for likelihood ratio test). After adding the high 427 

NPS group, the C-index was 0.738 (χ² = 12.55, P < 0.001 for likelihood ratio test). The 428 

Harrell’s C-index of the combined prediction model was 0.751 (95% CI 0.692–0.809), with 429 

an absolute increase of 0.035 compared with the baseline model 0.716 (95% CI 0.654–0.777). 430 

The difference was statistically significant by likelihood ratio test (χ² = 33.33, P < 0.001). 431 

After bootstrap internal validation and optimism bias correction, the C-index of the combined 432 

model still reached 0.742, indicating stable discriminative ability. Detailed results are shown 433 

in Table 4, Panel A. 434 

Table 4 Incremental predictive performance of the nested models and added value of the combined model 435 

A. Discrimination across the nested models 436 

Model C-index (95% CI) 12-month AUC 24-month AUC Likelihood-ratio χ² (P value) 
Model 1: Base model 0.716 (0.654–0.777) 0.733 0.716 — 
Model 2: Base + high EAT 0.727 (0.665–0.789) 0.722 0.739 24.21 (<0.001) 
Model 3: Base + high NPS 0.738 (0.680–0.797) 0.763 0.728 12.55 (<0.001) 
Model 4: Combined model 0.751 (0.692–0.809) 0.755 0.757 33.33 (<0.001) 

B. Incremental value of the combined model versus the base model 437 

Method Metric Estimate 95% CI P value 

Tertile-based (primary analysis) 

Event NRI 0.058 −0.176 to 0.397 0.677 
Non-event NRI 0.017 −0.224 to 0.248 0.894 
Total NRI 0.075 −0.081 to 0.239 0.345 
Total IDI 0.068 0.031–0.134 0.011 
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Method Metric Estimate 95% CI P value 

Binary-based (sensitivity analysis) 

Event NRI 0.029 −0.104 to 0.243 0.734 
Non-event NRI 0.006 −0.168 to 0.175 0.950 
Total NRI 0.035 −0.051 to 0.175 0.543 
Total IDI 0.068 0.031–0.134 0.011 

Likelihood-ratio χ² and P values are for each model versus Model 1 (base model). In Panel B, NRI and IDI are presented for 438 

both the tertile-based primary analysis and the binary-based sensitivity analysis. IDI is derived from continuous predicted 439 

probabilities and is therefore identical for the two categorization approaches. 440 

AUC, area under the receiver operating characteristic curve; C-index, concordance index; CI, confidence interval; IDI, 441 

integrated discrimination improvement; MACE, major adverse cardiovascular events; NRI, net reclassification improvement. 442 

Time-dependent ROC curves 443 

Time-dependent ROC curve analysis showed that all models had certain predictive 444 

performance for MACE events at different time points after TAVR, and the combined 445 

prediction model had the highest discriminative ability at 24 months; at 12 months, the base + 446 

high NPS model achieved the highest AUC (0.763), slightly exceeding that of the combined 447 

model (0.755). At 12 months after surgery, the AUC of the baseline clinical model was 0.733. 448 

Adding the high NPS group increased the AUC to 0.763, whereas adding the high EAT group 449 

alone did not improve discrimination (AUC 0.722). The AUC of the combined prediction 450 

model including both reached 0.755. At 24 months after surgery, the AUC of the baseline 451 

clinical model was 0.716. After adding the high EAT group and high NPS group to the base 452 

model respectively, the AUC increased to 0.739 and 0.728, and the AUC of the combined 453 

prediction model increased to 0.757. The discriminative performance of the combined 454 

prediction model at 24 months after surgery was superior to the single-marker models and the 455 

baseline clinical model. See Table 4, Panel A, and Fig. 3 for details. Receiver operating 456 

characteristic analysis based on the binary MACE outcome over the complete follow-up 457 

period showed consistent discrimination (Supplemental Figure S1). 458 
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 459 
Fig. 3 Time-dependent ROC curves for MACE prediction after TAVR. The dashed diagonal line indicates 460 

chance discrimination. AUC, area under the receiver operating characteristic curve; CI, confidence 461 

interval; MACE, major adverse cardiovascular events; ROC, receiver operating characteristic; TAVR, 462 

transcatheter aortic valve replacement. 463 

Calibration 464 

The calibration curve was plotted using quintiles of the predicted risk to assess the 465 

consistency between the predicted probability of MACE at 24 months after TAVR by the 466 

combined prediction model and the observed event incidence. All study subjects were divided 467 

into five subgroups according to the predicted risk of the combined model, and the observed 468 

24-month MACE incidence within each subgroup was estimated by the Kaplan–Meier 469 

method together with its 95% confidence interval. The calibration curve showed good overall 470 

agreement between the predicted probability of 24-month MACE and the observed incidence, 471 

and the 95% confidence intervals of all five subgroups included the line of perfect calibration 472 

(Fig. 4). Formal assessment confirmed adequate calibration: the Grønnesby–Borgan 473 

goodness-of-fit test gave χ² = 4.45 (df = 4, P = 0.349) across quintiles (χ² = 2.05, df = 2, P = 474 

0.360 across tertiles), and the calibration slope was 1.00 (95% CI 0.78–1.22). 475 
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 476 
Fig. 4 Calibration curve for 24-month MACE risk of the combined model. Points represent quintiles of the 477 

predicted risk and vertical bars indicate the 95% CI of the observed (Kaplan–Meier) estimate; the dashed 478 

diagonal line indicates perfect calibration, and the 95% CI of every quintile includes this line. MACE, 479 

major adverse cardiovascular events. 480 

Decision curve analysis 481 

Decision curve analysis was used to evaluate the clinical net benefit of the model. Within the 482 

threshold probability range of 0 to 0.5, the prediction model combining EAT and NPS 483 

consistently achieved higher net benefit than the basic clinical model, and both models 484 

exhibited superior net benefit compared with the “treat all” and “treat none” strategies. After 485 

the threshold probability exceeded 0.10, the net benefit advantage of the combined model 486 
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remained stable. At a threshold probability of 0.50, the combined model still maintained 487 

positive net benefit, while the net benefit of the basic model approached 0, indicating that the 488 

combined model had better clinical decision-making value (Fig. 5). 489 

 490 
Fig. 5 Decision curve analysis for 24-month MACE prediction. Treat all and treat none represent 491 

reference strategies. DCA, decision curve analysis; MACE, major adverse cardiovascular events. 492 

Incremental predictive value 493 

Incremental value analysis at 24 months after surgery showed that: compared with the base 494 

clinical model, the overall integrated discrimination improvement (IDI) in the primary 495 

analysis using the tertile method for the combined prediction model was 0.068 (95% CI 496 

0.031–0.134, P = 0.011), which was statistically significant, indicating that the combination 497 

of EAT and NPS could significantly improve the overall discrimination ability of the model 498 

for MACE events at 24 months after TAVR. In terms of risk reclassification, the overall net 499 
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reclassification index (NRI) using the tertile method was 0.075 (95% CI −0.081–0.239, P = 500 

0.345), with an NRI of 0.058 in the event group and 0.017 in the non-event group. The point 501 

estimates of all indicators were positive, suggesting that the newly added indicators had a 502 

positive improving trend in the reclassification performance of patient risk stratification, but 503 

the result did not reach statistical significance. Sensitivity analysis using binary risk 504 

stratification showed that the overall NRI of the combined model was 0.035, with the same 505 

effect direction as the primary analysis, confirming that this incremental trend was relatively 506 

robust and not affected by the selection of stratification cutoff values (Table 4, Panel B). 507 

Risk stratification survival analysis and interaction effect 508 

On the basis of verifying the predictive performance of the model, risk stratification analysis 509 

was further used to evaluate the clinical application value of the model, and to analyze the 510 

interaction pattern of EAT and NPS on MACE prediction. 511 

Risk stratification survival curves 512 

According to the tertiles of the risk score of the combined prediction model, patients were 513 

divided into low-risk group (lowest tertile), intermediate-risk group (middle tertile) and high-514 

risk group (highest tertile). Kaplan–Meier survival curves showed statistically significant 515 

differences in MACE-free survival probabilities among the three groups (log-rank P < 0.001), 516 

with significantly lower MACE-free survival in the high-risk group than in the intermediate 517 

and low-risk groups. See Fig. 6 for details. Separate stratification analysis showed that 518 

MACE-free survival probabilities in both high EAT group and high NPS group were 519 

significantly lower than the corresponding low groups (both P < 0.001), consistent with the 520 

trend of the combined model (Supplemental Figures S2 and S3). 521 
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 522 
Fig. 6 Kaplan–Meier curves for MACE-free survival by combined-model risk stratum. The P value was 523 

calculated using the log-rank test. MACE, major adverse cardiovascular events. 524 

Interaction effect of EAT and NPS 525 

The interaction model including the product term of high EAT × high NPS gave an 526 

interaction HR of 0.54 (95% CI 0.19–1.55), with likelihood ratio test P = 0.251. This 527 

indicates no significant statistical interaction and an essentially additive relationship. In 528 

stratified analyses, elevated EAT was associated with higher MACE risk at both NPS levels, 529 

and elevated NPS with higher risk at both EAT levels. These estimates are imprecise in the 530 

present sample, however, and a synergistic or antagonistic effect cannot be excluded; larger 531 

cohorts will be needed to test it formally. See Table 5 for details. 532 

Table 5 Interaction and stratified analyses of high EAT and high NPS 533 

A. Interaction between high EAT and high NPS 534 

Variable HR (95% CI) P value Likelihood-ratio P value Conclusion 
High EAT × high NPS interaction 0.54 (0.19–1.55) 0.253 0.251 No significant interaction 
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B. Stratified effect estimates 535 

Stratification High EAT HR 95% CI High NPS HR 95% CI P value 
NPS = No 3.98 1.81–8.77 — — <0.001 
NPS = Yes 2.04 1.03–4.05 — — 0.040 
EAT = No — — 2.93 1.12–7.67 0.028 
EAT = Yes — — 1.73 1.06–2.83 0.029 

HRs compare the high-risk with the low-risk group within each stratum; each P value corresponds to the HR shown in the 536 
same row. CI, confidence interval; EAT, epicardial adipose tissue; HR, hazard ratio; MACE, major adverse cardiovascular 537 
events; NPS, Naples prognostic score. 538 

Time-varying effect of EAT and NPS 539 

Because the proportional hazards assumption was violated in the models containing EAT, the 540 

combined model was refitted with time-varying coefficients [β(t) = β₀ + β₁ × log(t)]. The 541 

time-varying model fitted the data significantly better than the proportional-hazards model 542 

(likelihood-ratio χ² = 9.34, df = 2, P = 0.009). The effect of high EAT increased progressively 543 

over follow-up (HR 3.64 [95% CI 2.04–6.50] at 3 months; 6.20 [2.63–14.61] at 24 months; 544 

7.84 [2.84–21.63] at 60 months; all P < 0.001), whereas the effect of high NPS was confined 545 

to the early postoperative period and attenuated thereafter (HR 1.89 [1.21–2.96], P = 0.006 at 546 

3 months; 1.46 [0.86–2.48], P = 0.159 at 12 months; 1.08 [0.52–2.25], P = 0.827 at 60 547 

months). These findings indicate that NPS mainly reflects early perioperative risk, whereas 548 

EAT is associated with risk accruing over long-term follow-up (Supplemental Table S6 and 549 

Fig. 7). 550 
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 551 
Fig. 7 Time-varying effect of high EAT and high NPS on MACE after TAVR. Hazard ratios (95% CI) 552 

were estimated at 3, 6, 12, 18, 24, 36, 48 and 60 months; the dashed line indicates a hazard ratio of 1. CI, 553 

confidence interval; EAT, epicardial adipose tissue; HR, hazard ratio; MACE, major adverse 554 

cardiovascular events; NPS, Naples prognostic score; TAVR, transcatheter aortic valve replacement. 555 

Subgroup generalizability analysis 556 

Subgroup stratification analysis showed that the combined model discriminated MACE risk 557 

across subgroups defined by sex, age (< 75 / ≥ 75 years), NYHA class and diabetes, with 558 

hazard ratios for the high- versus low-risk group ranging from 6.39 to 10.31 (all P < 0.01) and 559 

no significant interaction (P = 0.537, 0.672, 0.523 and 0.548, respectively). The bicuspid 560 

aortic valve subgroup had limited power (n = 50; 8 MACE events; HR 3.49, 95% CI 0.39–561 

31.39; P = 0.264). See Supplemental Table S7 and Fig. 8 for details. 562 
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 563 
Fig. 8 Forest plot of subgroup analyses for the combined model. Hazard ratios are shown on a logarithmic 564 

scale; red indicates P < 0.05 and grey indicates P ≥ 0.05. CI, confidence interval; HR, hazard ratio. 565 

Dose–response relationship between EAT and MACE 566 

Restricted cubic spline analysis showed no significant nonlinearity (P = 0.092), indicating an 567 

approximately linear positive association between EAT volume and MACE across the 568 

observed range, with only a modest nonlinear trend (Fig. 9, Supplemental Table S8). Risk was 569 

relatively flat below the reference value and increased steadily above it, with the 95% CIs 570 

excluding 1 in the higher volume range. These results indicate a continuous dose–effect 571 

association between EAT volume and MACE after TAVR; the corresponding continuous-572 

variable Cox model is reported in the sensitivity analysis of the exposure variable form below. 573 
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 574 
Fig. 9 Restricted cubic spline analysis of EAT volume and MACE risk after TAVR. The solid line 575 

indicates the hazard ratio; the shaded area indicates the 95% CI; the vertical dotted line marks the 576 

reference value (cohort median EAT volume, 107.23 cm³). CI, confidence interval; EAT, epicardial 577 

adipose tissue; HR, hazard ratio; MACE, major adverse cardiovascular events; TAVR, transcatheter 578 

aortic valve replacement. 579 

Robustness verification 580 

Bootstrap internal validation 581 

Internal validation using 1,000 bootstrap resamples showed that the apparent C-index of the 582 

combined model was 0.751, and the bias-corrected value was 0.742, with an optimism bias of 583 

only 0.008. The apparent 24-month AUC was 0.757, and the optimism-corrected value was 584 

0.762 (optimism −0.005). The results indicated low overfitting degree and good internal 585 

robustness. See Supplemental Table S9 for details. 586 
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Sensitivity analysis of perioperative events 587 

After excluding 30-day perioperative events and refitting the model, high EAT remained an 588 

independent predictor of MACE (P < 0.001), with an increased effect size, further supporting 589 

that the predictive value of EAT for long-term events is more stable. The effect of high NPS 590 

weakened and was not statistically significant (P = 0.229). This result further verified the 591 

time-effect difference between the two: the prognostic effect of NPS is mainly in the early 592 

postoperative period, while EAT has more stable predictive value for long-term events. The 593 

combined model showed a 0.005 decrease in C-index and a 0.003 increase in the 24-month 594 

AUC compared with the primary analysis, indicating that the research conclusions are not 595 

interfered by perioperative events and have good robustness. See Supplemental Tables S10 596 

and S11 for details. 597 

Sensitivity analysis of exposure variable form 598 

When EAT was modeled as a continuous variable instead of a binary variable, each 10 cm³ 599 

increment was associated with a 16% higher risk of MACE (HR 1.16, 95% CI 1.07–1.25, P < 600 

0.001), and 17% in the combined model (HR 1.17, 95% CI 1.08–1.27, P < 0.001). The 601 

direction and statistical significance were consistent with the binary analysis, indicating that 602 

the prognostic effect of EAT is continuous and independent of the median cutoff 603 

(Supplemental Table S1). 604 

Discussion 605 

Main findings 606 

In this single-center cohort of 427 patients with severe calcific aortic stenosis undergoing 607 

TAVR, both preoperative EAT volume and the NPS were independently associated with 608 

MACE, and their combination improved discrimination and reclassification beyond a 609 

conventional clinical risk model. The incremental value was driven mainly by improved 610 

discrimination (IDI) rather than by risk reclassification (NRI), which did not reach statistical 611 
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significance. EAT volume showed an approximately linear dose–response relationship with 612 

MACE, and the combined model provided stable risk stratification across the major clinical 613 

subgroups examined, with consistent results in multiple sensitivity analyses. To our 614 

knowledge, this study is among the first to evaluate the incremental predictive value of 615 

combining EAT volume and NPS over conventional clinical risk models in patients with 616 

severe aortic stenosis undergoing TAVR, providing evidence for simple preoperative risk 617 

stratification and individualized postoperative management. Time-varying coefficient analysis 618 

further showed that the effect of high EAT increased progressively over follow-up, whereas 619 

the effect of high NPS was confined to the early postoperative period, indicating that the two 620 

markers capture risk operating over different time windows. 621 

An unexpected finding warrants comment: patients who developed MACE had a marginally 622 

higher DVI (0.22 vs 0.20) together with lower gradients. Both values were well within the 623 

severe range and the absolute difference was small, so the statistical significance mainly 624 

reflects sample size. A higher DVI with lower gradients is nonetheless compatible with 625 

reduced transvalvular flow, which may itself carry a worse prognosis. Because stroke volume 626 

was not recorded and DVI served only as an adjustment variable, this interpretation remains 627 

speculative. 628 

Pathophysiological mechanism discussion 629 

Local mechanism of EAT-mediated postoperative adverse events 630 

Several mechanisms may explain why a higher preoperative EAT volume predisposes to 631 

adverse events after TAVR. A pro-inflammatory shift in EAT leads to the release of cytokines 632 

such as IL-1β, IL-6, TNF-α and MCP-1 that promote myocardial fibrosis, valve calcification 633 

and electrical conduction abnormalities [16–18]. Mazurek et al. [16] showed that expression 634 

of these inflammatory factors in EAT was significantly higher than in subcutaneous fat and 635 

independent of circulating inflammatory markers, indicating that EAT is an independent local 636 



Page 33 of 49 

inflammatory source of the heart. In calcific aortic stenosis, mediators secreted by EAT 637 

diffuse to the valve leaflets and promote osteogenic differentiation and calcification of valve 638 

interstitial cells; Parisi et al. [22] and Nabati et al. [23] both reported that greater EAT 639 

thickness was associated with more severe valve sclerosis and left ventricular dysfunction. 640 

After TAVR, persistent EAT-mediated inflammation may impair endothelialization of the 641 

prosthesis, aggravate myocardial interstitial fibrosis and delay reverse left ventricular 642 

remodeling, thereby increasing the risk of heart failure rehospitalization and late 643 

cardiovascular events. Consistent with this, we observed a continuous dose–response 644 

relationship between EAT volume and MACE (non-linearity P = 0.092; HR 1.16 per 10 cm³), 645 

in line with a meta-analysis of 29 studies [19], with reports linking higher EAT volume to 646 

impaired left atrial reservoir function in severe aortic stenosis [50], and with evidence that 647 

EAT is associated with myocardial remodeling and adverse prognosis in asymptomatic aortic 648 

stenosis [54]. Notably, the two markers showed distinct time-dependent behavior: the effect 649 

of high EAT increased progressively over follow-up (HR 3.64 at 3 months to 7.84 at 60 650 

months), which also explains why the proportional hazards assumption was violated once 651 

EAT entered the model, whereas the effect of high NPS was confined to the early 652 

postoperative period. This suggests different clinical windows: perioperative optimization, 653 

nutritional support and infection control for patients with a high NPS, and long-term anti-654 

inflammatory and reverse-remodeling strategies for those with high EAT. 655 

Systemic effect of NPS reflecting immune and nutritional reserve 656 

NPS integrates four routine laboratory indices — serum albumin, total cholesterol, NLR and 657 

LMR — and therefore reflects both nutritional reserve and chronic inflammatory activation, 658 

with higher scores indicating greater inflammation and poorer nutritional reserve [34]. Serum 659 

albumin is a core marker of nutritional status and low total cholesterol is typical of chronic 660 

inflammatory consumption, while the composite score that incorporates NLR and LMR has 661 
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been consistently associated with adverse cardiovascular outcomes [39, 40]. In patients 662 

undergoing TAVR, preoperative malnutrition and chronic low-grade inflammation together 663 

impair tissue healing, dysregulate the inflammatory response and promote myocardial 664 

remodeling and worsening cardiac function, ultimately contributing to MACE [45]. 665 

Compared with single inflammatory or nutritional markers, the NPS covers more dimensions 666 

while requiring only routine preoperative laboratory tests, making it highly accessible. In 667 

TAVR cohorts, a high NPS has been associated with increased 1-year mortality [43] and with 668 

1-year MACE [42], and its core component NLR has likewise been linked to short- and long-669 

term mortality after TAVR in large cohorts and meta-analyses [44]. In the present study, a 670 

high NPS was an independent predictor of MACE (HR 1.96, 95% CI 1.27–3.04; P = 0.003), 671 

consistent with these findings. Perioperative sensitivity analysis supported the time-dependent 672 

nature of this effect: after excluding events within 30 days, the effect of high NPS attenuated 673 

to HR 1.43 and was no longer significant (P = 0.229), suggesting that the nutritional-674 

inflammatory status captured by NPS mainly drives early postoperative complications and 675 

weakens as the patient recovers. This identifies a potential intervention window, in which 676 

perioperative nutritional support and control of infection and systemic inflammation may be 677 

the most effective way to reduce early adverse events in patients with a high NPS. 678 

Dimensional complementarity of the combination 679 

EAT volume and NPS were only weakly correlated (Spearman rs = 0.175 for EAT volume vs. 680 

the high NPS category, P < 0.001), indicating limited information overlap. The two markers 681 

capture risk from different perspectives: EAT reflects the local cardiac fat load and paracrine 682 

inflammatory activity, whereas NPS reflects systemic immune-inflammatory activation and 683 

nutritional reserve [14, 45]. Although no statistical interaction was detected, the two markers 684 

may be linked biologically through a “local–systemic” inflammatory loop: cytokines released 685 

by EAT (for example IL-6, TNF-α and MCP-1) increase the systemic inflammatory burden 686 
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and consume nutritional reserve [16, 46], while systemic malnutrition and inflammation in 687 

turn promote a pro-inflammatory adipocyte phenotype in EAT and reduce protective 688 

adipokines such as adiponectin [17, 45]. This interplay may jointly drive myocardial 689 

interstitial fibrosis, endothelial dysfunction and ventricular remodeling, consistent with the 690 

view that EAT mediates the cardiac effects of systemic inflammation while systemic 691 

nutritional-inflammatory status modulates EAT [45, 46]. This dimensional complementarity 692 

provides the pathophysiological basis for the improvement in model performance when the 693 

two markers are combined. 694 

Comparison with previous studies 695 

Prognostic value of EAT in TAVR is consistent with previous studies 696 

Previous TAVR cohorts have consistently shown that a higher EAT volume, EAT density or 697 

EAT thickness is associated with adverse outcomes [27–30], and the present findings are in 698 

line with these observations. However, most previous studies adopted all-cause mortality as 699 

the primary endpoint, while this study further validates the predictive value of EAT for the 700 

composite endpoint of MACE. In terms of the dose–response relationship, the restricted cubic 701 

spline model of this study demonstrates an overall linear trend with marginal non-linear 702 

characteristics. This not only supports a continuous dose-dependent association between EAT 703 

and risk, but also suggests a potential accelerated rise in risk at higher volume ranges, which 704 

requires verification with larger sample sizes. In addition, the mean EAT volume of the 705 

population in this study was 108.15 cm³, lower than the high-risk cutoff value of 130 cm³ 706 

reported in previous studies, indicating that the prognostic value of EAT is already evident 707 

even at moderate volume levels. Automated artificial intelligence-based and combined 708 

adipose-muscle assessments may further refine risk prediction after TAVR [55, 56]. 709 

Consistent findings have also been reported in asymptomatic aortic stenosis, in which EAT 710 

was associated with cardiac remodeling and clinical outcomes [57]. 711 
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Prognostic value of NPS in TAVR population is verified 712 

Since its original description in patients undergoing colorectal cancer surgery [34], the NPS 713 

has been validated in several TAVR cohorts, in which a high score was associated with 714 

increased 1-year mortality and MACE [41–43]; the present results are consistent with these 715 

observations. Furthermore, after adjusting for EAT volume, NPS remained an independent 716 

predictor of MACE, indicating that its prognostic value does not depend on the level of local 717 

fat inflammation, and their effects are independent of each other. 718 

Incremental value of the combined model 719 

Most existing studies have separately verified the prognostic value of EAT or NPS as a single 720 

marker, and the incremental predictive value of their combination on traditional risk scores 721 

has not been reported. This study showed that after adding both EAT and NPS to 722 

EuroSCORE II, the C-index increased from 0.716 to 0.751. Likelihood ratio test confirmed 723 

significant improvement in model fit. Both NRI and IDI were positive, although only the IDI 724 

reached statistical significance, indicating that the incremental value of the two markers was 725 

driven mainly by improved overall discrimination rather than by risk reclassification. 726 

Previous large-scale validation studies have shown that traditional surgical risk scores such as 727 

EuroSCORE II and STS-PROM mainly focus on perioperative mortality risk, with limited 728 

predictive performance for long-term cardiovascular events after TAVR. Their C-index is 729 

mostly between 0.60 and 0.67, and there is generally calibration bias [11, 13]. In this study, 730 

the C-index of the baseline clinical model was 0.716, which is at a relatively high level among 731 

similar studies. The improvement after adding the two simple markers is significant, and both 732 

indicators can be directly obtained from routine preoperative examinations without additional 733 

tests, with high clinical transformation value. 734 

Clinical implications 735 

This study has several potential clinical implications. First, it provides a simple preoperative 736 

risk-stratification tool: EAT volume can be quantified from routine preoperative aortic CTA 737 
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without additional scanning, and NPS can be derived from routine blood counts and 738 

biochemistry, so both are low-cost, readily accessible and easy to interpret. Combined 739 

assessment can therefore identify patients at high risk of MACE after TAVR and complement 740 

traditional surgical risk scores, which do not capture inflammation or nutritional status. 741 

Second, it may guide stratified postoperative management: patients with low EAT and low 742 

NPS may be suitable for routine follow-up, whereas those with both markers elevated could 743 

benefit from closer surveillance of cardiac function and volume status together with targeted 744 

nutritional support and anti-inflammatory management, particularly because heart failure 745 

rehospitalization was the most common MACE component in this cohort. Finally, it provides 746 

a new direction for TAVR prognostic modeling; future multicenter studies with larger 747 

samples could integrate EAT volume and NPS into a visual nomogram for bedside risk 748 

calculation. 749 

Study limitations 750 

This study has several limitations. First, it was a single-center retrospective cohort study, 751 

which may introduce selection bias. The limited sample size and number of MACE events 752 

may reduce statistical power, particularly for conservative incremental measures such as NRI. 753 

The bicuspid aortic valve subgroup was especially small (n = 50; 8 MACE events), limiting 754 

statistical power and requiring validation in multicenter cohorts. Second, EAT volume was 755 

quantified using a single-center scanning protocol with good intra-center reproducibility but 756 

limited cross-center generalizability; a standardized multicenter measurement protocol is 757 

needed [58]. Third, for local imaging assessment, only EAT volume was included; EAT 758 

density and radiomic features were not evaluated, and individual components of the 759 

composite MACE endpoint were not analyzed separately [51, 59]. Fourth, Models 2 and 4 760 

violated the proportional hazards assumption and the EAT variable showed evidence of time-761 

varying effects, so the standard Cox hazard ratios should be interpreted as average effects 762 



Page 38 of 49 

over follow-up. We explored this with a time-varying coefficient model, which showed that 763 

the effect of high EAT increased over follow-up whereas that of high NPS was confined to 764 

the early postoperative period (Supplemental Table S6 and Fig. 7). These time-specific 765 

estimates are exploratory and require confirmation in larger cohorts, in which restricted mean 766 

survival time or landmark analyses could also be applied. Finally, as an observational study, 767 

this work can establish associations but cannot confirm causality or clarify the mechanisms 768 

linking preoperative EAT volume and NPS to MACE after TAVR. 769 

Conclusions 770 

In summary, this study confirms that preoperative EAT volume and the NPS are both 771 

independent predictors of major adverse cardiovascular events after TAVR in patients with 772 

severe calcific aortic valve stenosis. The two factors provide complementary prognostic 773 

information from the perspectives of local inflammation and systemic immune-inflammation, 774 

and their combined application can significantly improve the predictive performance of 775 

traditional clinical risk models. The combined model showed good discrimination, acceptable 776 

calibration and clear clinical net benefit, and it maintained stable risk stratification in the 777 

major clinical subgroups examined. Multiple sensitivity analyses supported the robustness of 778 

these conclusions. The linear dose–response characteristic of EAT and the temporal 779 

heterogeneity of their prognostic effects identified by the study can provide a theoretical basis 780 

for clinical stratified intervention. This assessment scheme is simple and accessible, and can 781 

serve as an auxiliary tool for preoperative risk stratification and postoperative individualized 782 

management of TAVR. Its conclusions need further verification by multicenter large-sample 783 

cohorts, and the long-term value of targeted intervention deserves in-depth exploration. 784 
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