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Abstract: Background: Current European guidelines support transcatheter aortic valve implanta-
tion (TAVI) in intermediate to low-risk patients >75 years-old but its prognostic relevance is un-
known. Methods: Intermediate-to-low-risk (Society of Thoracic Surgeon score <8%) patients en-
rolled in the HORSE registry were included. We compared the population with less versus more
than 75 years old. The primary endpoint was all-cause mortality. Results: A total of 2685 patients
were included, 280 (8.6%) <75 and 2405 >75 years. Through a mean follow-up of 437 + 381 days, 198
(8.2%) and 23 (8.2%) patients died in the two arms, without statistically significant differences (log-
rank p=0.925). At Cox regression analysis, age did not predict the occurrence of all-cause death,
neither as a continuous variable (HR 1.01, 95% CI 0.99-1.04, p=0.294) nor dichotomizing according
to the prespecified cutoff of 75 years (HR 0.97, 95% CI 0.63-1.51p=0.924). Time-to-event ROC curves
showed low accuracy of age to predict all-cause mortality (area under the curve of 0.54 for both 1-
year and 2-year outcome). Conclusions: TAVI has comparable benefits across age strata in interme-
diate-to-low risk patients. The age cut-off suggested by current guidelines is not predictive of the
risk of adverse events during hospital stay, neither of all-cause mortality through a mid-term follow-

up.

Keywords: aortic stenosis; transcatheter aortic valve replacement; age; surgical risk; low-intermedi-
ate risk

1. Introduction
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Since randomized controlled trials (RCTs) have shown its superiority or non-inferi-
ority, respectively in high and intermediate-to-low-risk patients[1-7], over surgical aortic
valve replacement (SAVR), transcatheter aortic valve implantation (TAVI) has nowadays
a well-validated role in the management of patients with severe AS.

Among others, age remains a key factor in the choice between TAVI and SAVR, and
a leitmotiv when discussing the most appropriate path of care for each patient. As aging is
most often paralleled by an augmented surgical risk, a percutaneous approach is usually
favored in the elderly. However, RCTs have enrolled progressively younger individuals,
showing excellent procedural success and valve performance, at least through a mid-term
follow-up|2,4,8]. Thereby, the adagio of limiting the transcatheter approach only to the
very elderly appears obsolete.

In 2021, the European Society of Cardiology (ESC)/European Association for Cardio-
Thoracic Surgery (EACTS) guidelines for the management of valve diseases provided up-
dated recommendations for the choice of intervention in patients with severe sympto-
matic AS[9]. These include a class I level of evidence A (IA) recommendation in favor of
transfemoral TAVI for all patients at high surgical risk or, alternatively, aging >75 years,
irrespective of their surgical risk. On the opposite, a IB recommendation was formulated
in favor of SAVR in individuals aging <75 years and deemed at low surgical risk[9]. Hence,
the aforementioned landmark (75 years) really makes the difference in intermediate and
low surgical risk patients, in whom the choice of the type of intervention might be sub-
stantially influenced by age. Although the formulation of a precise age cut-off subtends
practical reasons (e.g., valve durability), such a dichotomization carries the risk of over-
shadowing other key factors and has never shown to substantially impact on hard clinical
outcomes.

Hence, we sought to compare the clinical outcomes of patients below and above the
age threshold suggested by the recent ESC/EACTS guidelines and to explore the prognos-
tic relevance of the age cut-off in intermediate-to-low-risk patients undergoing TAVI with
self-expandable devices.

2. Materials and Methods

The HORSE registry is an international registry in which patients undergoing trans-
femoral TAVI using self-expandable valves were retrospectively enrolled across sixteen
European centers between September 2014 and April 2020[10]. All patients provided in-
formed consent to participate in the registry and agreed with the use of their data for
scientific purposes.

The research has been carried out in accordance with the Declaration of Helsinki
(World Medical Association, October 2013)[11]. Criteria for exclusion included pure aortic
regurgitation, surgical prosthesis degeneration, and non-transfemoral access. Outcomes
were defined according to Valve Academic Research Consortium 2 criteria[12]. The pri-
mary outcome for the present analysis was all-cause mortality. Secondary endpoints in-
cluded major and minor vascular complications, anulus rupture, new permanent pace-
maker implantation, periprocedural myocardial infarction, cardiac tamponade, all-cause
stroke, major bleeding, minor bleeding and acute kidney injury.

To the present analysis, patients at high surgical risk, defined as those with an STS
score >8%, were excluded. Intermediate-to-low-risk patients were included irrespective of
the type of prosthesis and categorized according to their age into two groups, i.e., 275 vs.
<75 years.

Statistical analysis

Categorical variables were reported as frequencies and percentages and compared
with the Chi square test or Fisher’s test, as appropriate. Visual assessment of distribution
was conducted for continuous variables, which were thereafter reported as mean (stand-
ard deviation — SD) or median [quartile 1-quartile 3 (Q1-Q3)] and compared by means of
the Student’s t-test or Wilcoxon-Mann-Whitney test, as appropriate.
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The cumulative unadjusted frequencies of all-cause death in patients aging >75 vs.
<75 years were obtained with the Kaplan-Meier method and compared through the log-
rank test. Univariate and multivariable Cox regression analyses were run to obtain the
predictors of the same outcome, selecting candidates variables on a clinical and statistical
base. Hazard ratios (HRs) along with 95% confidence intervals (Cis) were calculated.
Given the time-dependent nature of the outcome, the predictive accuracy of age was as-
sessed through a the time-dependent area under the receiver-operating characteristic
curve (AUC) [13]. The optimal cut-off point of age for the prediction of all-cause mortality
was also assessed using the Youden index estimator.
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Figure 2. Kaplan-Meier curves for all-cause mortality.

Finally, to account for the possible heterogeneity across the large population of the
registry, sensitivity analyses were conducted on the primary and secondary outcomes by
stratifying the population according to age quartiles.

Two-tailed p-values <0.05 were considered statistically significant. The analysis was
conducted using “R” software (The R foundation for statistical computing, Vienna, ver-
sion 3.6.2).

3. Results
3.1. Baseline and procedural features

Among 3389 patients initially enrolled in the registry, 411 were categorized as high
surgical risk and 293 were excluded due to the absence of follow-up data. Thus, the final
population encompassed 2685 individuals (age <75 years n=280; =75 years n=2405).

The baseline features are reported in Table 1. The median age was 82 (IQR 79-86)
years in the whole population, with patients in the two arms being divided by almost a
decade of age on average. Most patients were female, with a higher proportion of males
in the <75 years group (45% vs. 35%, p=0.001). Older patients had lower BMI [26.7 (24-30)
vs. 28.5 (24-33), p<0.001], a higher frequency of previous pacemaker or implantable cardi-
overter defibrillator implantation (11% vs. 6%, p=0.019), atrial fibrillation (AF, 33% vs.
23%, p=0.010) and chronic kidney disease (CKD, 65% vs. 30%, p<0.001). Contrary, smok-
ing (19% vs. 7%, p<0.001), diabetes (33% vs. 25%, p=0.010) and chronic obstructive pulmo-
nary disease (25% vs. 16%, p<0.001) were more frequent in patients aging <75 years. Mean
STS score was 3.60% (IQR 2.50-5.03) in the overall population, with low-risk patients being
significantly more represented in the younger arm (72% vs. 55%, p<0.001) and intermedi-
ate risk in the older one (45% vs. 28%, p<0.001).

No significant differences were noted with respect to most echocardiographic data,
including mean aortic valve gradient and aortic valve area. Slight, yet statistically
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significant, differences in terms of left ventricular ejection fraction were present [60 (55-
65) in the 275 years arm vs. 60 (54-65) in the <75 years arm, p=0.006]. CT scan revealed a

higher prevalence of porcelain aorta in younger patients (16% vs. 9%, p<0.001).

Table 1. Baseline features.

All 275 years <75 years P value
N=2685 N=2405 N=280
Clinical characteristics
Age, years 82 (79-86) 83 (80-86) 72 (69-73) <0.001
Male sex 960 (36) 835 (35) 125 (45) 0.001
Body mass index, kg/m2 26.9 (24-31) 26.7 (24-30) 28.5 (24-33) <0.001
Hypertension 2334 (87) 2092 (87) 242 (86) 0.813
Dyslipidemia 1035 (52) 925 (52) 110 (51) 0.933
Diabetes 705 (26) 613 (25) 92 (33) 0.010
Smoke 228 (15) 176 (7) 52 (19) <0.001
Prior myocardial infarction 482 (18) 441 (18) 41 (15) 0.144
Prior percutaneous coronary intervention 731 (27) 656 (27) 75 (27) 0.905
Prior stroke 287 (11) 261 (11) 26 (9) 0.478
Chronic obstructive pulmonary disease 450 (17) 381 (16) 69 (25) <0.001
PM or ICD 276 (10) 259 (11) 17 (6) 0.019
Atrial fibrillation 2334 (87) 795 (33) 65 (23) 0.010
Chronic kidney disease 1645 (61) 1562 (65) 83 (30) <0.001
Baseline creatinine, mg/dl 1.10 (0.61) 1.09 (0.55) 1.19 (0.98) 0.010
Peripheral arterial disease 333 (12) 297 (12) 36 (13) 0.890
NYHA [I-IV 1787 (67) 1607 (67) 180 (64) 0.390
STS score, % 3.60 (2.50-5.03) 3.73 (2.60-5.10) 2.55(1.75 4.10) <0.001
Low risk 1520 (57) 1318 (55) 202 (72) <0.001
Intermediate risk 1165 (43) 1087 (45) 78 (28) <0.001
Echocargiographic data
Mean aortic valve gradient, mmHg 45.1 (16.2) 45.2 (16.3) 44.9 (15.6) 0.821
Aortic valve area, mm?2 0.76 (2.73) 0.77 (2.87) 0.73 (0.19) 0.850
Left ventricular ejection fraction, % 60 (55.0-65) 60 (55-65) 0.006
Moderate-severe aortic regurgitation 56 (3) 51 (3) 5(2) 0.966
MDCT data
Perimeter, mm 70 (26-76) 70 (26-76) 71 (26-77) 0.367
Moderate-severe aortic valve calcification 1173 (44) 1055 (44) 118 (42) 0.971
Moderate/severe LVOT calcification 446 (16) 408 (17) 38 (14) 0.224
Porcelain aorta 271 (10) 225 (9) 46 (16) <0.001

ICD: implantable cardioverter defibrillator; LVOT: left ventricular outflow tract; MDCT: multide-
tector computerized tomography; NYHA: New York Heart Association; PM: pacemaker; STS: Soci-

ety of Thoracic Surgeon.

From the procedural standpoint (Table 2), the Evolut PRO model was predominantly
implanted in the youngest arm (17% vs. 11%, p=0.001), with no other significant difference
between the two groups.

Table 2. Procedural data.

All 275 years <75years P
N=2685 N=2405 N=280 value
Predilatation 1452 (54) 1309 (54) 143 (51) 0.309

Valve type
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Evolute R 1068 (40) 963 (40) 105 (38) 0.449
Evolute PRO 301 (11) 253 (11) 48 (17)  0.001
ACURATE neo 1316 (49) 1189 (49) 127 (45) 0.219
Valve size, mm 0.025

<23 423 (16) 381 (16) 42 (15)

23-26 1021 (38) 933 (39) 88 (31)

>27 1241 (46) 1091 (45) 150 (54)
Postdilatation 892 (33) 788 (33) 104 (37) 0.153
Contrast dose, ml 110 (80-160) 110 (80-160) 1110 SE)E;O_ 0.612

F1u0r0§COPY time, 16 (10-24) 16 (10-24) 15 (10-23) 0.244
minutes

3.2. Clinical outcomes

As summarized in Figure 1, there were no significant differences across several in-
hospital endpoints between the two groups.

Figure 2 depicts the cumulative incidence of all-cause mortality through a mean fol-
low-up of 437 + 381 days (86.5% of population completed the 1-year follow-up). Overall,
198 (8.2%) and 23 (8.2%) patients died in the 275 and <75 years arm, respectively (log-rank
p=0.925). Likewise, 1-year event-rate was comparable, with 124 (5.1%) and 13 (4.6%)
deaths in the two arms, respectively, and no statistically significant difference (log-rank
p=0.707).

The results of the univariate and multivariable Cox regression are reported in Table
3. In the univariate analysis, age was not associated with the risk of all-cause mortality,
either when analyzed as a continuous covariate (HR 1.01, 95% CI 0.99-1.04, p=0.294) or
dichotomizing according to the prespecified cutoff of 75 years (HR 0.97, 95% CI 0.63-1.51,
p=0.924). New York Heart Association class Il or IV at presentation (HR 1.68, 95% CI 1.23-
2.35, p=0.001), CKD (HR 1.47, 95% CI 1.05-2.08, p=0.026), atrial fibrillation (HR 1.40, 95%
CI 1.06-1.84, p=0.016) and STS score (HR 1.12, 95% CI 1.03-1.21, p=0.007) significantly pre-
dicted the occurrence of the primary outcome after adjusting for covariates.

Table 3. Predictors of mortality.

Univariable Multivariable
Variable HR (95% CI) Pvalue HR (95% CI) P value
Age (1-year increase) 1.01 (0.99-1.04) 0.294
Male sex 1.14 (0.87-1.50)  0.336
Prior MI 1.19 (0.84-1.68)  0.323
Diabetes 1.05 (0.78-1.42)  0.746
NYHA III-IV 1.92 (1.40-2.63) <0.001  1.68(1.23-2.35)  0.001
COPD 1.12 (0.80-1.56)  0.502
Prior stroke 1.02 (0.67-1.57)  0.928
PAD 1.37 (0.96-.95) 0.082
CKD 1.75(1.30-2.37)  <0.001  1.47(1.05-2.08)  0.026
AF 1.48(1.13-1.93)  0.004  1.40(1.06-1.84)  0.016
Baseline creatinine, mg/dl (1-unit ; )¢ 1 001 50) 0002 1.12(0.91-138) 0272
increase)

Permanent PM or ICD 1.20 (0.81-1.79) 0.359
STS score (1% increase) 1.16 (1.08-1.26)  <0.001  1.12(1.03-1.21)  0.007
EF (1% increase) 0.99 (0.98-1.00) 0.229
Predilatation 1.06 (0.82-1.39) 0.648
Postdilatation 1.02 (0.77-1.35) 0.874
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Valve size, mm (vs. <23)
23-26 0.99 (0.65-1.53) 0.993
>27 1.28 (0.86-1.94) 0.227

Results of the sensitivity analysis according to age quartiles are reported in the Sup-
plementary material (appendix A). There was no significant difference regarding in-hos-
pital outcomes across different quartiles except for the rate of new pacemaker implanta-
tion, which was slightly higher in patients whose age was above the median (Supplemen-
tary Table 1). Supplementary Figure 1 shows the cumulative incidence of all-cause mor-
tality in the four groups, with patients in the highest quartile experiencing a numerically
higher event-rate, without any statistically significant trend.
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Figure 1. In-hospital events. Bars height indicates the percentage of adverse events in each arm. All
p values were above 0.05. AKI: acute kidney injury; MI: myocardial infarction; PM: pacemaker.

3.3. Accuracy of age to predict all-cause mortality

Time-dependent ROC curve showed low accuracy of age to predict either 1-year and
2-year all-cause death (both areas under the curve=0.54) (Figure 3). The optimal age
threshold to predict both 1-year (sensitivity 31%, specificity of 79%) and 2-year (sensitivity
32%, specificity of 78%) mortality was 85 years.
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Figure 3. Time-to-event receiving operator characteristic (ROC) curve for 2-year all-cause mortality.
AUC=0.54.

4. Discussion

In this large cohort of intermediate-to-low-risk individuals treated with self-expand-
able devices, clinical outcomes were similar in patients in and out the age cut-off recom-
mended by current ESC/EACTS guidelines, and age alone displayed a low accuracy in
predicting all-cause mortality up to two years after transfemoral TAVI.

Previous studies have focused on the prognostic relevance of age in patients under-
going TAVI. An analysis of the Society of Thoracic Surgeons/American College of Cardi-
ology Transcatheter Valve Therapy Registry, as well as a more recent report from the
SwissTAVI registry found higher mortality rates in nonagenarians compared to younger
patients, either during the first month and throughout the first year of follow-up[14,15].
Similar results were also reported by the Cerebrovascular EveNts in Patients Undergoing
TranscathetER Aortic Valve Implantation (CENTER) collaboration[16]. Although these
observations emphasize the importance of patient selection among the very elderly, the
prognostic impact of age in most patients undergoing TAVI has been proven to be limited.
Indeed, RCTs on TAVI vs. SAVR in intermediate and low risk. Patients showed no signif-
icant interaction according to age subgroups for the rate of their primary endpoints. Most
patients enrolled in these RCTs were substantially younger compared to earlier studies
conducted on high-risk and inoperable populations, up to an average of less than 75 years
in the Placement of Aortic Transcatheter Valves (PARTNER) 3 and Evolut Surgical Re-
placement and Transcatheter Aortic Valve Implantation in Low-Risk Patients (Evolut low
risk) trials[2,4]. These studies provided the backbone for either the European guidelines,
which substantially encourage TAVI in all patients of 75 years or beyond, and the US
guidelines, which further pushed the recommendation by advocating TAVI as a possible
alternative to SAVR in all patients between 65 and 80 years of age.

Contrarily to older patients, however, those in their 70s or 60s have been substantially
underrepresented in RCTs published so far, with most evidence nowadays available de-
riving from observational studies. In the German Quality Assurance Registry on Aortic
Valve Replacement (AQUA) registry[17], for instance, SAVR and transfemoral TAVI were
compared among patients <75 years. After propensity matching, in-hospital outcomes did
not differ between the two cohorts except for a higher rate of permanent pacemaker im-
plantation in TAVI patients and a higher rate of delirium in SAVR patients. Later, Witberg
and colleagues[18] compared patients <70 and 270 years who had undergone TAVI, show-
ing similar incidence of in-hospital adverse events and a similar rate of all-cause mortality
up to 5 years. Taken together, these observations further support the substantial equipoise
of the surgical and transcatheter approaches in the youngest candidates as well, with
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consistent benefit of TAVI in terms of hard clinical outcomes across different ages. The
present study further expands this literature, confirming a comparable safety-efficacy pro-
file of TAVI in patients at the two extremes of the prespecified age threshold. Differently
from the previously published data, however, we focused on a guideline-recommended
cut-off, which makes our study of immediate practical relevance by providing clinicians
and interventionalists with a tool to enhance guidelines understanding and to critically
appraise their content.

Although our study did not find any relevant impact of age on clinical outcomes
following transfemoral TAVI, a high number of factors tightly intertwined with patients’
age, unfortunately not fully captured by our data, should be taken into account. First and
foremost, as shown by previous studies performed in patients treated with SAVR, young
age is among the drivers of structural valve deterioration[19]. Notwithstanding the simi-
larities between the prostheses adopted for TAVI and SAVR, it remains currently uncer-
tain whether the long-term performance of the first might reproduce that of surgical
valves[20]. Moreover, even in the era of alignment techniques, current devices for TAVI
carry the risk of making coronary re-access harder compared to surgical prostheses[21].
Therefore, they potentially hamper future percutaneous coronary revascularizations,
which is of particular interest in young patients[22].

Hence, the choice of the type of intervention should be weighted on several factors,
among which age remains, without doubts, essential. However, substantial heterogeneity
in terms of treatment outcomes is unlikely to be predictable exclusively by age itself. Har-
monizing technical and clinical aspects as well as patient’s preferences, as encouraged by
current guidelines (8,16,21), will remain a must in the next future.

Limitations

The retrospective and non-randomized design is an inherent and key limitation of
the present study, preventing us to exclude the influence of confounders and limiting the
capability to explore all the potential effect modifiers. Missing data (13.5%) might have
influenced the reliability of the analysis. We would have aimed at performing further
analyses to explore the age cut-offs supported by US guidelines: unfortunately, this was
substantially impossible due to the very low number of patients aging less than 65 years.
Furthermore, patients included in the dataset may not be representative of those im-
planted with balloon-expandable valves, which were not enrolled in the HORSE registry.
Finally, due to the lack of a long-term clinical and echocardiographic follow-up, we cannot
estimate the impact of structural valve deterioration.

5. Conclusions

Careful, case-by-case evaluation of patient features and preferences remains a must
in severe AS. Age-related issues exist and should be considered when choosing the best
treatment strategy. However, the age cut-off advocated by contemporary guidelines does
not stratify the occurrence of hard adverse events, either during the hospital stay and
through a mid-length follow-up.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Table 1. In-hospital outcomes according to age quartiles; Supplementary
Figure 1. All-cause mortality according to age quartiles).
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