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ARTICLE INFO ABSTRACT

Keywords: Background: Despite transforming care for severe aortic stenosis, TAVR is still followed by early and late mor-
Transcatheter aortic valve replacement tality. The triglyceride-glucose (TyG) index, an insulin-resistance marker from routine triglyceride and glucose
TyG index

Insulin resistance
Mortality
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baseline TyG predicts all-cause mortality at 30 days, 1 year, and 3 years post-TAVR.

levels, may flag high-risk patients in Ashkenazi-Jewish and Mediterranean individuals. We examined whether

Methods: We retrospectively studied patients with severe symptomatic aortic stenosis who underwent TAVR at a

single tertiary center between 2010 and 2024. The TyG index was calculated from baseline triglyceride and
glucose values. The primary endpoint was all-cause mortality at 1 year, with secondary endpoints of all-cause
mortality at 30 days and 3 years. Cox proportional hazards models evaluated the association between TyG
(per 1-unit increase) and mortality, adjusting for major clinical risk factors. Additionally, ROC curves were used

to derive cohort-specific TyG thresholds for short-term and long-term mortality.

Results: Results: A total of 821 TAVR patients were included. All-cause mortality was 3.4 % at 30 days, 10.9 % at
1 year, and 19.7 % at 3 years. Higher baseline TyG was associated with significantly increased mortality risk at
all time points. After multivariable adjustment, each 1-unit increase in TyG index conferred a higher hazard of 1-
year death (adjusted HR 1.62, 95 % CI 1.21-2.16) and remained predictive of mortality at 30 days (HR 1.92, 95
% CI 1.08-3.42) and 3 years (HR 1.42, 95 % CI 1.14-1.77). ROC analysis identified distinct TyG thresholds for
short-term and long-term outcomes, with an optimal cut-point of 9.012 for 30-day mortality, 9.15 for 1-year

mortality, and 8.700 for 3-year mortality.

Conclusions: Baseline TyG index is an independent predictor of early, short-term, and long-term mortality after
TAVR. The identification of cohort-specific TyG cut-points highlights population-specific metabolic risk cali-
bration and supports the use of TyG as a simple and informative biomarker for refining risk stratification and

follow-up intensity in TAVR recipients.
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1. Introduction

Transcatheter aortic valve replacement (TAVR) has redefined the
management of severe aortic stenosis, expanding eligibility to lower-risk
and younger patients and yielding excellent early outcomes with dura-
ble clinical benefit. Nonetheless, clinically meaningful adverse events
still occur during the initial 30 days, including death. Contemporary
registry data among low-risk patients records ~0.6-0.8 % 30-day mor-
tality, and ~ 3-5 % mortality at 1 year; randomized and registry cohorts
show sustainable benefits or non-inferiority versus surgery at 3 years for
composite end points of death [1-3].

The triglyceride-glucose (TyG) index, expressed as In [fasting tri-
glycerides (mg/dL) x fasting glucose (mg/dL) / 2], is a convenient
biomarker tracking insulin resistance and the downstream state of
atherogenic dyslipidemia, endothelial dysfunction, and low-grade
inflammation [4]. In cardiometabolic and cardiovascular populations,
elevated TyG consistently links to elevated short- and long-term mor-
tality [4,5]. Recent TAVR registries now link elevated baseline TyG to
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poor prognosis after valve implantation: multicenter and single-centered
studies delineate stepwise hazards of all-cause mortality and major
adverse cardiovascular events (MACE) through ~1 year, with incre-
mental discrimination beyond clinical models; landmark analysis also
attributes separation of early (<30-day) outcomes by TyG categories
[6-8]. High TyG denotes a state of greater insulin resistance with an
adverse metabolic milieu (atherogenic dyslipidemia, endothelial
dysfunction, low-grade inflammation); conversely, low TyG reflects
more favorable insulin sensitivity and lower risk [7]. These associations
provide a rationale for testing TyG as a 30-day, short-term (1 year), and
long-term (3 years) prognostic marker in TAVR.

Within this context, metabolic and inflammatory biomarkers have
emerged as promising tools for risk prediction. The TyG index, a com-
posite parameter derived from fasting triglyceride and glucose levels,
reflects underlying insulin resistance and broader metabolic dysfunc-
tion. Previous studies have suggested its value in cardiovascular risk
stratification; however, its role in predicting adverse outcomes among
TAVR recipients remains incompletely understood [6-8].

105 Patients were excluded:

* 44 Blood tests were unavailable

+ 21 Converted to open heart surgery
* 18 Missing follow-ups <365 days

* 22 Valve-in-Valve procedures

30-day All-cause Mortality

n=821
28 events

v
Primary Predictor:
TyG Index (n=821)
v
Primary Outcome Secondary Outcomes |
n=821 n=821
1-Year All-cause
Mortality
89 events
v

3-Year All-cause Mortality
n= 821
161 events

Fig. 1. Flowchart of patient inclusion, exclusion, and follow-up for primary and secondary. outcomes.



H. Abu Khadija et al.

Although prior studies from Chinese TAVR cohorts have demon-
strated an association between the TyG index and adverse outcomes,
these data are limited to East Asian populations and short- to mid-term
follow-up [9,10]. Important ethnic and metabolic differences suggest
that TyG-related risk thresholds may not be directly generalizable to
Western patients. Building on this background, the present study ex-
tends the existing evidence by evaluating the prognostic impact of TyG
in a Western TAVR population of Ashkenazi-Jewish and Mediterranean
origin, with dedicated analyses of 30-day, 1-year, and 3-year mortality
and the derivation of population-specific TyG cut-off values using ROC
methodology.

2. Method
2.1. Study design and population

This study is a retrospective, longitudinal cohort analysis of
consecutive patients who underwent TAVR at the Heart Center of Kaplan
Medical Center, Israel, between December 2010 and March 2024. In-
clusion criteria were age > 18 years, severe symptomatic aortic stenosis
treated with TAVR during the study period, and availability of baseline
pre-procedural triglyceride and glucose measurements from which the
triglyceride-glucose (TyG) index was computed as In ([triglycerides
(mg/dL) x glucose (mg/dL)]/2). We excluded 105 patients for the
following reasons: 44 without the requisite baseline blood tests (pre-
cluding TyG calculation), 21 who converted to open-heart surgery
before or during the index procedure, 18 with insufficient follow-up
(<365 days) for 1-year survival ascertainment, and 22 who underwent
valve-in-valve procedures. The final analytic cohort comprised 821 pa-
tients for the 30-day and 1-year endpoints. For the 3-year endpoint, 266
patients lacked complete 3-year follow-up and were excluded, yielding a
3-year analysis cohort of 555 patients. The cohort assembly is shown in
Fig. 1.

2.2. Procedural details

All TAVR procedures were performed via the transfemoral approach
using the safety-wire technique. Vascular access and closure were ach-
ieved with the Prostar XL vascular closure system (Abbott Vascular,
Redwood City, CA, USA). Procedures were conducted in hybrid oper-
ating rooms under either general anesthesia or local anesthesia with
conscious sedation, with the latter being the standard approach.

Procedure duration was defined as the time from arterial puncture
(“skin”) to vascular closure (“skin”). After femoral access, unfractio-
nated heparin was administered to maintain an activated clotting time
(ACT) >250 s; when indicated, Protamine sulfate was given at the time
of vascular closure (maximum dose 50 mg; 1 mg per 100 units of heparin
administered). In accordance with European Society of Cardiology
guidelines, dual antiplatelet therapy (DAPT) with Aspirin 100 mg or
Clopidogrel 75 mg was initiated one day before the procedure, unless
patients were already on chronic antiplatelet or oral anticoagulation
therapy. Valve deployment was guided fluoroscopically, aiming for a
final implantation depth of approximately 2-3 mm below the annular
plane, consistent with current best practices.

2.3. Study endpoints

The primary endpoint was all-cause mortality at 1 year following
TAVR. Secondary endpoints included all-cause mortality at 30 days
(early mortality) and at 3 years (long-term mortality). Mortality was
defined as death from any cause, and survival time was calculated from
the date of the TAVR procedure to the date of death or last known
follow-up. Outcomes at 30 days and 1 year were assessed in all 821
patients, while 3-year outcomes were evaluated in patients with avail-
able longer follow-up. The median follow-up duration for the study
cohort was 2189 days (IQR: 643-2189 days), with a mean of 1510.9 +
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852.6 days.
2.4. Rationale for maintaining a separate 1-year mortality model

One-year mortality after TAVR was analyzed in a dedicated Cox
model because it represents a clinically distinct and internationally
standardized benchmark endpoint. Major TAVR trials and regis-
tries—including PARTNER 1 & 2, and the STS/ACC TVT Regis-
try—consistently report 30-day and 1-year mortality as standalone
clinical outcomes, as these intervals reflect early and mid-term proce-
dural performance, patient selection, and peri-procedural physiology
distinct from long-term prognosis [11-13].

Predictors of 1-year mortality often differ from those that drive
outcomes beyond the first year, as later mortality is more strongly
influenced by chronic comorbidities, heart-failure progression, and
long-term metabolic risk profiles [14,15]. Therefore, integrating the 1-
year period into a single 3-year model may obscure meaningful
changes in risk trajectories. For these reasons, and in alignment with
international standards (VARC-3 criteria) [16].

2.5. Primary predictor: TyG Index

The primary Predictor variable is the Triglyceride-Glucose (TyG)
index, a continuous measure calculated from each patient’s preopera-
tive lab values. For each patient, we obtained the fasting triglyceride
(TG) level (in mg/dL) and fasting plasma glucose (FPG) level (in mg/dL)
from routine preoperative evaluation. Using these, TyG can be
computed as:

TyG index = Ln (fasting triglycerides [mg
/dL] x fasting glucose [mg/dL])/2 or TyG index
= Ln (fasting triglycerides [mmol
/L] x 88.57 x fasting glucose [mmol/L] x 18)/2)

where In is the natural logarithm [17]. This formula (originally pro-
posed by Guerrero-Romero et al.) effectively combines the two values;
higher TyG indicates higher TG and glucose, thus more pronounced
insulin resistance [18].

Although the TyG index was analyzed as a continuous variable in all
primary and secondary analyses, for visualization purposes, we cate-
gorized the TyG index into tertiles (low, medium, high) and generated
Kaplan-Meier survival curves for 1-year all-cause mortality.

2.6. Statistical analysis

All statistical analyses were performed using Stata (version 17; Sta-
taCorp, College Station, TX, USA). A two-sided p-value <0.05 was
considered statistically significant. Continuous variables were assessed
for normality using visual inspection of Box plots and the Shapiro-Wilk
test. Normally distributed variables were presented as mean =+ standard
deviation (SD) and compared using Student’s t-test, while non-normally
distributed variables were summarized as median (Q1-Q3) and
compared using the Mann-Whitney U test. Categorical variables were
presented as counts (percentages) and compared using Fisher’s exact
test or Chi-square test, as appropriate.

For the primary endpoint of 1-year all-cause mortality, 89 events
were observed, and the multivariable model included 9 covariates,
resulting in an EPV of approximately 9.8. This satisfies commonly
accepted methodological criteria for model stability and precision.
Supplement 1, eAppendix 1.

TyG cut-off values for 30-day, 1-year, and 3-year mortality were
derived using ROC analysis and Youden’s J statistic, yielding thresholds
of 9.01, 9.15, and 8.70, respectively. Full details are provided in Sup-
plement 1, eAppendix 2.

For survival analysis, time-to-event data were calculated from the
date of TAVR to death or censoring at the last follow-up. The primary
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endpoint was 1-year all-cause mortality; secondary endpoints were 30-
day and 3-year all-cause mortality.

Univariate Cox proportional hazards regression models were first
fitted to explore associations between each candidate predictor and 1-
year all-cause mortality. Variables with p < 0.10 in univariate ana-
lyses and those with strong clinical relevance were considered for
multivariable modeling [19-22]. The main predictor of interest, the
Triglyceride-Glucose index (TyG index), was analyzed as a continuous
variable (per 1-unit increase).

To avoid model overfitting and account for the limited number of
events (89 deaths), the ratio of at least 10 events per covariate was
maintained. In addition, a Least Absolute Shrinkage and Selection
Operator (LASSO) regression with 10-fold cross-validation was per-
formed to aid in variable selection and reduce collinearity. Candidate
covariates identified from LASSO and univariate analyses were entered
into multivariable Cox proportional hazards models adjusted for
age, atrial fibrillation, total cholesterol, septum thickness, mean aortic
valve gradient, procedural time, PR interval, annulus area, and annulus
perimeter.

Hazard ratios (HR) with 95 % confidence intervals (CI) were re-
ported. Proportional hazards were evaluated using Schoenfeld residuals
for all Cox models. The primary exposure, the TyG index modeled as a
continuous variable, fulfilled the proportional hazards assumption. For
visualization purposes, the TyG index was additionally categorized into
tertiles and plotted using Kaplan-Meier survival curves to compare
survival across groups. To explore the functional form of the continuous
TyG index, we fitted adjusted restricted cubic spline Cox proportional
hazards models. Because spline modeling requires adequate statistical
power to ensure stable estimation, we performed this analysis using the
3-year mortality outcome, which provided 161 events, exceeding
commonly recommended thresholds (>100 events) for flexible spline
modeling. Endpoints 30-day and 1-year mortality were not analyzed
using splines due to insufficient event counts, which would increase the
risk of overfitting and unstable curvature. Following established rec-
ommendations, four knots were placed at the empirical percentiles of
the TyG index distribution (5th, 35th, 65th, 95th), corresponding to
values 5.616, 8.178, 8.739, and 9.622. This specification balances
flexibility with parsimony and ensures sensitivity to potential curvature
without introducing unnecessary model complexity. The spline was
incorporated into the adjusted Cox regression model using three spline
components (k-1), and the model was adjusted for the same covariates
used in multivariable analysis to maintain comparability.

Only 0.3 % had missing values in baseline covariates included in the
multivariable models. Given the extremely low proportion of missing-
ness, these values were imputed using mean substitution, an approach
considered acceptable when missingness is minimal and unlikely to
affect model estimates. Finally, all models’ reporting followed TRIPOD
guidance for multivariable prediction modeling [23].

2.7. Ethical considerations

The study was approved by the local IRB committee (0091-20-KMC),
with a waiver of informed consent due to the retrospective use of de-
identified clinical data. All procedures were in accordance with the
ethical standards of the Helsinki Declaration. The conduct and reporting
of this observational study followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guidelines. Patient
confidentiality was maintained throughout, and all data were stored on
secure servers with access limited to the research team.

3. Results

Of the 821 included patients, 732 survived and completed the full
follow-up period of 365 days, while 89 patients died during follow-up
with a median follow-up of 89 days [IQR 20-236]. Baseline character-
istics stratified by 1-year all-cause mortality are shown in Table 1.
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Table 1

Baseline demographics, comorbidities, laboratory, echocardiographic, proce-
dural, and electrocardiographic characteristics stratified by 1-year all-cause
mortality.

Variable Category 1-year all-cause mortality
Alive Dead P value
N =732 N = 89(%)
(%)
Demographic data
Age,y Mean + SD 80.825 + 82.820 + 0.0122
7.175 6.348
Gender n, % Female 399(54.51) 40(44.94) 0.092°
BMI, kg/m2 Mean + SD 28.33 + 27.439 + 0.121%
5.086 5.384
BSA, m? Mean + SD 1.838 + 1.833 + 0.846°
0.210 0.220
STS Score Mean + SD 6.8 + 4.2 7.2+ 45 0.45%
Medical history
Diabetes mellitus Yes 324 (44.3) 46 (51.69) 0.203°
Hypertension Yes 649 (88.7) 79 (88.76) 0.884"
Smoker Yes 113 (15.4) 14 (15.73) 0.963"
Dyslipidemia Yes 574 (78.4) 69 (77.53) 0.756°
Atrial fibrillation Yes 206 (28.1) 45 (50.56) <0.001°
Coronary artery Yes 303 (41.4) 41 (46.07) 0.429"
disease (CAD)
Peripheral vascular Yes 97 (13.3) 17 (19.10) 0.139°
disease (PVD)
Medication
Insulin Yes 66 (9.0 %) 6 (6.7 %) 0.464°
Oral diabetic Yes 228 (31.1 18 (20.2 0.064"
%) %)
Statins Yes 549 (75.0 70 (78.7 0.477°
%) %)
Statin intensity (only among users)
Low/moderate Yes 318 (57.9 38 (54.3 0.562 b
%) %)
High Yes 231 (42.1 32 (45.7
%) %)
Adherence (3 Yes 559 (95.9 62 (95.4 0.849b
months) %) %)
Laboratory
White blood cells (K/ Mean + SD 5.54 + 6.44 + 0.035%
pL) 3.71 4.36
Platelets (K/pL) Mean + SD 198.0 + 190.1 + 0.343*
71.6 94.2
Total cholesterol Mean + SD 139.0 + 129.8 + 0.036*
(mg/dl) 39.2 40.6
Total protein (g/dl) Mean + SD 6.19 + 6.11 + 0.476°
1.03 0.85
Creatinine (mg/dl) Mean + SD 1.12 + 1.30 + 0.043%
0.78 0.91
TyG Index Mean + SD 7.958 + 8.460 + 0.001?
1.436 1.289
Echocardiography
Septum thickness Mean + SD 11.13 + 12.09 + 0.032%
(mm) 4.02 3.51
LVEF% Median(Q1- 55 (44-60) 50 (33-55) 0.865°¢
Q3)
Aortic valve peak Median(Q1- 54 (38-60) 71 (51-71) <0.001¢
gradient (mm Hg) Q3)
Aortic valve mean Median(Q1- 64 (43-82) 70 (53-80) 0.143¢
gradient (mm Hg) Q3)
Aortic valve area Median(Q1- 0.7 0.7 0.841¢
(em?) Q3) (0.6-0.8) (0.6-0.8)
Procedural parameters
Valve type SEV vs. BEV 490 (66.9) 61 (68.5) 0.762°
Valve size Mean + SD 27.2 + 2.7 27.1 +£2.8 0.683%
Post dilatation Yes 206 (28.1) 32 (36.0) 0.125b
Procedural time (m) Median(Q1- 73 (60-94) 81 0.018a
Q3) (61-110)
Contrast medium Median(Q1- 100 119 0.5272
volume (mL) Q3) (80-140) (70-150)
Electrocardiography & CT
PR Interval (ms) Mean + SD 185.4 + 192.7 + 0.0062
23.8 23.2
QTc Interval (ms) Mean + SD 440.3 + 443.5 + 0.2692
26.2 26.3

(continued on next page)
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Table 1 (continued)

Variable Category 1-year all-cause mortality
Alive Dead P value
N=732 N = 89(%)
(%)
RBBB Yes 18 (2.5) 2(2.3) 0.903b
LBBB Yes 16 (2.2) 4 (4.5) 0.182p
LAHB Yes 82 (11.2) 12 (13.5) 0.523b
QRS duration Mean + SD 106.8 + 111.5 + 0.0602
21.9 22.8
LVOT calcification None/Mild 651 (88.9) 85 (95.5) 0.064°
Moderate/ 81 (11.1) 4 (4.5)
Severe
Annulus area (mm2) Mean + SD 336.4 + 397.2 + <0.0012
148.1 111.4
Annulus perimeter Mean + SD 59.3 + 66.9 + <0.0012
(mm) 19.1 14.9

Values are expressed as mean + SD, median (IQR), or No. (%). P values were
calculated using t test?, Fisher’s exact testb, or Mann-Whitney U testc, as
appropriate.

Patients who died were older (82.8 + 6.3 vs 80.8 & 7.2 years, p = 0.012)
and had a higher prevalence of atrial fibrillation (50.6 % vs 28.1 %, p <
0.001). Laboratory data showed higher creatinine (1.30 + 0.91 vs 1.12
+ 0.78 mg/dl, p = 0.043) and higher TyG index (8.46 + 1.29 vs 7.96 +
1.44, p = 0.001) among non-survivors, whereas total cholesterol was
lower (129.8 + 40.6 vs 139.0 + 39.2 mg/dl, p = 0.036).

On echocardiography, non-survivors demonstrated greater septal
thickness (12.1 £+ 3.5 vs 11.1 4+ 4.0 mm, p = 0.032), larger annulus area
(397.2 4 111.4 vs 336.4 + 148.1 mm?, p < 0.001), and larger annulus
perimeter (66.9 + 14.9 vs 59.3 + 19.1 mm, p < 0.001). Aortic valve
peak gradient was also higher (71 vs 54 mmHg, p < 0.001). Procedural
time was longer in the mortality group (median 81 vs 73 min, p =
0.018).

Electrocardiographic analysis revealed a significantly longer PR in-
terval (192.7 + 23.2 vs 185.4 4+ 23.8 ms, p = 0.006). Although QRS
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duration was slightly longer in non-survivors (111.5 + 22.8 vs 106.8 +
21.9 ms), the difference did not reach statistical significance (p = 0.060).

Fig. 2 shows the Kaplan-Meier survival curves for 1-year all-cause
mortality stratified by TyG index tertiles (Low, Medium, High). Pa-
tients were categorized into three groups based on their baseline TyG
index: group 1 (TyG < 8.14, n = 272), group 2 (8.14 < TyG < 8.75,n =
272), and group 3 (TyG > 8.75, n = 272). Patients in the highest TyG
tertile exhibited a notably lower survival probability compared with
those in the medium and low tertiles throughout the follow-up period.
For the TyG index assessed as a continuous predictor, the proportional
hazards assumption was not violated (Schoenfeld test ¥ = 0.58, p =
0.445). In contrast, the tertile-based TyG groups showed evidence of
non-proportionality, consistent with the limitations of arbitrary
categorization.

Table 2 presents Univariate Cox regression that identified several
predictors of 1-year all-cause mortality. Age (HR 1.04, 95 % CI
1.01-1.08, p = 0.011), atrial fibrillation (HR 2.34, 95 % CI 1.54-3.54, p
< 0.001), higher TyG index (HR 1.34, 95 % CI 1.11-1.61, p = 0.002),
septal thickness (HR 1.06, 95 % CI 1.01-1.13, p = 0.032), AV mean
gradient (HR 1.03, 95 % CI 1.02-1.03, p < 0.001), longer procedural
time (HR 1.008, 95 % CI 1.003-1.013, p = 0.003), prolonged PR interval
(HR 1.010, 95 % CI 1.003-1.018, p = 0.006), larger annulus area (HR
1.003, 95 % CI 1.001-1.005, p < 0.001), and perimeter (HR 1.028, 95 %
CI 1.013-1.043, p < 0.001) were significantly associated with increased
mortality. Conversely, higher total cholesterol was inversely associated
with risk (HR 0.99, 95 % CI 0.99-1.00, p = 0.034). Other variables,
including BMI, hypertension, CAD, and LVEF, did not reach statistical
significance.

During follow-up, all-cause mortality occurred in 28 patients (3.4 %)
at 30 days, 89 patients (10.9 %) at 1 year, and 161 patients (19.7 %) at 3
years after TAVR. In unadjusted Cox regression analyses, a higher TyG
index was significantly associated with an increased risk of death at all
time points (30-day HR 1.76, 95 % CI 1.17-2.64; 1-year HR 1.34, 95 %
CI 1.11-1.61; 3-year HR 1.40, 95 % CI 1.21-1.61).

After multivariable adjustment for major clinical, laboratory,

Kaplan—Meier Survival to 1 Year
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High 272 253 249 247 241 235 233

Fig. 2. Kaplan-Meier survival curves by TyG Index tertiles.
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Table 2
Univariate Cox regression analysis for predictors of 1-year all-cause mortality
after TAVR.

Variable References 1-year all-cause mortality
HR (95 % CI) P value
Demographic data
Age, y (per year) 1.04 (1.01-1.08) 0.011
Gender n, % Female 1.42 (0.93-2.15) 0.101
BMI, kg/m? (per unit) 0.97 (0.92-1.01) 0.116
BSA, m? (per unit) 0.89 (0.33-2.38) 0.814
Medical history
Diabetes mellitus No 1.29 (0.85-1.96) 0.228
Hypertension No 0.96 (0.50-1.85) 0.896
Smoker No 1.01 (0.57-1.79) 0.966
Dyslipidemia No 0.92 (0.56-1.52) 0.752
Atrial fibrillation No 2.34 (1.54-3.54) <0.001
Coronary artery disease (CAD) No 1.17 (0.77-1.78) 0.449
Peripheral vascular disease No 1.48 (0.87-2.51) 0.148
(PVD)
Laboratory
White blood cells (K/pL, per unit) 1.06 (1.01-1.13) 0.029
Platelets (K/pL, per unit) 1.00 0.363
(0.995-1.002)
Total cholesterol (mg/dl, per 0.99 (0.99-1.00) 0.034
unit)
Total protein (g/dl, per unit) 0.93 (0.76-1.14) 0.470
Creatinine (mg/dl, per unit) 1.18 (1.00-1.39) 0.054
TyG Index (per unit) 1.34 (1.11-1.61) 0.002
Echocardiography
Septum thickness (mm) 1.06 (1.01-1.13) 0.032
LVEF% 0.99 (0.97-1.01) 0.157
Aortic valve peak gradient (mm 1.00 (0.99-1.01) 0.228
Hg)
Aortic valve mean gradient (mm 1.03 (1.02-1.03) <0.001
Hg)
Aortic valve area(mm) 1.40 (0.65-3.01) 0.392
Procedural parameters
Valve type SEVvsBEV ~ 0.935 0.767
(0.598-1.462)
Valve size 0.982 0.652
(0.908-1.062)
Post dilatation No 1.412 0.118
(0.916-2.177)
Procedural time (m) 1.008 0.003
(1.003-1.013)
Contrast medium volume (mL) 1.001 0.653
(0.997-1.005)
Electrocardiography & CT
PR Interval (ms, per ms) 1.010 0.006
(1.003-1.018)
QTc Interval (ms, per ms) 1.004 0.241
(0.997-1.012)
RBBB No 0.938 0.928
(0.231-3.809)
LBBB No 2.104 0.146
(0.772-5.735)
LAHB No 1.227 0.510
(0.668-2.254)
QRS duration (ms, per ms) 1.008 0.060
(1.000-1.017)
LVOT calcification (moderate/ 0.391 0.066
severe vs none/mild) (0.143-1.065)
Annulus area (mmz, per mmz) 1.003 <0.001
(1.001-1.005)
Annulus perimeter (mm, per 1.028 <0.001
mm) (1.013-1.043)

Values are presented as Hazard Ratio (HR) with 95 % Confidence Interval (CI).
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echocardiographic, and procedural variables, the TyG index remained
independently associated with mortality. The adjusted hazard ratios
were 1.92 (95 % CI 1.08-3.42) for 30-day mortality, 1.62 (95 % CI
1.21-2.16) for 1-year mortality, and 1.42 (95 % CI 1.14-1.77) for 3-year
mortality. These results present Table 3 and Fig. 3.

The full adjusted models for each endpoint are reported in Supple-
ment 1 (eTables 1-3).

In Kaplan-Meier analysis, patients with higher TyG index exhibited
substantially lower 3-year survival compared with those in the low and
medium TyG groups (Fig. 4). Survival curves separated early during
follow-up and continued to diverge over time. The log-rank test
confirmed a significant difference in 3-year all-cause mortality across
TyG categories (p < 0.001).

The findings of the spline analysis are summarized in Table 4 and
visualized in Fig. 5. None of the individual spline components reached
statistical significance, and the formal test for non-linearity was not
statistically significant (p = 0.123). This indicates that there is no strong
evidence supporting a non-linear association. However, the overall ef-
fect of TyG index remained statistically significant (p = 0.001), con-
firming a robust relationship between higher TyG values and increased
3-year mortality risk. The extremely wide confidence interval of the
highest spline term is a known artifact of spline modeling when few
observations exist at the upper tail of the distribution. This reflects nu-
merical instability rather than a clinically meaningful signal. The spline
curve (Fig. 5) shows a relatively flat risk profile at lower-to-mid TyG
values, with a gradual upward trajectory beginning near the median
(TyG = 8.65). Although visually suggestive of mild curvature, the formal
statistical test indicates that a linear specification adequately describes
the association.

4. Discussion

This study demonstrates that a readily obtainable metabolic marker,
the triglyceride—glucose (TyG) index, conveys clinically relevant prog-
nostic information across the full post-TAVR horizon. In a contemporary
TAVR cohort, higher baseline TyG was independently and consistently
associated with greater early (30-day) mortality, worse short-term (1-
year) outcomes, and higher long-term (3-year) mortality. In contrast,
lower TyG tracked with more favorable trajectories.

Pathobiologically, an elevated TyG index denotes systemic insulin
resistance that amplifies three interlocking axes of risk highly relevant to
post-TAVR prognosis. First, it drives atherogenic dyslipidemia via he-
patocellular de-novo lipogenesis and SREBP-1c-mediated VLDL over-
production, coupled with adipose-tissue insulin resistance that impairs
lipoprotein-lipase-mediated triglyceride clearance; cholesteryl-ester
transfer then enriches LDL with triglycerides, accelerating hepatic
lipase-dependent remodeling into small, dense LDL and attenuating
HDL functionality (reduced cholesterol efflux capacity and paraoxonase-
1 activity). These apoB-laden particles and dysfunctional HDL
contribute to diffuse and complex coronary atherosclerosis, a substrate
that independently predicts adverse survival after TAVR and is associ-
ated with higher TyG in clinical cohorts [6,7,24]. Second, hyperglyce-
mia and excess free fatty acids promote endothelial dysfunction through
reactive-oxygen-mediated nitric-oxide quenching and eNOS uncou-
pling, PKC activation, and AGE-RAGE signaling, with concomitant
glycocalyx shedding and a prothrombotic shift (PAI-1, von Willebrand
factor); concordantly, endothelial-injury biomarker profiles (e.g., vVWF)
correlate with increased 1-year mortality after TAVR [25,26]. Third,
insulin-resistant adipose and innate-immune activation sustain low-
grade inflammation (NF-xB/NLRP3 signaling with downstream IL-6,
TNF-a, and CRP), impairing myocardial energetic recovery and
vascular remodeling; in TAVR populations, elevated pre-procedural
CRP, higher CRP-to-albumin ratio, and peri-procedural systemic in-
flammatory responses each associate with greater mortality during
follow-up [27-37]. Taken together, these data support TyG as a proxy
for a high-risk metabolic-endothelial-inflammatory milieu not fully
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Table 3

Association of TyG Index with all-cause mortality after TAVR.
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All-cause mortality

30-day all-cause mortality

1-year all-cause mortality

3-year all-cause mortality

N = 821" N = 821" N = 8217

28 events 89 events 161 events
Predictor HR (95 % CI) P value HR (95 % CI) P value HR (95 % CI) P value
Crude
TyG index 1.76 (1.17-2.64) 0.007 1.34 (1.11-1.61) 0.002 1.40 (1.21-1.61) <0.001
Adjusted
TyG index 1.92 (1.08-3.42) 0.027 1.62 (1.21-2.16) 0.001 1.42 (1.14-1.77) 0.002

2 Adjusted for age, atrial fibrillation, total cholesterol, septum thickness, mean aortic valve gradient, procedural time, PR interval, annulus area, and annulus

perimeter.

Forest Plot — 1-Year Mortality after TAVR
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Fig. 3. Forest plot of multivariable Cox regression predictors of 1-year all-cause mortality after TAVR.

captured by standard risk scores. Our study, therefore, prespecified early
(30-day), short-term (1-year), and long-term (3-year) horizons to test
whether baseline TyG independently stratifies mortality across the post-
TAVR continuum and adds incremental prognostic value to contempo-
rary clinical models, thereby informing pragmatic, low-cost triage,
metabolic optimization, and surveillance pathways.

4.1. 30-day mortality after TAVR

Aligned with our aim, baseline TyG independently predicted 30-day
all-cause mortality after TAVR [6,7,38]. High TyG reflects residual
metabolic-endothelial-inflammatory risk beyond STS/EuroSCORE II
and VARC-3, consistent with pathways that precipitate early complica-
tions. Fan et al. reported a 41 % higher adjusted risk of death per 1-unit
TyG increase (HR 1.41, 95 % CI 1.03-1.93) and separation of high- vs
low-TyG survival even after excluding <30-day deaths (HR 1.53, 95 %
CI 1.08-2.17) [7]. Li et al. showed in their cohort that per-unit TyG
strongly related to mortality (adjusted HR 5.41, 95 % CI 4.01-7.32),
identified an optimal threshold near 8.4, and improved discrimination
(IDI 0.11; NRI 0.32) [6]. Extending to moderate-severe aortic stenosis,
Huang et al. found TyG predicted mortality (HR 1.62, 95 % CI
1.09-2.42) with a cut-off around 8.47 and better reclassification [38]. In
contrast, Moscarelli et al. observed no difference in in-hospital mortality
or major complications by metabolic-syndrome status within a multi-
center TAVR subgroup (12.3 % of cases), suggesting that broad

syndromic labels can obscure the specific insulin-resistance signal
captured by TyG [39]. In contrast, Moscarelli et al. observed no differ-
ence in in-hospital mortality or major complications by metabolic-
syndrome status within a multicenter TAVR subgroup (12.3 % of
cases), suggesting that broad syndromic labels can obscure the specific
insulin-resistance signal captured by TyG.

4.2. Short-term (1-year) mortality after TAVR

In accordance with our predefined objective, we found that higher
baseline TyG independently stratified 1-year mortality after TAVR.
External evidence is congruent across high-risk cohorts: Xie et al.
observed in 959 dialysis patients with CAD that the highest TyG tertile
had greater 1-year MACE risk than the lowest (HR 1.63, 95 % CI
1.14-2.35) and that each 1-unit increase conferred a 37 % rise in risk
(HR 1.37, 95 % CI 1.13-1.66) [40]; Tao et al. reported in 810 patients
with CHD and hypertension that the top TyG quartile independently
predicted 1-year MACEs (adjusted OR 1.47, 95 % CI 1.07-2.02) with a
non-linear pattern and a threshold near 8.85 [41]; and Khalaji et al.
showed in a 13,542-patient ACS-PCI registry that each 1-unit TyG
increment related to higher MACE (adjusted HR 1.18, 95 % CI
1.08-1.30), with Q4 vs Q1 adding risk (HR 1.29, 95 % CI 1.08-1.53)
[42]. In contrast, Boukhris et al. found no difference in 1-year survival
across BMI strata in a single-center TAVR cohort (n = 412; log-rank p =
0.925), a result likely reflecting BMI’s limitations as an anthropometric
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Kaplan—Meier Survival to 3 Years (Log-rank p = <0.001)

1.00

©c o o9

® © ©

QO O
1 1 |

0.80 -

0.75

Survival Probability

0.70

0.65

Low
Medium
High
Censored

Death event

T T

0 180 360
Number at risk

Low 272 256 251

Medium 272 255 246

High 272 247 233

T T T 1T
540 720 900 1080
Days

196 146 110 103
240 232 229 216
224 213 202 198

Fig. 4. Kaplan-Meier survival curves to 3 years according to TyG Index categories.

Table 4

Restricted cubic spline model for the association between TyG Index and 3-year all-cause mortality.
Parameter HR (95 % CI) p-Value
res_TyGl 1.08 (0.67-1.73) 0.753
res_TyG2 1.15 (0.52-2.55) 0.728
res_TyG3 6.64 (0.00-1.14 x 10°) 0.758
Non-linearity test - 0.123
Overall effect of TyG - 0.001

proxy in older, sarcopenic patients rather than the absence of a
biochemical insulin-resistance signal such as TyG [43]. Taken together
with our findings, these data support TyG as a pragmatic, low-cost
biomarker to refine 1-year risk stratification, enable targeted pre-
procedural metabolic optimization (glycemic control and triglycer-
ide-apoB lowering), prioritize structured follow-up and inform shared
decision-making for patients with high-risk TyG profiles.

4.3. Long-term (3-year) mortality after TAVR

Consistent with our a priori hypothesis, we found that higher base-
line TyG independently predicted 3-year mortality after TAVR. Over this
longer interval, the cumulative consequences of insulin resistance:
progressive atherogenic dyslipidemia, endothelial-microvascular
injury, and chronic low-grade inflammation, likely foster late athero-
sclerotic events, heart-failure progression, renal decompensation, and
infection-related deaths. External evidence is congruent: Li et al.
analyzed 1810 cardiac-surgery patients and showed per-unit TyG pre-
dicted mortality (HR 1.206, 95 % CI 1.121-1.297) with strong time-
dependent discrimination (AUC 0.857 at 3 years; 0.801 at 5 years)
[44]. D’Elia et al. reported in 12,275 hypertensive adults a 33 % higher
cardiovascular-mortality risk per one-SD increase in TyG and a 67 %
higher risk above a data-driven threshold of 4.54; over 10.5 years,
cardiovascular mortality was 9.3 % for TyG >4.54 vs 5.6 % for TyG

<4.54 (adjusted HR 1.31, 95 % CI 1.11-1.55; competing-risk SHR
1.19-1.29) [45]. In a U.S. population cohort, Yue et al. identified
threshold effects whereby TyG >9.47 was associated with a 40.6 %
higher all-cause mortality per unit and TyG >9.427 with a 79.5 % higher
cardiovascular-mortality risk per unit [46]. In contrast, De Palma et al.
found in a single-center TAVR cohort that BMI >25 kg/m? associated
with lower 3-year mortality (HR 0.68, 95 % CI 0.50-0.93) and that pre-
procedural weight loss predicted higher 1-year mortality (HR 1.64, 95 %
CI 1.06-2.30), implying that frailty, not adiposity per se, may dominate
longer-term risk [47]. Collectively, these data, together with our results,
support incorporating TyG into long-term risk models to target intensive
atherothrombotic prevention.

4.4. Ethnic and temporal variation in optimal TyG cut-points

ROC analysis identified distinct TyG thresholds for short- and long-
term mortality. The optimal cut-points were 9.01 for 30-day mortality
(adjusted AUC = 0.68), 9.15 for 1-year mortality (adjusted AUC = 0.66),
and 8.70 for 3-year mortality (adjusted AUC = 0.71). When compared
with Chinese TAVR cohorts, our cut-points are meaningfully higher, and
this difference is biologically coherent. Fan et al. [10] identified a 1-year
mortality TyG cut-point of 6.88, and Li et al. [9] reported an optimal 1-
year threshold of 8.40, both of which are notably lower than the cor-
responding 1-year cut-point observed in our Western cohort of
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Restricted cubic spline for TyG and 3-year mortality
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Fig. 5. Restricted cubic spline plot describing the adjusted association between continuous TyG index and 3-year all-cause mortality.

Ashkenazi-Jewish and Mediterranean patients. Clinically, this indicates
that Western TAVR patients require a higher triglyceride-glucose
burden before manifesting an equivalent increase in mortality risk,
suggesting that TyG does not operate on a universal risk scale but rather
follows population-specific metabolic thresholds.

Decades of metabolic research show that East Asians develop insulin
resistance and type 2 diabetes at a lower BMI and with more visceral
adiposity at matched body size compared with Europeans [48]. More-
over, ethnic differences exist in the hyperbolic compensation curve be-
tween insulin sensitivity and insulin secretion, where East Asians exhibit
earlier p-cell exhaustion and weaker compensatory responses during
rising triglyceride and glucose load [49]. Consequently, a lower TyG
value already represents advanced metabolic dysfunction in East Asian
populations, explaining why risk thresholds in Chinese cohorts lie in the
6.88-8.40 range. In contrast, Western populations, including Ashkenazi
Jewish and Mediterranean individuals, generally show stronger p-cell
reserve and different triglyceride-glucose coupling, requiring higher
TyG values to reach equivalent metabolic stress.

These findings collectively demonstrate that TyG calibration is
population-specific and that cut-points derived from Asian cohorts
cannot be directly applied to Western TAVR patients. The higher short-
term and long-term thresholds observed in our study reflect Western
variations in visceral adiposity, hepatic insulin resistance, and p-cell
reserve, all of which shift the TyG-risk relationship upward. Clinically,
this means that reliance on East-Asian TyG thresholds would underes-
timate risk in Western patients and misclassify metabolic severity. Our
data, therefore, provide the first validated TyG cut-points for Western
TAVR recipients, offering a more accurate, ethnically appropriate
framework for integrating TyG into structural-heart risk stratification
and for guiding future risk-model calibration efforts.

4.5. A structurally informed and procedurally calibrated TyG analysis

In our study, the multivariable framework was expanded to include
CT-derived annular measures (annulus area, annulus perimeter, and
LVOT calcification), along with conduction-system indices (PR and QRS

intervals) and procedure duration. These variables capture structural
anatomy, conduction vulnerability, and intraprocedural complexity
factors increasingly recognized as important contributors to TAVR out-
comes. Incorporating these parameters allowed us to evaluate the TyG
index within a more structurally and procedurally detailed context.
Notably, TyG remained an independent predictor even after adjustment
for these higher-resolution characteristics, suggesting that our findings
add a complementary layer of understanding to the existing literature
and help position TyG within a more comprehensive, physiologically
integrated risk model.

The decision to retain a separate 1-year mortality model was driven
by its established importance as an independent performance bench-
mark in TAVR research. Multiple pivotal trials and national registries
report 1-year mortality as a distinct endpoint because it represents a
transitional phase between peri-procedural risk and long-term prognosis
[11-13]. Early post-TAVR mortality is predominantly influenced by
procedural factors, frailty, and acute hemodynamic changes, whereas
survival beyond one year reflects longer-term cardiac and metabolic
trajectories [14,15]. Collapsing these intervals into a single long-term
model could obscure time-dependent differences in risk relationships,
particularly for metabolic markers such as the TyG index. Our approach
is consistent with VARC-3 recommendations and ensures clear clinical
interpretability of both early and long-term outcomes.

4.6. Strengths

This investigation addresses a clinically pertinent gap by evaluating
the triglyceride-glucose (TyG) index across prespecified, practice-
relevant horizons early (30 days), short term (1 year), and long term
(3 years), thereby aligning biomarker performance with decision points
that guide peri-procedural care and longitudinal follow-up. The expo-
sure is simple, inexpensive, and widely available, enhancing scalability
and bedside applicability. Analytical choices emphasized clinical
translation by examining TyG both as a continuous measure and by
clinically interpretable strata, and by assessing its added prognostic
contribution beyond established clinical and procedural covariates. The
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directionally consistent associations across all time windows strengthen
the internal coherence of the findings and support the biological plau-
sibility that a metabolic-inflammatory substrate influences outcomes
after TAVR. Although the Kaplan-Meier curves for TyG tertiles display
some crossing, this reflects the categorized version of the exposure
rather than the underlying continuous TyG index. Arbitrary categori-
zation is well known to distort the functional form of continuous pre-
dictors and may introduce apparent non-proportionality. In our analysis,
the continuous TyG index, the main exposure used in all multivariable
Cox models, fully satisfied the proportional hazards assumption. The
observed crossing of tertile curves should therefore be interpreted
cautiously and not as evidence of violation of model assumptions.
Modeling the TyG index as a continuous exposure using restricted cubic
splines did not provide evidence of a statistically significant non-linear
relationship. Although the curve demonstrated a gradual increase in
risk at higher TyG levels, the non-linearity test was not significant,
suggesting that the association may be appropriately represented by a
linear term. The widening of the confidence bands at the upper end
reflects sparse data rather than increased biological uncertainty. Taken
together, the findings support the prognostic relevance of TyG as a
continuous marker, even in the absence of strong non-linear behavior.

4.7. Limitations

As an observational, the study is susceptible to residual confounding
and selection bias despite multivariable adjustment. TyG was derived
from a single baseline measurement; lack of serial assessments precludes
evaluation of intra-individual variability, treatment effects, or trajec-
tories over time. While mortality is robust, cause-specific events and
nonfatal complications (e.g., stroke, rehospitalization, valve throm-
bosis) were not comprehensively analyzed, limiting mechanistic infer-
ence. Early (30-day) event counts are intrinsically low in contemporary
practice, which can widen confidence intervals and limit subgroup
precision. Finally, the spline analysis was limited by sparse data at very
high TyG levels, resulting in unstable estimates at the upper tail of the
distribution. Restricted cubic spline modeling also requires a sufficient
number of events, which restricted its application to the 3-year mortality
endpoint only. The absence of statistically significant non-linearity
suggests that a linear specification may adequately reflect the
association.

4.8. Take-home message

The TyG index (derived from triglyceride and glucose levels) is an
easily obtainable biomarker that stratifies risk after TAVR. Patients with
higher TyG indices had significantly higher mortality in the early, short-
term, and longer-term follow-up, underscoring the importance of
metabolic risk in TAVR outcomes and the potential benefit of targeted
interventions for high-risk in Ashkenazi-Jewish and Mediterranean
individuals.

5. Conclusion

The TyG index is a simple measure of insulin resistance, was inde-
pendently associated with all-cause mortality at 30 days, 1 year, and 3
years after TAVR. This metabolic risk marker adds incremental prog-
nostic value beyond conventional risk factors and may help clinicians
identify TAVR recipients at higher risk. Incorporating the TyG index into
post-TAVR risk assessment could inform targeted metabolic optimiza-
tion and closer surveillance to potentially improve long-term outcomes
in in Ashkenazi-Jewish and Mediterranean patients.

Abbreviation list

AIC
AUC

Akaike Information Criterion
area under the receiver-operating characteristic curve
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CI confidence interval

CKD chronic kidney disease

CRP C-reactive protein

eGFR estimated glomerular filtration rate
HR hazard ratio

IQR interquartile range

IR insulin resistance

LVEF left ventricular ejection fraction

NRI net reclassification improvement

OR odds ratio

ROC receiver-operating characteristic

SD standard deviation

STS Society of Thoracic Surgeons risk score
TyG triglyceride-glucose index

VARC-3 Valve Academic Research Consortium-3
TAVR transcatheter aortic valve replacement
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