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Background: The growing number of nonagenarian patients with severe aortic 
stenosis has increased interest in transcatheter aortic valve implantation (TAVI) in 
this population. However, data on long-term outcomes remain limited. This 
study aimed to evaluate long-term survival and procedural outcomes of TAVI 
in nonagenarians and to explore clinical factors associated with long- 
term mortality.
Methods: We conducted an ambispective multicenter observational cohort 
study including patients aged ≥90 years who underwent TAVI for severe aortic 
stenosis between 2013 and 2021 at six centers in the Emilia-Romagna region, 
Italy. Baseline and procedural data were collected retrospectively, while 
outcome ascertainment combined prospective follow-up contacts with 
retrospective verification of dates of death or last confirmed vital status. 
Survival was estimated using the Kaplan–Meier method, and associations with 
mortality were examined using an exploratory Cox regression analysis.
Results: A total of 60 nonagenarian patients (mean age 91 ± 1.5 years; 67% 
female) were included. Procedural success was achieved in 97% of cases. In- 
hospital mortality was 5%, and 30-day mortality was 8.3%. Over a mean 
observation period of 5.7 years from TAVI to death or the last confirmed vital- 
status assessment, the Kaplan–Meier estimated 5-year survival was 35%. In the 
exploratory multivariable analysis, male sex and chronic obstructive pulmonary 
disease (COPD) were associated with higher long-term mortality.
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Conclusions: In patients aged ≥90 years selected by the Heart Team for TAVI, the 
Kaplan–Meier estimated 5-year survival was 35%. The procedure demonstrated a 
high success rate and an acceptable safety profile. Male sex and COPD showed an 
exploratory association with worse prognosis. These findings suggest that TAVI 
may be a feasible option in carefully selected nonagenarians when guided by 
comprehensive clinical assessment and individualized decision-making.
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long-term survival, mortality, nonagenarians, procedural outcomestranscatheter aortic 
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implantation

Introduction

Life expectancy in developed countries is steadily increasing. 
In Italy, life expectancy at birth was estimated at 83.4 years in 
2024 (1). As a result, the number of nonagenarian patients with 
symptomatic severe aortic stenosis, a potentially fatal condition 
if untreated, is growing. Patients of such advanced age are, in 
most cases, excluded from surgical aortic valve replacement 
because of high operative risk. The introduction of transcatheter 
aortic valve implantation (TAVI) has revolutionized the 
treatment of aortic stenosis in high-risk or inoperable patients, 
making intervention feasible even at very advanced ages (2, 3). 
However, nonagenarians generally have a greater burden of 
comorbidities and frailty, translating into higher procedural risk 
and mortality than in younger patients (4, 5). According to data 
from the US Transcatheter Valve Therapy (TVT) Registry, 
approximately 16% of patients undergoing TAVI are aged ≥90 
years, and in this group 30-day mortality (9% vs. 6%) and 
1-year mortality (25% vs. 22%) are modestly higher than in 
patients aged <90 years (6). Nevertheless, several clinical series 
have suggested that TAVI is feasible in carefully selected 
nonagenarians, with acceptable early outcomes and improved 
quality of life among survivors (6–8). For example, a recent 
study of 75 nonagenarians treated with TAVI found no 
significant difference in 1-year mortality compared with 
octogenarian patients (21.3% vs. 16.7%, p = 0.405) (9). By 
contrast, meta-analyses including large cohorts have shown that 
age ≥90 years is associated with an increase in both early and 
mid-term mortality after TAVI (Hazard Ratio (HR) 
approximately 1.3–1.5 vs. patients aged <90 years) (10). Overall, 
the available evidence conveys a dual message: on the one hand, 
TAVI in nonagenarians may provide substantial clinical benefit; 
on the other hand, careful candidate selection is essential to 
avoid futile procedures in patients with a very limited 
life expectancy.

In light of these considerations, the present study was designed 
to evaluate the long-term outcomes of nonagenarian patients 
undergoing TAVI in a regional real-world setting and to explore 
the main variables associated with mortality. The primary 
endpoint was 5-year survival after the procedure. Secondary 
endpoints were procedural success, periprocedural safety, and 
the exploratory identification of clinical factors associated with 
mortality during follow-up. The study hypothesis was that, in 
patients carefully selected by the Heart Team, TAVI could 
provide clinically meaningful long-term survival.

Materials and methods

Study design and population

An ambispective multicenter observational cohort study was 
conducted. Through the Emilia-Romagna North TAVI registry, 
including Ospedale Civile di Piacenza, Ospedale Civile 
Sant’Agostino-Estense, Policlinico di Modena, Hesperia Hospital 
Modena, Ospedale Maggiore di Parma, and Arcispedale Santa 
Maria Nuova, all patients aged ≥90 years who underwent 
transcatheter aortic valve implantation between January 2013 
and December 2021 were retrospectively identified. Outcome 
ascertainment combined retrospective and prospective 
components. For patients who were alive when prospective 
follow-up was initiated, subsequent information was obtained 
through outpatient visits or telephone contacts. When a patient 
had already died before prospective contact, vital status and the 
date of death were retrospectively ascertained from medical 
records and municipal registry records. Inclusion criteria were 
age ≥90 years at the time of the procedure, symptomatic severe 
aortic stenosis confirmed by echocardiography, and a favorable 
indication for the procedure by the local Heart Team in 
accordance with international guidelines. Candidate selection 
was performed independently by the local Heart Team at each 
participating center according to contemporaneous clinical 
practice. Guideline recommendations advise against intervention 
when severe comorbidities make improvement in quality of life 
or survival beyond 1 year unlikely (11). However, the registry 
documented only the final Heart Team indication and did not 
include a harmonized cross-center selection protocol or a 
standardized patient-level record of the criteria underlying that 
decision. Consequently, the present dataset cannot determine 
whether candidate-selection thresholds were applied consistently 
across centers. Patients with non-severe aortic stenosis, those 
undergoing bail-out TAVI during cardiac surgery, and 
those undergoing repeat intervention on a bioprosthetic valve 
(valve-in-valve) were excluded. All patients provided 
informed consent for data collection. The study protocol was 
approved by the AVEN Ethics Committee (Area Vasta 
Emilia Nord; study code 726/2018) on 4 January 2019, and 
institutional authorization was subsequently obtained on 8 
January 2019.

The study was reported in accordance with the Strengthening 
the Reporting of Observational Studies in Epidemiology 
(STROBE) statement (12).
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TAVI procedure and endpoint definitions

TAVI procedures were performed according to each center’s 
standard practice. Periprocedural complications were classified 
according to the Valve Academic Research Consortium-2 
(VARC-2) criteria, where applicable. For the purposes of the 
present analysis, procedural success was defined using a study- 
specific definition comprising successful valve implantation, a 
residual transvalvular gradient <20 mmHg, and the absence of 
major intraprocedural complications. Because the registry did 
not systematically capture all components required for the 
formal VARC-2 device-success endpoint, the two definitions 
should not be considered equivalent.

In particular, the composite early safety endpoint (at 30 days) 
was defined as the occurrence of at least one of the following 
complications: acute kidney injury (AKI), a cerebrovascular 
event within 30 days (stroke/TIA (Transient Ischemic Attack)/ 
RIND (Reversible Ischemic Neurological Deficit)), major 
bleeding, major vascular complication, postprocedural 
pacemaker implantation, or cardiac tamponade.

Clinical and echocardiographic variables

Baseline clinical characteristics were collected for each patient, 
including demographic data (age and sex), body mass index, 
major comorbidities (hypertension, dyslipidaemia, diabetes 
mellitus, chronic obstructive pulmonary disease [COPD], 
chronic kidney disease stage ≥3, peripheral artery disease, atrial 
fibrillation, and previous ischemic heart disease), and surgical 
risk scores. Preprocedural echocardiographic parameters were 
also recorded, including aortic valve area, mean transaortic 
gradient, left ventricular ejection fraction (LVEF), and the 
presence of other valvular heart diseases. In particular, mitral 
regurgitation (MR) severity was classified according to 
echocardiographic guidelines. The presence of concomitant 
aortic regurgitation was also assessed.

Postprocedural echocardiographic assessment was not 
governed by a uniform study protocol. The registry captured the 
residual transvalvular gradient required for the definition of 
procedural success and the presence of moderate-to-severe 
postprocedural aortic regurgitation. Other quantitative 
postprocedural measurements and serial echocardiographic 
follow-up were not systematically available across centers and 
were therefore not analyzed.

Validated measures of frailty, functional status, cognition, 
nutritional status, activities of daily living, and estimated life 
expectancy were not included in the analysis because these 
variables were not systematically recorded across all centers and 
study years.

Follow-up and outcomes

Clinical follow-up, when available, consisted of routine 
outpatient cardiology visits or telephone contacts at 1 month, 6 
months, 1 year, and annually thereafter. Outcome ascertainment 
combined these prospective contacts with retrospective review of 

medical and municipal registry records. For patients who had 
died before prospective contact, the date of death was obtained 
retrospectively; patients remaining alive were censored at the 
date of their last confirmed vital-status assessment. Because 
vital-status information was updated at different times across the 
participating centers, the registry did not apply a single 
common administrative censoring date. Observation time was 
defined as the interval from TAVI to all-cause death or the last 
confirmed alive assessment. Completeness of survival follow-up 
was assessed by verifying the availability of either a date of 
death or a date of last confirmed alive assessment for each 
patient. Standardized longitudinal measures of NYHA functional 
class, frailty, exercise capacity, independence in activities of daily 
living, and quality of life were not systematically collected across 
all centers and time periods. Complete and consistently 
adjudicated causes of long-term death were not systematically 
available. Consequently, cardiovascular and non-cardiovascular 
mortality could not be analyzed reliably, and the longitudinal 
outcome analysis was limited to all-cause survival.

The primary endpoint was the Kaplan–Meier estimated 
probability of all-cause survival at 5 years after TAVI. Secondary 
endpoints included procedural success, periprocedural safety, 
and the exploration of clinical and procedural variables 
associated with long-term mortality.

Statistical analysis

Continuous variables were described as mean ± standard 
deviation (SD) if normally distributed, and as median and IQR 
(interquartile range) otherwise. Categorical variables were 
expressed as absolute numbers and percentages. Comparisons 
between categorical variables were performed using chi-square 
or Fisher’s exact test. Comparisons between continuous variables 
were performed using the independent-samples t-test for 
normally distributed variables and the Mann–Whitney U test for 
non-normally distributed variables. Overall survival was 
calculated from the date of TAVI to the date of all-cause death 
or the last verified follow-up. No imputation of missing follow- 
up or covariate data was performed, and analyses were 
conducted using available cases. Survival probabilities were 
estimated using the Kaplan–Meier method. Pointwise 95% 
confidence intervals were calculated from Greenwood’s standard 
errors and are displayed as a shaded band in Figure 3. In 
accordance with recommended practice for Kaplan–Meier 
reporting, the number of patients at risk at baseline and at each 
yearly follow-up landmark through 5 years is reported below the 
Kaplan–Meier curve in Figure 3 (13). Variables considered 
clinically relevant and/or associated with mortality in univariable 
analysis (p < 0.10) were entered into the multivariable Cox 
regression model. No a priori sample-size calculation was 
performed because the cohort comprised all eligible patients 
recorded in the registry during the predefined inclusion period. 
Given the limited cohort size and number of events, the Cox 
analyses were considered exploratory and hypothesis-generating 
and were not intended to establish validated independent 
predictors. No center-level adjustment or internal model 
validation was performed. Results are reported as hazard ratios 
and 95% confidence interval (95% CI) and p-values. A two- 
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sided p-value <0.05 was considered statistically significant. 
Statistical analyses were performed using IBM SPSS Statistics 
version 25 (IBM Corp., Armonk, NY, USA).

Results

Study population and baseline 
characteristics

Of the 1,318 TAVI procedures recorded between January 2013 
and December 2021, 68 were performed in patients aged ≥90 
years. After eligibility assessment, eight patients were excluded, 
resulting in a final cohort of 60 patients (Figure 1). The 
distribution across participating centers was as follows: 25 
patients (41.7%) were treated at Hesperia Hospital Modena, 14 
(23.3%) at Ospedale Maggiore di Parma, 10 (16.6%) at 
Arcispedale Santa Maria Nuova, four (6.7%) at Ospedale Civile 
Sant’Agostino-Estense, four (6.7%) at Policlinico di Modena, 
and three (5.0%) at Ospedale Civile di Piacenza (Figure 2).

The mean age at the time of TAVI was 91 ± 1.5 years, and 40 
patients (67%) were female. The mean observation time from 
TAVI to death or the last confirmed vital-status assessment was 
5.7 ± 2.1 years, with a median of 5.0 years (IQR, 3.7–6.5). 
Baseline clinical characteristics are reported in Table 1.

The prevalence of hypertension, diabetes, dyslipidemia, 
smoking, coronary artery disease, atrial fibrillation, and renal 
dysfunction did not differ significantly according to vital status 
at follow-up. COPD was present in seven of 39 deceased 
patients (18%) and in none of the 21 surviving patients 
(p = 0.04). Right bundle branch block was observed in none of 
the deceased patients and in three of the 21 surviving patients 

(14%). NYHA functional class III–IV was present in 29 of 39 
deceased patients (74%) and 19 of 21 surviving patients (90%; 
p = 0.19). The mean STS score did not differ between deceased 
and surviving patients (5 ± 2% vs. 6 ± 4%; p = 0.3).

All patients had symptomatic severe aortic stenosis. The mean 
aortic valve area was 0.65 ± 0.2 cm2, the mean transaortic gradient 
was 51 ± 15 mmHg, and the mean STS score was 5 ± 3%. Left 
ventricular ejection fraction was ≤35% in 13 patients (22%). The 
mean transaortic gradient and aortic valve area did not differ 
significantly according to vital status. Moderate-to-severe aortic 
regurgitation was present in 17 of 39 deceased patients (44%) 
and eight of 21 surviving patients (38%; p = 0.6). Mitral 
regurgitation ≥2 + was present in 25 of 39 deceased patients 
(64%) and eight of 21 surviving patients (38%; p = 0.05) (Table 2).

Procedural characteristics and early 
outcomes

The remaining five procedures were performed through non- 
transfemoral access. However, the specific alternative access route 
was not consistently available in the harmonized multicenter 
registry and could therefore not be reported reliably. A balloon- 
expandable prosthesis was implanted in 32 patients (53%), and a 
self-expandable prosthesis was implanted in 28 patients (47%) 
(Table 3).

Study-defined procedural success was achieved in 58 of 60 
procedures (97%). Two patients experienced major acute 
complications: one hemorrhagic shock secondary to a femoral 
vascular complication requiring urgent surgery and one cardiac 
tamponade caused by annular rupture requiring surgical 
conversion. Both patients survived the acute event.

FIGURE 1 

Flow chart of study population selection from the emilia-romagna north TAVI registry.
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The study-defined composite early safety endpoint at 30 days 
occurred in 20 patients (33.3%). Acute kidney injury occurred in 
10 patients (16.7%), major bleeding in nine (15%), major 
vascular complications in six (10%), postprocedural pacemaker 
implantation in eight (13.3%), cerebrovascular events within 30 
days in one (1.7%), and cardiac tamponade in one (1.7%). 
Moderate-to-severe postprocedural aortic regurgitation was 
documented in six patients (10%). No additional standardized 

postprocedural or longitudinal echocardiographic measurements 
were available for comparative analysis. None of the individual 
early safety components differed significantly according to vital 
status at follow-up (Table 3).

In-hospital mortality was 5% (three patients), including two 
deaths within 72 h due to cardiogenic shock and one death due to 
major stroke. Cumulative mortality at 30 days was 8.3% (five 
patients). No periprocedural myocardial infarctions were observed.

FIGURE 2 

Distribution of the 60 nonagenarian patients across the six participating centers in the Emilia-Romagna North TAVI registry.

TABLE 1 Baseline clinical and demographic characteristics of the study population, overall and according to vital status at follow-up.

Total Deceased Alive at last follow-up P value

Number, % 60 39 (65%) 21 (35%)

Age, y 91 ± 1.5 91 ± 1.3 91 ± 1.6 0.5

BMI, kg/m2 25 ± 4 24 ± 4 25 ± 4 0.4

Sex Female 40 (67%) 25 (64%) 15 (71%) 0.5

Male 20 (33%) 14 (36%) 6 (29%)

Comorbidities

Hypertension, yes, % 56 (93%) 37 (95%) 19 (90%) 0.5

Diabetes, yes, % 7 (12%) 5 (13%) 2 (10%) 0.7

Dyslipidemia, yes, % 37 (62%) 26 (67%) 11 (52%) 0.3

Active smoker, yes, % 8 (13%) 5 (13%) 3 (14%) 0.8

COPD, yes, % 7 (12%) 7 (18%) 0 0.04

eGFR, mL/min/1.73m2 46 (35–68) 46 (38–63) 46 (33–72) 0.99

Previous Stroke, yes, % 5 (8%) 5 (13%) 0 0.09

CAD, yes, % 12 (20%) 7 (18%) 5 (24%) 0.6

AF, yes, % 16 (27%) 11 (28%) 5 (24%) 0.7

RBBB on ECG, yes, % 3 (5%) 0 3 (14%) -

NYHA III-IV, yes, % 48 (80%) 29 (74%) 19 (90%) 0.19

STS score, % 5 ± 3 5 ± 2 6 ± 4 0.3

Observation time from 

TAVI to death or last vital- 

status assessment, y

5.7 ± 2.1

Data presented as mean ± SD or Inter quartile range (IQR) and number and percentage.
Independent sample t-test or Mann–Whitney U test and Chi-Square test or Fisher’s exact test has been done.
BMI, body mass index; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; CAD, coronary artery disease; AF, atrial fibrillation; RBBB, right bundle 
branch block; NYHA, New York Heart Association; STS score, Society of Thoracic Surgeons score.

Pagnoni et al.                                                                                                                                                         10.3389/fcvm.2026.1945453

Frontiers in Cardiovascular Medicine 05 frontiersin.org

https://doi.org/10.3389/fcvm.2026.1945453
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Long-term survival

A date of death or last confirmed alive assessment was 
available for all 60 patients, and all patients therefore 
contributed to the time-to-event analysis. Thirty-nine deaths 
occurred, while 21 patients were right-censored at their last 
confirmed vital-status assessment. No event-status or survival- 
time data were missing for the primary endpoint. Nine deaths 
occurred within 1 year and 21 within 3 years, corresponding to 
crude observed survival proportions of 85% and 65%, 
respectively. The corresponding Kaplan–Meier estimated survival 
probabilities were 85% (95% CI, 76%–94%) at 1 year, 65% (95% 
CI, 53%–77%) at 3 years, and 35% (95% CI, 23%–47%) at 5 
years. The numbers of patients at risk at baseline and at 1, 2, 3, 
4, and 5 years were 60, 51, 47, 39, 30, and 21, respectively. The 
survival curve, the corresponding pointwise 95% confidence 
interval, and the annual risk-set counts are shown in Figure 3.

Exploratory Cox regression analyses

In the univariable Cox regression analysis, male sex was 
associated with mortality (HR, 2.0; 95% CI, 1.1–3.9; p = 0.03), as 

were COPD (HR, 3.2; 95% CI, 1.3–7.6; p = 0.006) and mitral 
regurgitation ≥2+ (HR, 2.0; 95% CI, 1.0–3.9; p = 0.03).

In the multivariable model, male sex was associated with 
mortality (HR, 2.5; 95% CI, 1.2–5.0; p = 0.02), as was COPD 
(HR, 2.9; 95% CI, 1.2–7.2; p = 0.02). Mitral regurgitation 
≥2 + was not statistically significant in the multivariable model 
(HR, 1.9; 95% CI, 0.9–3.7; p = 0.08). LVEF ≤35% was not 
associated with mortality (HR, 0.8; 95% CI, 0.3–1.9) (Figure 4).

Discussion

In this multicenter real-world study conducted across six 
centers in Emilia-Romagna and including 60 consecutive 
nonagenarian patients undergoing TAVI, the primary finding 
was a Kaplan–Meier estimated 5-year survival of 35%, despite a 
mean age of 91 years. This long-term outcome was 
accompanied by a procedural success rate of 97%, an in-hospital 
mortality of 5%, and a 30-day mortality of 8.3%. Therefore, 
describing the 5-year survival as merely ‘non-negligible’ would 
understate its clinical relevance: the estimate indicates that 
approximately one in three carefully selected nonagenarians was 
alive 5 years after treatment.

TABLE 2 Preprocedural echocardiographic characteristics of the study population, overall and according to vital status at follow-up.

Echocardiography parameters Total Deceased (n = 39) Alive at last follow-up (n = 21) P value

LVEF, % 49 ± 11% 48 ± 10 49 ± 13 0.97

LVEF≤35% 13 (22%) 7 (18%) 6 (29%) 0.3

Mean gradient, mmHg 51 ± 15 49 ± 12 56 ± 20 0.1

AVA 0.65 ± 0.2 0.7 ± 0.2 0.6 ± 0.2 0.4

AR 3-4+ 25 (42%) 17 (44%) 8 (38%) 0.6

MR ≥ 2+ 33 (55%) 25 (64%) 8 (38%) 0.05

Data are presented as mean ± SD, median (IQR), or number (%), as appropriate. Comparisons were performed using the independent-samples t-test or Mann–Whitney U test for continuous 
variables and the chi-square test or Fisher’s exact test for categorical variables, as appropriate.
LVEF, left ventricular ejection fraction; AVA, aortic valve area; AR, aortic regurgitation; MR, mitral regurgitation.

TABLE 3 Procedural characteristics, access route, prosthesis type, and periprocedural events in the study population, overall and according to vital status at follow-up.

Total Deceased (n = 39) Alive at last follow-up (n = 21) P-value

Self-expandable prosthesis, % 28 (47%) 19 (49%) 9 (43%) 0.7

Balloon-expandable prosthesis, % 32 (53%) 20 (51%) 12 (58%) 0.7

Transfemoral access, % 55 (92%) 35 (90%) 20 (95%) 0.5

AKI, % 10 (17%) 8 (21%) 2 (10%) 0.5

Contrast, mL 202 ± 101 219 ± 109 170 ± 74 0.07

Stroke/TIA/RIND within 30 days, % 1 (2%) 1 (3%) 0 0.99

Major bleeding (VARC2), % 9 (15%) 7 (18%) 2 (10%) 0.4

Moderate to severe AR post-procedure, % 6 (10%) 4 (10%) 2 (10%) 0.3

Pacemaker post-procedure, % 8 (13%) 5 (13%) 3 (14%) 0.99

Major vascular complication, % 6 (10%) 4 (10%) 2 (10%) 0.3

Cardiac tamponade, % 1 (2%) 1 (3%) 0 0.99

Data presented as mean ± SD or interquartile range (IQR) and number and percentage.
Independent sample t-test or Mann–Whitney U test and Chi-Square test or Fisher’s exact test has been done.
TAVI, transcatheter aortic valve implantation; AKI, acute kidney injury; TIA, transient ischemic attack; RIND, reversible ischemic neurological deficit; AR, aortic regurgitation.
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The early outcomes of our cohort were broadly consistent with 
those reported in the STS/ACC TVT and German Aortic Valve 
registries (4, 6). More importantly, the clinical relevance of the 
35% 5-year survival estimate becomes clearer when considered 
against both background mortality and the poor prognosis of 
severe symptomatic aortic stenosis when definitive valve 

replacement is not performed. Barth et al. reported that, among 
carefully selected nonagenarians undergoing TAVR, mortality 
converged with that of an age- and sex-matched general 
population after 2 years, with an estimated 5-year survival of 
40.8%. In a nonagenarian-specific comparative cohort, Bernard 
et al. also observed significantly better survival after TAVR than 
with medical therapy, together with survival comparable to that 
of an age- and sex-matched general population. Consistently, in 
the randomized PARTNER 1 trial of inoperable patients with 
severe symptomatic aortic stenosis, 5-year all-cause mortality 
was 71.8% after TAVR compared with 93.6% with standard 
treatment (HR, 0.50; 95% CI, 0.39–0.65; p < 0.0001). Although 
these populations are not directly interchangeable with our 
cohort, this external evidence indicates that the 35% 5-year 
survival observed in our study is clinically meaningful and 
supports a therapeutic benefit of TAVI in carefully selected 
nonagenarians (7, 14–16).

Taken together, these findings argue that chronological age 
alone should not be equated with therapeutic futility and 
support TAVI in appropriately selected nonagenarians; 
contemporary multicenter data also document favorable long- 
term survival and sustained functional improvement in this 
population. However, because our study did not include an 
untreated control group or perform a direct comparison with an 
age- and sex-matched population, the therapeutic benefit 
remains an inference supported by external comparative 
evidence rather than a causal effect demonstrated by the present 
study. Selection bias and the small number of patients 
remaining at risk at 5 years must also be considered when 
interpreting the absolute survival estimate (2, 17).

FIGURE 3 

Kaplan–Meier curve of overall survival after TAVI in nonagenarian patients. The solid green line represents the Kaplan–Meier estimate, while the shaded 
area represents the pointwise 95% confidence interval calculated from Greenwood’s standard errors. Follow-up is displayed up to the prespecified 
5-year primary endpoint; estimated 5-year survival was 35%. The numbers of patients at risk at baseline and at each yearly follow-up time point are 
displayed below the x-axis.

FIGURE 4 

Univariable and multivariable cox regression analysis of selected 
clinical and echocardiographic variables associated with long-term 
mortality after TAVI. The multivariable model included all variables 
shown in the figure. Results are presented as hazard ratios (HR) 
with 95% confidence intervals (CI). *p < 0.05; **p < 0.01. Because of 
the limited sample size, these estimates are exploratory and should 
not be interpreted as validated prognostic predictors.
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The age distribution of the cohort requires specific 
consideration. Although eligibility included all patients aged ≥90 
years, the mean age of 91 ± 1.5 years indicates that the study 
population was concentrated at the younger end of the 
nonagenarian spectrum. This pattern likely reflects referral and 
Heart Team selection processes, as patients approaching the 
upper end of the 90–99-year age range may have been less likely 
to be evaluated or considered suitable for intervention, 
particularly in the presence of advanced frailty or major 
comorbidities. Consequently, our findings principally describe 
carefully selected, relatively younger nonagenarians and should 
not be extrapolated without caution to patients aged 95 years or 
older. The observed outcomes may therefore be more favorable 
than those expected in an unselected nonagenarian population.

In the exploratory Cox model, male sex and COPD were 
associated with higher long-term mortality, whereas at least 
moderate mitral regurgitation showed a signal in preliminary 
analyses but did not retain statistical significance in the 
final model.

The descriptive analyses were consistent with this 
interpretation, as COPD was present exclusively in the deceased 
group and at least moderate mitral regurgitation was more 
frequent among non-survivors. However, these observations 
should be regarded as purely descriptive and do not support 
robust prognostic inferences, particularly in light of the small 
size of some subgroups.

These findings are consistent with the existing literature, in 
which female sex has been associated with better long-term 
survival after TAVI beyond one year, a difference attributed to 
factors including smaller body surface area, lower prevalence of 
coronary artery disease, and more favourable left ventricular 
remodelling, while COPD identifies patients with a greater 
burden of frailty, reduced functional reserve, and higher long- 
term mortality (18–21).

Additional support comes from the prospective three-center 
Japanese study by Yokoyama et al., which enrolled 767 patients 
undergoing TAVI, including 94 nonagenarians. Three-year 
survival did not differ significantly between patients aged ≥90 
and those aged <90 years (77.9% vs. 82.5%; p = 0.25), and age 
≥90 years was not independently associated with mortality. 
Instead, female sex, body mass index, NYHA functional class, 
and renal function were associated with long-term outcome (22, 
23). These findings further support assessment of biological 
reserve and clinical status rather than chronological age alone (24).

From a practical perspective, these findings reinforce the 
concept that selection of nonagenarian candidates for TAVI 
should not be based solely on chronological age or traditional 
surgical risk scores. In this age group, a structured assessment of 
frailty, functional status, and biological reserve is likely to be 
more relevant for estimating the true potential for benefit. The 
literature has shown that frailty is associated with increased risk 
of death and disability after aortic valve replacement, and that 
summary tools such as the Essential Frailty Toolset have 
important prognostic value. Accordingly, current guidelines 
recommend that treatment decisions be made in a patient- 
centered manner by a multidisciplinary Heart Team, with 
geriatric expertise involved when appropriate (11, 25). These 
findings highlight the importance of individualized decision- 
making beyond chronological age.

The heterogeneous nature of follow-up must also be 
considered when interpreting these findings. Patients who had 
died before prospective contact contributed time-to-event 
information through retrospectively ascertained dates of death 
but could not contribute prospective functional assessments. 
Among patients contacted prospectively, outpatient visits and 
telephone contacts were not supported by a uniform protocol 
for serial assessment of NYHA functional class, frailty, exercise 
capacity, independence in activities of daily living, or quality of 
life. Consequently, the study can describe survival but cannot 
determine whether longer survival was accompanied by 
preserved functional independence, symptom improvement, or 
satisfactory quality of life. This represents a major limitation in 
nonagenarians, for whom patient-centered functional outcomes 
may be as important as mortality. “Future prospective studies 
should also assess participation in and adherence to 
individualized cardiac rehabilitation, given its potential relevance 
to functional capacity and quality of life and the substantial age- 
and comorbidity-related barriers to participation” (26, 27). All- 
cause mortality provides a consistently ascertainable measure of 
overall prognosis but does not distinguish cardiovascular deaths 
from competing mortality related to frailty, pre-existing 
comorbidities, or other age-related conditions. Because causes of 
long-term death were not systematically adjudicated, 
cardiovascular and non-cardiovascular mortality could not be 
analyzed without a substantial risk of misclassification. 
Therefore, the survival findings should not be interpreted as a 
direct measure of TAVI-specific benefit. The absence of 
statistically significant associations between individual early 
safety events and long-term mortality suggests that, in 
nonagenarians, late prognosis may depend more on baseline 
clinical vulnerability than on individual periprocedural events, 
although it should be acknowledged that the meta-analysis by 
Noguchi et al. (2022) showed that, compared with younger 
patients, nonagenarians had increased early and late mortality, 
major or life-threatening bleeding, stroke, and major vascular 
complications (10, 28).

Overall, our findings suggest that TAVI should not be ruled 
out a priori in nonagenarian patients, but rather considered 
within a multidimensional selection process aimed at identifying 
those with a reasonable expectation of clinical, functional, and 
prognostic benefit. In clinical practice, these results support a 
selective approach to TAVI in nonagenarians, prioritizing 
biological rather than chronological age.

Limitations

The findings of the present study should be interpreted in light 
of several limitations. First, this was an ambispective observational 
cohort study conducted in a relatively small population, with the 
inherent limitations of a non-randomized design, which does 
not allow definitive conclusions or causal inferences. Second, the 
absence of a conservatively treated control group or an 
alternative treatment strategy precludes assessment of the 
relative benefit of TAVI compared with other therapeutic 
options in nonagenarian patients. In addition, the study 
population consisted of patients carefully selected by the Heart 
Team, resulting in potential selection bias. The narrow age 
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distribution (mean age, 91 ± 1.5 years) indicates that patients at 
the younger end of the nonagenarian spectrum were 
overrepresented; therefore, the cohort cannot be considered 
representative of the entire 90–99-year age range. Referral and 
treatment-selection processes may have contributed to more 
favorable outcomes and substantially limit the generalizability 
of the findings, particularly to patients aged 95–99 years, those 
with advanced frailty or major comorbidities, and those who 
were not referred for TAVI. Patient contribution across centers 
was also uneven, with a substantial proportion of the cohort 
contributed by a limited number of centers, which may have 
introduced center-related bias related to referral patterns, 
patient selection, procedural experience, and local practice. In 
addition, the registry did not capture a harmonized baseline 
assessment of frailty, functional status, cognition, nutritional 
status, activities of daily living, or estimated life expectancy, 
precluding verification that candidate-selection criteria were 
applied consistently across centers. This unmeasured 
heterogeneity may have materially influenced both cohort 
composition and the observed outcomes and should be 
regarded as a major source of selection bias. Further 
heterogeneity may have derived from both the multicenter 
design and the long enrolment period, during which selection 
criteria, implanted devices, and clinical practice may have 
changed over time. Future multicenter studies should adopt 
standardized serial echocardiographic protocols, including a 
multiparametric assessment of right ventricular function; 
recent inter-operator data suggest that TDI S’ may provide 
greater reproducibility than TAPSE (29, 30). Although a 
multivariable analysis was performed, the limited sample size 
and the relatively low number of events per variable may have 
resulted in model overfitting. Therefore, the results of the Cox 
regression analysis should be interpreted with caution and 
considered exploratory rather than confirmatory. The COPD 
estimate was affected by quasi-complete separation, as COPD 
was present in seven patients, all of whom died, and in none 
of the surviving patients. Similarly, the difference observed for 
right bundle branch block was based on only three cases and 
should not be interpreted as evidence of a protective 
association. Furthermore, the small number of patients 
remaining at risk at 5 years resulted in substantial uncertainty 
surrounding the 5-year Kaplan–Meier estimate. Another major 
limitation is the absence of standardized longitudinal 
functional assessment. For patients who had already died 
before prospective contact, outcome ascertainment was 
necessarily limited to vital status and date of death. Moreover, 
prospective contacts with surviving patients did not uniformly 
include validated measures of frailty, NYHA functional class, 
exercise capacity, independence in activities of daily living, or 
quality of life. Therefore, the study cannot establish whether 
survival after TAVI was accompanied by sustained functional 
or quality-of-life benefit. Complete and independently 
adjudicated information on the causes of long-term death was 
not systematically available. Accordingly, cardiovascular and 
non-cardiovascular mortality could not be analyzed reliably, 
and the use of all-cause mortality does not distinguish deaths 
potentially related to aortic stenosis or TAVI from competing 
mortality due to frailty, comorbidities, or other age- 
related conditions.

Conclusion

In this ambispective multicenter observational cohort study, 
TAVI in nonagenarian patients carefully selected by the Heart 
Team was associated with a high procedural success rate and a 
clinically meaningful Kaplan–Meier estimated 5-year survival 
of 35%. However, the present study evaluated survival and 
procedural outcomes only and cannot determine the effect of 
TAVI on functional status, independence, or quality of life. In 
our cohort, male sex and the presence of COPD showed an 
exploratory association with higher mortality during follow-up. 
Overall, these findings suggest that chronological age alone 
should not represent the sole criterion for decision-making and 
support a selective approach to TAVI in carefully selected 
patients, predominantly at the younger end of the 
nonagenarian age range. Extrapolation of these results to older 
and more frail nonagenarians requires caution.
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