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Abstract

OBJECTIVES: The incidence of outcomes in trials comparing transcatheter aortic valve implantation (TAVI) and surgical aortic valve re-
placement (SAVR) is expected to be different in the short and long term. We planned a meta-analysis of reconstructed time-to-event data
from trials comparing TAVI and SAVR to evaluate their time-varying effects on outcomes.

METHODS: We performed a systematic review of the literature from January 2007 through September 2021 on Medline, Embase, the
Cochrane Central Register of Controlled Trials and specialistic websites, including randomized trials with allocation to TAVI or SAVR that
reported at least 1-year follow-up and that graphed Kaplan–Meier curves of end points. The comparisons were done with grouped frailty
Cox models in a landmark framework and fully parametric models.

RESULTS: Seven trials were included (7770 participants). TAVI showed a lower incidence of the composite of death or stroke in the first 6 months
[risk-stratified hazard ratio (HR) 0.66, 95% confidence interval (CI) 0.56–0.77, P-value <0.001], with an HR reversal after 24 months favouring SAVR
(risk-stratified HR 1.25; 95% CI 1.08–1.46; P-value 0.003). These outcomes were confirmed for all-cause death (risk-stratified HR after 24 months
1.18; 95% CI 1.03–1.35; P-value 0.01). TAVI was also associated with an increased incidence of rehospitalization after 6 months (risk-stratified HR
1.42; 95% CI 1.06–1.91; P-value 0.018) that got worse after 24 months (risk-stratified HR 1.67; 95% CI 1.24–2.24; P-value <0.001).

CONCLUSIONS: Although it could appear that there is no difference between TAVI and SAVR in the 5-year cumulative results, TAVI shows
a strong protective effect in the short term that runs out after 1 year. TAVI becomes a risk factor for all-cause mortality and the composite
end point after 24 months and for rehospitalization after 6 months.

Keywords: Transcatheter aortic valve replacement • Surgical aortic valve replacement • Follow-up • Aortic valve stenosis

ABBREVIATIONS

CI Confidence interval
HR Hazard ratio
RCTs Randomized controlled trials
RTE Reconstructed time-to-event
SAVR Surgical aortic valve replacement
TAVI Transcatheter aortic valve implantation

INTRODUCTION

Transcatheter aortic valve implantation (TAVI) has been recog-
nized as the primary choice for the treatment of aortic valve

stenosis in prohibitive-risk and high-risk patients and as an alter-
native to surgery in intermediate-risk patients [1–3]. The encour-
aging results up to 5 years in the high- [2, 3] and intermediate-
risk profiles [4, 5] have led to increased interest also in low-risk
patients [6–8], making an appraisal of longer-term outcomes crit-
ically important.

The risk of death and comorbidities postoperatively is non-
constant over time, because the operation is a factor negative-
ly affecting the early postoperative period. Surgical aortic valve
replacement (SAVR) has an intrinsic increased risk of compli-
cations in the first months related, for example, to extracor-
poreal circulation and surgical incisions, risks that decrease
soon after surgery. This well-known time-varying incidence of
mortality and morbidities moving from short- to mid-term
follow-up is driven by different underlying mechanisms:
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outcomes are heavily influenced by the surgical procedure in
the short term whereas later device durability and other valve-
related events intervene in affecting outcomes. We recently
performed a meta-analysis of reconstructed time-to-event
(RTE) data on all-cause mortality to overcome the limitation of
the individually underpowered studies and describe changing
relative hazards over time, revealing an early survival advan-
tage of TAVI, followed by a survival disadvantage after
40 months. This result is in contrast with those of single
randomized controlled trials (RCTs) and other published meta-
analyses that use summary data [9]. The relatively short follow-
up time in RCTs on intermediate- and low-risk groups limited
results between 2 and 5 years, because only the 2 trials on high
risk and 1 small trial on low risk reached the 5-year follow-up
[2, 3, 7], leaving open the concerns about intermediate risk [5,
10]. However, in the past months, the 5-year update of the
PARTNER 2A trial and the 2-year follow-up of the PARTNER 3
trial have been published or presented [4, 11–13]. These data
increased the 5-year sample size 2.14 times, because the
PARTNER 2A trial increased the 5-year follow-up population
from 1776 patients to 3808 [4], which permitted our analysis
to be more informative not only on intermediate-risk but also
on low-risk trials.

To date, RCTs in low- and intermediate-risk cohorts have been
designed with composite primary outcomes. An advantage of a
meta-analysis of multiple trials is that it enables the examination of
rarer components of these composite outcomes, such as all-cause
mortality and neurological events [2, 4–8, 14, 15]. Another end
point that has gained a critical role when comparing TAVI and
SAVR is the incidence of rehospitalization, which may provide fur-
ther insights into the effects of TAVI over time [2, 4, 10, 16].

We planned a pooled meta-analysis of RTE data from trials
comparing TAVI and SAVR to evaluate their effects on the long-
term composite of death for any cause or stroke, all-cause mor-
tality, stroke and rehospitalization, focusing on the potential
time-varying effect and modelling their hazard ratio (HR) over
time.

MATERIALS AND METHODS

Ethics statement

This meta-analysis is exempt from ethics approval because we
collected and synthesized data published from previous clinical
trials in which informed consent had already been obtained by
the trial investigators.

Search strategy and selection criteria

A systematic review of the literature was performed by 2 inde-
pendent researchers to identify eligible studies published be-
tween 1 January 2007 and 30 August 2020 in MEDLINE, Embase
and the Cochrane Central Register of Controlled Trials. The sys-
tematic review of the literature was updated by a professional li-
brarian (B.M.) to check for further trails, extending the search
until 23 September 2021. The search algorithm is detailed in
Supplementary Material, Table S1. We also checked websites
(www.ClinicalTrials.gov, https://www.acc.org, www.escardio.org)
for unpublished data.

The inclusion criteria were (i) RCTs with random allocation to
TAVI or SAVR; (ii) at least 1-year follow-up; and (iii) a report of
Kaplan–Meier curves of a composite of all-cause mortality or
stroke, all-cause-mortality, stroke and rehospitalization in the text
or the appendix or presented at selected international meetings.

The meta-analysis end points were the composite of all-cause
mortality or stroke at follow-up, death from any cause at follow-
up, stroke at follow-up and rehospitalization (procedure-related
or valve-related, including heart failure) at follow-up. We planned
to consider together in the stroke end point studies that included
all strokes or disabling strokes in the composite outcome.

The HR was considered the effect size. HRs were estimated
from pooled RTE data with Cox models and fully parametric
models. We pooled data from intention-to-treat populations,
choosing data from as-treated populations when intention-to-
treat data were not available. For each enclosed trial, we selected
the longest available follow-up report for each end point.

Data extraction and analysis

Two independent investigators (F.B. and A.P.) identified trials that
fulfilled the prespecified inclusion criteria. Eligible trials were
then reviewed in duplicate and disagreement was solved by a
third investigator (M.R.). Data extracted from the text and appen-
dix were trials characteristics, patient baseline data and comor-
bidities, device types and implant access.

In a meta-analysis of aggregated time-to-event data across tri-
als, the appropriate effect measurement is the HR. Several extrac-
tion methods have been described, including direct and indirect
estimation of HRs and 95% confidence interval (CI) [17–27].
Among them, the curve approach with the reconstruction of
time-to-event data at the individual level is the more appropri-
ate, because it allows us to overcome the limitation of non-
proportional hazards increasingly reported in trials and also
affecting the summary effect [26, 27]. Time-to-event data were
extracted at the individual level from the Kaplan–Meier graphs.
[9, 26–29], employing a dedicated software (Plot Digitizer 2.6.2
for Macintosh, https://sourceforge.net/projects/plotdigitizer/files/
plotdigitizer/2.6.2/) to digitize Kaplan–Meier curves and a
Kaplan–Meier data reconstruction algorithm for estimating indi-
vidual patient data.

Risk of bias and quality assessment

The risk of bias among included trials was estimated by 2 authors
(M.D.M., M.R.) using the revised Cochrane risk-of-bias tool for
RCTs [30].

Statistical analyses

The cumulative incidence of outcomes at follow-up in the 2
treatment arms was evaluated with Kaplan–Meier estimates.
Unadjusted HRs in the pooled data set were estimated with the
grouped frailty semi-parametric (Cox) model, accounting for het-
erogeneity among trials with a random-intercept parameter, as
previously described [9]. A grouped frailty semi-parametric (Cox)
model was used to estimate unadjusted HRs in the pooled data
set, accounting for heterogeneity among trials with a random-
intercept parameter. The grouped frailty semi-parametric (Cox)
model was also stratified by risk profile (high, intermediate and
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low, as the risk profile of included patients has been classified by
each RCT selected for the meta-analyses). The proportionality of
the hazards of the Cox models was checked with the Grambsch–
Therneau test and diagnostic plots based on Schoenfeld residuals.
We planned to perform a landmark analysis in the case of
evidence of non-constant proportional hazards from the test
results or from visual inspection of the Kaplan–Meier curves. The
time-dependency treatments’ effect was approached with the
landmark analysis, applying the Kaplan–Meier analysis and Cox
regression to evaluate end points in the groups (TAVI/SAVR) at
different time points. In the survival analysis setting, landmark
analysis refers to the practice of designating a time point occur-
ring during the follow-up period (known as the landmark time)
and analysing only those subjects who have survived until the
landmark time. The cut-offs were chosen on the basis of visual
inspection of the scaled Schoenfeld residuals and of the Kaplan–
Meier curves. Moreover, the time-varying HR of end points for
TAVI versus SAVR was modelled with fully parametric generalized
survival models (Royston–Parmar models) with baseline smooth-
er and time-varying variables based on B-splines.

Quality assessment of RTE data was performed graphically by
checking the derived Kaplan–Meier curves with the original ones.
Moreover, the accuracy was evaluated by comparing the esti-
mated and reported (when available) HRs. We assessed potential
publication bias with visual interpretation of the funnel plots.

Analyses were performed with R language (R 3.6.0; R
Development Core Team. R: A Language and Environment for
Statistical Computing. Vienna, Austria: R Foundation for Statistical
Computing, 2016. ISBN 3-900051-07-0, http://www.R-project.org/).

We adhered to the Preferred Reporting Items for Systematics
Reviews and Meta-analyses statement (Preferred Reporting Items for
Systematics Reviews and Meta-analyses checklist, Supplementary
Material, Table S2) [31]. The meta-analysis protocol has not been
registered in the PROSPERO.

Role of funding source

This study was done without funding. The corresponding author
had full access to all the data in the study and had final responsi-
bility for the decision to submit for publication.

RESULTS

Trials characteristic and risk of bias

After the literature search, eligibility evaluation and exclusion of
duplicates, 8 trials were checked for further assessment. We
excluded the STACCATO trial because only 30-day follow-up
data were reported. Seven trials (PARTNER 1A, PARTNER 2A,
PARTNER 3, NOTION, US CoreValve High Risk, SURTAVI and
EVOLUT Low-risk trial) fulfilled the prespecified inclusion criteria
and were included in the meta-analysis (Supplementary Material,
Fig. S1) [2–8, 10–13, 15, 16].

Table 1 shows baseline characteristics of the study groups. All
studies were multicentre randomized trials, and the longest avail-
able follow-up was published between 2015 and 2020. Four of 7
studies reported 5-year follow-up data (a cohort of 3808
patients). Kaplan–Meier graphs from intention-to-treat data were
available from PARTNER 1A, PARTNER 2A and SURTAVI trials.

As-treated population data were available from PARTNER 3,
CoreValve U.S. Pivotal trial, Evolut R Low-Risk trial and NOTION.

Overall, 7770 patients were randomly assigned to undergo
TAVI (n = 3977) or SAVR (n = 3793). In the 7 trials, both balloon-
expanding (Edwards SAPIEN, SAPIEN XT and SAPIEN 3, Edwards
Lifesciences, Irvine, CA, USA) and self-expanding TAVI devices
(Medtronic CoreValve, Minneapolis, MN, USA) were under study.
The TAVI approaches were different; however, the most common
access was transfemoral.

The risk of bias of the included trials is detailed in
Supplementary Material, Table S3.

Quality assessment of estimated reconstructed
time-to-event data

No major graphical differences were noted during a visual com-
parison between the originally reported Kaplan–Meier curves
and the estimated Kaplan–Meier curves. HRs estimated from RTE
data were compared to HRs in the paper, when available. The
NOTION, EVOLUT R Low-Risk and SURTAVI trials did not calcu-
late TAVI versus SAVR HRs, whereas a comparison between
reported and estimated HRs was possible for PARTNER 1A,
PARTNER 2A, PARTNER 3 and CoreValve US Pivotal trials. As
shown in Supplementary Material, Fig. S2, HRs estimated from
RTE data were not different from those reported in the trials,
confirming a high accuracy of the reconstructing time-to-event
data method.

Analysis of composite of death from any cause or
stroke up to 5 years

Six of the 7 RCTs reported Kaplan–Meier graphs of the composite
end point. The NOTION trial was not included because it
reported a composite of death, stroke and myocardial infarction
as the primary end point [7]. Moreover, only the 3-year graph of
the composite end point was available for the CoreValve U.S.
Pivotal trial, although 5-year results have been published [3, 15].
Summarizing, the included trials were PARTNER 1A (5 years),
CoreValve U.S. Pivotal trial (3 years), PARTNER 2A (5 years),
SURTAVI (2 years), PARTNER 3 (2 years) and EVOLUT LR (2 years)
[2, 4, 5, 8, 12, 13, 15]. PARTNER 3 included all strokes as a com-
ponent of the composite outcomes while all other trials included
disabling strokes.

Figure 1A shows the Kaplan–Meier estimates for the composite
of all-cause mortality or stroke, based on an estimated follow-up
of 192,689 patient-months. The difference between TAVI and
SAVR curves was not significant (log-rank P-value 0.7). The risk-
stratified Cox modelling (HR 0.98; 95% CI 0.90–1.08; P-value
0.73) was invalidated by the strong departure from constancy of
the HR, underscored by the Schoenfeld residuals and the
Grambsch–Therneau test for the time-invariant effect (P-value
<0.001) that lead to the misleading effect estimation. Therefore
we proceeded with the landmark analysis and models accounting
for the time-varying effect.

The cut-offs selected for landmarking by visual inspection of
the scaled Schoenfeld residuals, and the Kaplan–Meier curves
were 6 and 24 months. Figure 1B shows the Kaplan–Meier esti-
mates of all-cause mortality by the landmark analysis. In the first
6 months after implantation, TAVI was related to a significantly
lower incidence of the composite outcome (risk profile stratified
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HR 0.66, 95% CI 0.56–0.77; P-value <0.001). Although randomiza-
tion to SAVR was associated with a numerically improved survival
in 6–24 months, this difference in the incidence of the composite
outcome between TAVI and SAVR was not statistically significant
(6–24 months risk-stratified HR 1.16, 95% CI 0.97–1.38; P-value
0.099). A landmark analysis of the composite outcome after

24 months yielded a significant reversal of HR (risk-stratified HR
1.25; 95% CI 1.08–1.46; P-value 0.003) favouring SAVR (Table 2).

The analysis of the HR trend over time of TAVI versus SAVR
estimated by fully parametric generalized survival models con-
firmed the results of the landmark analysis (Fig. 2). TAVI was su-
perior to surgery in the early months with the advantage

Figure 1: (A) Kaplan–Meier incidence function of the composite of all-cause mortality and stroke in transcatheter aortic valve implantation and surgical aortic valve
replacement groups. (B) Landmark analysis of all-cause mortality or stroke in transcatheter aortic valve implantation and surgical aortic valve replacement groups. CI:
confidence interval; HR: hazard ratio; SAVR: surgical aortic valve replacement; TAVI: transcatheter aortic valve implantation.

Table 2: Risk-stratified hazard ratios of transcatheter aortic valve implantation and surgical aortic valve replacement or the meta-ana-
lysis end points by landmark analysis

Number of
patients (trials)

Hazard ratio Random
parameter h

P-value

Value (95% CI) P-value GTt Pa

Composite of death
and stroke

7494 (6) 0.98 (0.90–1.08) 0.73 <0.001* 0.050 <0.001*

0–6 months 0.66 (0.56–0.77) <0.001* 0.951 0.052 0.002*

6–24 months 1.16 (0.97–1.38) 0.099 0.083 0.037 0.079
24–60 months 1.25 (1.08–1.46) 0.003* 0.172 0.001 0.7

All-cause mortality 7770 (7) 1.00 (0.92–1.1) 0.94 0.001* 0.100 <0.001*

0–6 months 0.70 (0.59–0.83) <0.001* 0.225 0.139 <0.001*

6–24 months 1.09 (0.91–1.31) 0.33 0.003* 0.045 0.066
24–60 months 1.18 (1.03–1.35) 0.01* 0.964 0.017 0.047*

Stroke 5738 (6) 0.73 (0.58–0.93) 0.01* 0.03* 0.095 0.019*

0–6 months 0.63 (0.47–0.87) 0.003* 0.108 0.151 0.023*

6–24 months 0.94 (0.58–1.51) 0.79 0.07 0.083 0.17
24–60 months 0.91 (0.50–1.67) 0.87 0.01* 0.001 0.87

Rehospitalization 5084 (4) 1.07 (0.93–1.22) 0.34 <0.001* 0.246 <0.001*

0–6 months 0.80 (0.67–0.96) 0.018* 0.384 0.320 <0.001*

6–24 months 1.42 (1.06–1.91) 0.018* 0.359 0.001 0.80
24–60 months 1.67 (1.24–2.24) <0.001* 0.63 0.001 0.99

CI: confidence interval; GTt: grambsch-therneau test for time-invariant effect.
aGrambsch–Therneau test for time-invariant effect. When the proportionality of hazards is violated, the Cox model is invalidated and methods for integrating
time-varying effects should be considered.
*P-value <0.05.
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decreasing over time to 2 years, when SAVR became clearly
superior.

Analysis of all-cause mortality up to 5 years

All 7 RCTs reported Kaplan–Meier graphs of all-cause mortality.
Summarizing, the included trials were PARTNER 1A (5 years),
CoreValve U.S. Pivotal trial (5 years), NOTION trial (5 years),
PARTNER 2A (5 years), SURTAVI (2 years), PARTNER 3 (2 years)
and EVOLUT LR (1 year) [2, 3, 5, 7, 11–13, 16].

Figure 3A shows the Kaplan–Meier estimates for all-cause
mortality (log-rank P-value 0.9). Also in the risk-stratified Cox-
estimated HR for all-cause mortality, the assumption of hazard
proportionality was not fulfilled (Grambsch–Therneau test, P-
value 0.001), invalidating the results (HR 1.00; 95% CI 0.92–1.1; P-
value 0.94) and requesting further analysis for investigating the
time-varying effect.

The Kaplan–Meier estimates of all-cause mortality by the land-
mark analysis show results similar to those of the composite out-
come (Supplementary Material, Fig. S3). TAVI was associated
with a survival advantage over surgery in the first 6 months (HR
0.70, 95% CI 0.59–0.83; P-value <0.001), whereas no difference in
mortality was shown between 6 and 24 months (HR 1.09, 95% CI
0.91–1.31; P-value 0.33). Again, a reversal of HR (risk-stratified
HR 1.18; 95% CI 1.03–1.35; P-value 0.01) favouring SAVR over
TAVI was evident after 24 months (Table 2).

The analysis of the HR trend over time for all-cause death is con-
cordant with the landmark outputs, showing that the TAVI survival
advantage in the first few months turns into a significant disadvan-
tage after 2 years (Fig. 3B). As expected, the HR trend including only
trials with 5 years of follow-up was largely superimposable on that
of the total group ( Supplementary Material, Fig. S6).

Analysis of stroke incidence up to 5 years

Six of the 7 RCTs reported Kaplan–Meier graphs of stroke; the
PARTNER 2A trial was not included [4]. Moreover, the 3-year
graph of stroke was available for the CoreValve U.S. Pivotal trial,
and the 1-year Kaplan–Meier graph of stroke was available for
the EVOLUT LR Trial [3, 8, 14, 15]. Summarizing, the included tri-
als were PARTNER 1A (5 years), CoreValve U.S. Pivotal trial
(3 years), NOTION (5 years), SURTAVI (2 years), PARTNER 3
(2 years) and EVOLUT LR (1 years) [2, 5, 7, 12, 13, 15, 16]. Analysis
of stroke in the 2 groups was limited by the low incidence and
the reduced sample size.

Figure 4A shows the Kaplan–Meier estimates for stroke (log-
rank P-value 0.01, showing the advantage of TAVI). Also in the
risk-stratified Cox-estimated HR for stroke, the assumption of
hazard proportionality was not fulfilled (Grambsch–Therneau
test; P-value 0.03), invalidating the results of the Cox model (HR
0.73; 95% CI 0.58–0.93; P-value 0.01) and requiring further ana-
lysis for investigating the time-varying effect.

Figure 2: Hazard ratio trend over time for all-cause mortality or stroke of transcatheter aortic valve implantation versus surgical aortic valve replacement estimated by
fully parametric generalized survival models. CI: confidence interval; HR: hazard ratio; SAVR: surgical aortic valve replacement; TAVI: transcatheter aortic valve
implantation.
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At landmark analysis ( Supplementary Material, Fig. S4), TAVI
showed a significantly lower incidence of stroke (risk-stratified
HR 0.63, 95% CI 0.47–0.87; P-value 0.003) in the first 6 months
after implantation (Fig. 3A). There was no difference in stroke in-
cidence between the groups after 6 months (risk-stratified HR
0.94, 95% CI 0.58–1.51; P-value 0.79 between 6 and 24 months;

risk-stratified HR 0.91, 95% CI 0.50–1.67; P-value 0.87 after
24 months; Table 2).

The landmark analysis results were concordant with the HR
trend analysis shown in Fig. 4B. The weight of the protective ef-
fect of TAVI in the first postoperative period accounts for the un-
validated Cox estimated HR considering all the time points.

Figure 3: (A) Kaplan–Meier incidence function of all-cause mortality in transcatheter aortic valve implantation and surgical aortic valve replacement groups. (B)
Hazard ratio trend over time for mortality of transcatheter aortic valve implantation versus surgical aortic valve replacement. HR: hazard ratio; SAVR: surgical aortic
valve replacement; TAVI: transcatheter aortic valve implantation.

Figure 4: (A) Kaplan–Meier incidence function of stroke in transcatheter aortic valve implantation and surgical aortic valve replacement groups. (B) Hazard ratio trend
over time for stroke with transcatheter aortic valve implantation versus surgical aortic valve replacement. HR: hazard ratio; SAVR: surgical aortic valve replacement;
TAVI: transcatheter aortic valve implantation.
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Analysis of rehospitalization incidence up to
5 years

Four of the 7 RCTs reported Kaplan–Meier graphs for rehospitali-
zation. The included trials were PARTNER 1A (5 years), PARTNER
2A (5 years), PARTNER 3 (2 years) and EVOLUT LRT (1 year) [2, 4,
12, 13, 16].

Figure 5A shows the Kaplan–Meier estimates for rehospitalization
(log-rank P-value 0.5). Also in the risk-stratified Cox-estimated HR
for rehospitalization, the assumption of hazard-proportionality was
not fulfilled (Grambsch–Therneau test; P-value <0.001), invalidating
the results of the Cox model (HR 1.07; 95% CI 0.93–1.22; P-value
0.34) and requesting further analysis for investigating the time-
varying effect.

The risk-stratified Cox-estimated HR showed a strong de-
parture from constancy (P-value <0.001); therefore, we moved
to a landmark analysis. In the first 6 months after the implant,
TAVI was related to a significantly lower incidence of rehospi-
talization (risk-stratified HR 0.80, 95% CI 0.67–0.96, P-value
0.02; Supplementary Material, Fig. S5). The incidence of reho-
spitalization was significantly favourable for surgery between 6
and 24 months (risk-stratified HR 1.42; 95% CI 1.06–1.91;
P-value 0.018) and this advantage was maintained and ampli-
fied after 24 months (risk-stratified HR 1.67; 95% CI 1.24–2.24;
P-value <0.001), as shown in Supplementary Material, Fig. S5
and Table 2.

The landmark analysis results were concordant with those of
the HR trend analysis (Fig. 5B). The advantage of TAVI appears to
be limited to the first few months after the implant whereas the
hazard of rehospitalization is significantly lower in the surgical
group after 1 year.

DISCUSSION

The rapid development and wider indication for TAVI in younger
and lower-risk patients have led to increased attention to long-term
follow-up, because the feasibility and short-term safety of the pro-
cedure are increasingly well documented in clinical trials [2–8, 10–
13, 15, 16]. Short-term results have shown that the appeal of a less
invasive approach is not only aesthetic but it also leads to lower
complication rates and faster ‘recovery’, which may be particularly
valuable in older and frail patients [2–8, 10–13, 15, 16]. A shorter in-
hospital stay, as well as a lower incidence of readmission in the first
months after the procedure, is a direct confirmation of the better
outcomes of TAVI within the first months [6]. Nonetheless, the
short-term outcome cannot necessarily be confirmed at the longer
follow-up because the forces that drive outcomes are different and
the durability of a new prosthesis compared to the gold standard
should be evaluated over a prolonged period of time, usually >5
years and, ideally, at least 10 years. Our results indicate that the ad-
vantage of TAVI over SAVR is not constant over time and might be
reversed with a longer follow-up, favouring surgery. The increase in
patient numbers of the 5-year cohort, as well as the follow-up to
2 years of low-risk trials, stabilized the results of our previous analy-
ses of all-cause death [9] and gave more precise estimates, indicating
that the reversal of HR favouring surgery may be anticipated at
about 2 years and that most of the TAVI advantage on survival can
be confined to the first months. This message is reinforced also by
the analysis of the composite of all-cause mortality and stroke at
follow-up and rehospitalization at follow-up. Their HRs trend to
have the same pattern and overturn the widespread hypothesis that
good short-term results indicate good long-term results [32].

Our results contrast with those of most of the meta-analyses
performed on the same issue and with almost the same included

Figure 5: (A) Kaplan–Meier incidence function of stroke in transcatheter aortic valve implantation and surgical aortic valve replacement groups. (B) Hazard ratio trend
over time for rehospitalization of transcatheter aortic valve implantation versus surgical aortic valve replacement. HR: hazard ratio; SAVR: surgical aortic valve replace-
ment; TAVI: transcatheter aortic valve implantation.
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studies [33–35], which showed superiority or at least no inferior-
ity of TAVI at follow-up. As we previously demonstrated, these
contrasting results are related to the use of standard meta-
analytic methods for time-to-event outcomes that are used when
the data are front-loaded in short-term trials. For the evidence
syntheses, pooling the treatment effect over trials with reported
HR is limited and unsatisfactory, because it requires proportional
hazards, an assumption that is seldom checked and sometimes
implausible on inspection [9, 25, 26]. Moreover, mixing HRs and
ORs in the same meta-analysis can substantially bias the sum-
mary effect [33]. In addition, heterogeneity due to effects that
vary with time could be highly misleading when treatment effects
are estimated with traditional meta-analytic methods [9].

Our meta-analytic estimates are congruent with those of the indi-
vidual studies but provide greater statistical precision. The graphical
analysis of Kaplan–Meier curves as well as the landmark analysis per-
formed in some studies reveals a varying effect of TAVI versus SAVR
over time [2–4]. In the PARTNER 2A at 5 years, TAVI was associated
with a significant survival disadvantage of 2–5 years in the overall co-
hort (HR 1.27, 95% CI 1.06–1.53; P < 0.05) and in the transfemoral
(HR 1.23 95% CI 1.00–1.52) and transapical subgroups (1.45, 95% CI
1.01–2.07) [4, 11, 36]. The pooled estimates after 2 years in the
meta-analysis are consistent with those derived by comparing the
transfemoral cohort and SAVR and diverge from the higher HR of
transapical TAVI versus SAVR, suggesting that they are more repre-
sentative of the comparison between the transfemoral cohort and
SAVR and are little affected by the outcomes of transapical TAVI. It
is a key point because one of the limitations related to the compari-
son between TAVI and SAVR is the case mix in both groups. The
transapical TAVI have significantly worse outcomes compared to the
transfemoral TAVI, and the pooled analysis of TA and TF groups can
lead to less reliable results. In the surgical arm of all RCTs, there is a
significantly higher proportion of associated procedures compared
to TAVI that holds an intrinsically higher risk of mortality and mor-
bidities, which is also shown by the existing risk score calculators.
Although an unbiased analysis should compare isolated transfemoral
TAVI and isolated SAVR, the case mix of the 2 treatments in RCTs
moves the outcomes in the same direction and could not affect
their ratio. The difference between TAVI and SAVR at follow-up is
also more marked in the 5-year outcomes of the German Aortic
Valve Registry, with a 50% higher risk for mortality in the TAVI group
that remains constant over time [37]. The worse scenario of the
registry can reflect the different meaning of observation studies, be-
cause RCTs cannot reflect the real world, and their internal validity
may be gained at the price of their general applicability [38].

The explanation for the time-varying effect of TAVR/SAVR on
outcomes at 5 years is far beyond the scope of the present study.
Durability of the prosthesis, paravalvular leaks and the higher in-
cidence of pacemaker implants have been considered potential
factors affecting midterm outcomes [39]. Newer prostheses are
claimed to have better performance and a lower incidence of
structural and non-structural valve deterioration, although the
evidence supporting these arguments is limited. Further, a latest-
generation device in low-risk patients has been associated with
an increased risk of valve thrombosis at 2 years compared with
surgery (2.6% vs 0.7%; P-value 0.02) [12].

Limitations

Our pooled meta-analysis of RTE data has limitations. The dur-
ation of follow-up is limited to 5 years, and midterm outcomes

are representative of intermediate-risk and high-risk groups. The
longer follow-up is available for older devices, and results should
be validated also in trials with newer devices that potentially
could demonstrate improved outcomes due to improvement in
valve design, technical aspects and procedural learning curve.
Moreover, on top of device changes, procedures are systematic-
ally improving over time for both TAVR and SAVR, and studies
performed a few years ago cannot intercept these continuous
advances [40, 41]. Nonetheless, the open concerns about durabil-
ity and the outcomes at longer follow-up times overcome by far
the expectations associated with newer TAVI prostheses. A com-
parison between balloon-expanding and self-expanding TAVI
devices was not performed. Moreover, this analysis was stratified
only for risk profile by STS score and EuroSCORE at the study
level, and the potential impact of comorbidities on both hetero-
geneity and outcomes in individual patients cannot be
extrapolated.

CONCLUSIONS

Although it could appear that there is no difference between
TAVI and SAVR in the 5-year cumulative results, there is an evi-
dent time-varying trend of the HR concordant with the survival
crossing curves. TAVI shows a strong protective effect in the first
months after implantation. This advantage reverses over time,
and TAVI becomes a risk factor for all-cause mortality alone and
the composite for all-cause mortality or stroke after 24 months.
TAVI is also associated with a 69% increased hazard of rehospital-
ization beginning 1 year after implantation.
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