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Midterm Survival of Low-Risk Patients 
Treated With Transcatheter Versus Surgical 
Aortic Valve Replacement: Meta-Analysis of 
Reconstructed Time-to-Event Data
Michel Pompeu Sá , MD, MSc, MHBA, PhD*; Xander Jacquemyn , BSc*; Jef Van den Eynde , BSc;  
Derek Serna-Gallegos , MD; Danny Chu , MD; Marie-Annick Clavel , DVM, PhD;  
Philippe Pibarot , DVM, PhD; Ibrahim Sultan , MD

BACKGROUND: We performed a meta-analysis of reconstructed time-to-event data from randomized controlled trials (RCTs) 
and propensity-score matched (PSM) studies comparing transcatheter versus surgical aortic valve replacement (TAVR versus 
SAVR) to evaluate midterm outcomes in patients considered low risk for SAVR.

METHODS AND RESULTS: Study-level meta-analysis of reconstructed time-to-event data from Kaplan–Meier curves of RCTs and PSM 
studies published by December 31, 2022 was conducted. Eight studies (3 RCTs, 5 PSM studies) met our eligibility criteria and in-
cluded 5444 patients; 2639 patients underwent TAVR, and 2805 patients underwent SAVR. TAVR showed a higher risk of all-cause 
mortality at 8 years of follow-up (hazard ratio [HR] 1.22, [95% CI, 1.03–1.43], P=0.018). Up to 2 years of follow-up, TAVR was not 
inferior to SAVR (HR, 1.08 [95% CI, 0.89–1.31], P=0.448); however, we observed a statistically significant difference after 2 years with 
higher mortality with TAVR (HR, 1.51 [95% CI, 1.14–2.00]; P=0.004). This difference was driven by PSM studies; our sensitivity analy-
sis showed a statistically significant difference between TAVR and SAVR when we included only PSM studies (HR, 1.41 [95% CI, 
1.16–1.72], P=0.001) but no statistically significant difference when we included only RCTs (HR, 0.89 [95% CI, 0.69–1.16], P=0.398).

CONCLUSIONS: In comparison with TAVR, SAVR appeared to be associated with improved survival beyond 2 years in low-risk 
patients. However, the survival benefit of SAVR was observed only in PSM studies and not in RCTs. The addition of data from 
ongoing RCTs as well as longer follow-up in previous RCTs will help to confirm if there is a difference in mid- and long-term 
survival between TAVR versus SAVR in the low-risk population.

Key Words: cardiac surgical procedures ■ cardiovascular surgical procedures ■ heart valve diseases ■ heart valve prosthesis 
implantation ■ meta-analysis ■ transcatheter aortic valve replacement

Several randomized controlled trials (RCTs) have 
been conducted in the past decade to compare 
the outcomes of transcatheter aortic valve replace-

ment (TAVR) versus surgical aortic valve replacement 

(SAVR) in patients with severe aortic stenosis (AS). 
Recently, Barili et al1 showed that the mortality rates 
in RCTs of TAVR versus SAVR in patients with severe 
aortic stenosis (AS) are affected by treatments with 
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a time-varying effect. In a second study, Barili et al2 
showed that TAVR for the treatment of native valves 
shows a strong protective effect in the short term, which 
is no longer present after 1 year; however, it becomes 
a risk factor for all-cause mortality after 24 months and 
for rehospitalization after 6 months. Although these 
studies were well conducted, Barili et al1,2 included in 
their studies patients at high, intermediate, and low 
risk and pooled them together, which may have led to 
some confounding bias due to the differences in the 
risk profiles across the studies.

When it comes specifically to the population at low 
risk for SAVR, controversy exists as whether the avail-
able data justify further TAVR expansion to this group, 
which represents up to 75% of all patients with AS.3 
Therefore, we performed a meta-analysis with recon-
structed time-to-event data of RCTs and propensity 
score-matched (PSM) studies to compare overall sur-
vival at the longest follow-up after TAVR and SAVR in 
low-risk symptomatic patients with severe AS.

METHODS
Eligibility Criteria, Databases, and Search 
Strategy
This study followed the Preferred Reporting Items 
for Systematic Reviews and Meta-analyses reporting 
guideline.4 All data support the findings of this study 
are available from the corresponding author upon rea-
sonable request. Using the Population, Interventions, 
Comparison, Outcome, and Study design strategy, 
studies were included if the following criteria were 
fulfilled:

	 1.	 The population comprised patients with severe 
AS.

	 2.	 There was an intervention group undergoing 
TAVR.

	 3.	 There was a second intervention group under-
going SAVR.

	 4.	 Outcomes studied included overall survival and/
or all-cause death (with Kaplan–Meier curves).

	 5.	 The study design was RCT or PSM.

The following sources were searched for articles meet-
ing our inclusion criteria and published by December 31, 
2022: PubMed/MEDLINE, EMBASE, SciELO, LILACS, 
CENTRAL/CCTR (Cochrane Controlled Trials Register), 
Google Scholar, and the reference lists of relevant arti-
cles. The search strategy used for each database is fully 
expanded in Tables S1–S6. Exclusion criteria included 
studies with overlapping samples, studies without 
Kaplan–Meier curves for analysis of survival, and studies 
considered non-RCTs and non-PSM studies.

The following steps were taken for study selection: 
(1) identification of titles of records through database 
search; (2) removal of duplicates; (3) screening and 
selection of abstracts; (4) assessment for eligibility 
through full-text articles; and (5) final inclusion in study. 
Studies were selected by 2 independent reviewers. 
When there was disagreement, a third reviewer made 
the decision to include or exclude the study. Ethical ap-
proval was not applicable for this study, as it consisted 
of a systematic review and meta-analysis. There were 
no language restrictions.

Assessment of Risk of Bias
The Cochrane tools Risk of Bias in randomized tri-
als 25 and Risk of Bias in Non-Randomized Studies 
of Interventions6 were systematically used to assess 
included studies for risk of bias. Two independent re-
viewers assessed risk for bias. When there was a disa-
greement, a third reviewer checked the data and made 
the final decision.

CLINICAL PERSPECTIVE

What Is New?
•	 In the scenario of transcatheter versus surgical 

aortic valve replacement in patients deemed low 
risk for surgical aortic valve replacement, surgery 
is associated with improved survival after 2 years 
when we consider randomized controlled trials 
and propensity-score matched studies together.

•	 Considering randomized controlled trials and 
propensity-score matched studies separately, 
the benefit of surgical aortic valve replacement 
over transcatheter aortic valve replacement is 
apparent in the latter but not in the former.

What Are the Clinical Implications?
•	 Because there remain some discrepancies be-

tween real-world and randomized controlled 
trial-generated data, heart teams should not 
adopt transcatheter aortic valve replacement 
indiscriminately in low-risk patients but rather 
make decisions on a case-by-case basis.

Nonstandard Abbreviations and Acronyms

PSM	 propensity score matching
RMST	 restricted mean survival time
SAVR	 surgical aortic valve replacement
TAVR	 transcatheter aortic valve replacement
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Statistical Analysis
Individual patient data derived from published 
Kaplan–Meier graphs from all included studies were 
reconstructed using the “curve approach.”7 We used 
the 2-stage approach as described by Liu et al8 based 
on the R package “IPDfromKM” (version 1.2.3.0). In 
the first stage, raw data coordinates (time, survival 
probability) were extracted from each subgroup in 
each of the respective Kaplan–Meier curves. In the 
second stage, the data coordinates were processed 
based on the raw data coordinates from the first stage 
in conjunction with the numbers at risk at given time 
points, and individual patient data (time-to-event or 
time-to-last-follow-up for each individual patient) were 
reconstructed. To construct the final study data set, 
reconstructed individual patient data from individual 
studies were merged. Overall survival at follow-up 
in patients at low risk were visually assessed using 
Kaplan–Meier estimates. Hazard ratios (HRs) with 
95% CIs for the difference between both subgroups 
were calculated using a Cox frailty regression model. 
Between-study heterogeneity was assessed by the 
inclusion of a γ frailty term, where individual studies 
modeled as a random effect using random intercepts. 
A likelihood ratio test was used to test the significance 
of this γ frailty term. A robust variance estimator was 
used to account for violations of the assumption of 
homoscedasticity (or homogeneity of variances, 
which is an assumption of equal or similar variances in 
different groups being compared). An HR >1 indicated 
a higher risk of mortality in patients underwent TAVR 
in comparison with SAVR. The proportional hazards 
assumption of each Cox model was checked with the 
Grambsch-Therneau test and diagnostic plots based 
on Schoenfeld residuals.9 The landmark analysis was 
performed based on either visual or statistical viola-
tion of proportionality of the hazards. Flexible para-
metric survival models (Royston-Parmar models or 
generalized survival models) with B-splines were cal-
culated to provide HRs with 95% CIs as a measure 
of association between intervention and mortality, 
while allowing for a time-varying effect.10 Additionally, 
we modeled the difference in restricted mean survival 
times (RMSTs) over time using the R package “sur-
vRM2” (version 1.0–4).11

Finally, we explored the outcomes according 
to type of study (RCTs versus PSM studies) and 
possible modulating effects of covariates (such as 
age, female sex, diabetes, coronary artery disease, 
risk score, permanent pacemaker implantation, 
prosthesis-patient mismatch, paravalvular leakage) 
on mortality risk with meta-regression analyses. All 
analyses were completed with R Statistical Software 
(version 4.2.1, Foundation for Statistical Computing, 
Vienna, Austria).

RESULTS
Study Selection and Characteristics
After excluding duplicates and noneligible studies, 8 
studies12–19 met our eligibility criteria (Figures S1–S6). 
Three studies were RCTs13,15,16 and 5 studies were 
PSM12,14,17–19 (Table S2). A total of 5444 patients were 
included (2639 patients underwent TAVR, and 2805 
patients underwent SAVR). Patients’ characteristics 
are shown in Table  S3. Mean age in all the studies 
were over 70 years, ranging from 73.3 to 80.1 years. 
Female patients were well represented in the studies. 
Transfemoral access was the most frequently used ap-
proach for TAVR. Six studies13–18 reported the mean 
score for the perioperative procedural risk of mortal-
ity using the Society of Thoracic Surgeons Predicted 
Risk of Mortality score at 30 days, ranging from 1.9 to 
3.0 points. In addition, 2 studies12,19 reported the mean 
score for the logistic European System for Cardiac 
Operative Risk Evaluation II, ranging from 2.0 to 2.6 
points. Figure S2 shows the qualitative assessment of 
the studies with the tools Risk of Bias in Randomized 
Trials 2 and Risk of Bias in Non-Randomized Studies 
of Interventions.

Analysis of Overall Survival
Figure  1 depicts the pooled overall survival combin-
ing data from the 8 included studies. The overall sur-
vival in the TAVR arm was 48.4% (95% CI, 41.6–56.2), 
and overall survival in the SAVR arm was 57.2% (95% 
CI, 49.8–65.6). Our pooled survival analysis revealed 
that patients who underwent TAVR had a signifi-
cantly higher risk of mortality compared with patients 

Figure 1.  Main analysis of overall survival up to 8 years, 
including all studies.
The solid lines represent the estimates, and the surrounding bands 
are 95% CI. HR indicates hazard ratio; SAVR, surgical aortic valve 
replacement; and TAVR, transcatheter aortic valve replacement.
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who underwent SAVR (HR, 1.22 [95% CI, 1.03–1.43], 
P=0.018). There was significant statistical heteroge-
neity between studies (likelihood ratio test, P<0.001; 
Table S4).

There was visual evidence of violation of the propor-
tional hazards assumption in the Kaplan–Meier curve 
(Figure 1 around the 2-year time point), and in the plot of 
Schoenfeld residuals against time (Figure S3), whereas 
the Grambsch-Therneau test for time-invariant effect 
was not statistically significant (P=0.053; Figure  S3). 
Figure 2 presents the analysis of time-varying HRs for 
mortality based on flexible parametric survival models 
with B-splines. This revealed a statistically significant 
decreased risk of mortality with TAVR (HR <1) in the 
postprocedural period (up to 3.2 months) followed by 
a short period of similar risk between 3.2 months and 
11 months. However, thereafter, a reversal starts at the 
11-month mark, indicating a higher risk associated with 
TAVR during the remaining follow-up up to 8 years.

Figure 3 shows the difference in the mean event-free 
survival time (eg, difference in RMST) over the entire 
follow-up. The relatively stable trend of the curve up 
to 4 years shows that the early benefit due to reduced 
mortality risk in the TAVR arm influences the RMST up 
to 4.13 years. In the first year following intervention, the 
treatment difference in RMST is statistically significant. 
A greater number of events in the TAVR arm takes place 
thereafter reducing its benefit, as apparent in the down-
wards trend. At 8 years follow-up after the primary inter-
vention, the treatment difference in RMST is statistically 
significant, resulting in a benefit of 187.2 days (95% CI, 
85.1–289.2, P<0.001) in the SAVR arm.

Landmark Analysis
Landmark analysis was performed, designating 2 years 
as the landmark time point (Figure 4) as we can visual-
ize the curves crossing at this timepoint in Figure 1. In 
the first 2 years after intervention, the risk of mortality 
was similar in both groups (HR, 1.08 [95% CI, 0.89–
1.31], P=0.448). Beyond 2 years, the landmark analy-
sis showed an increased risk of mortality associated 

with TAVR in comparison with SAVR (HR, 1.51 [95% CI, 
1.14–2.00], P=0.004).

Sensitivity Analysis
We investigated the overall survival according to type of 
study (RCT versus PSM) and found out that there was 
no statistically significant difference between TAVR and 
SAVR when we included only RCTs (Figure 5A shows 
risk of mortality for TAVR in comparison with SAVR, 
HR, 0.89 [95% CI, 0.69–1.16], P=0.398). However, a 
statistically significant difference was observed when 
we included only PSM studies (Figure 5B shows risk of 
mortality for TAVR in comparison with SAVR, HR, 1.41 
[95% CI, 1.16–1.72], P=0.001). The plot of Schoenfeld 
residuals against time and results from the Grambsch-
Therneau test are presented in Figure S4.

Meta-Regression Analysis
Our meta-regression analyses (Table  S5) were un-
able to identify significant modulating effects of co-
variates (such as age, sex, diabetes, coronary artery 
disease, risk score, postprocedural permanent pace-
maker implantation, prosthesis-patient mismatch, and 

Figure 2.  Analysis of time-varying hazard ratios for 
mortality based on flexible parametric survival models with 
B-splines.
HR indicates hazard ratio; SAVR, surgical aortic valve 
replacement; and TAVR, transcatheter aortic valve replacement.

Figure 3.  Restricted mean survival time over the entire 
follow-up.
RMST indicates restricted mean survival time; SAVR, surgical 
aortic valve replacement; and TAVR, transcatheter aortic valve 
replacement.

Figure 4.  Landmark analysis.
HR indicates hazard ratio; SAVR, surgical aortic valve 
replacement; and TAVR, transcatheter aortic valve replacement.
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paravalvular leakage) on the outcomes. These covari-
ates can be found in Table S3 and Table S6.

DISCUSSION
Summary of Evidence
To the best of our knowledge, this is the largest pooled 
meta-analysis of reconstructed time-to-event data 
comparing TAVR and SAVR in low-risk patients. The 
main finding of this analysis was that survival is simi-
lar with SAVR versus TAVR for the first 2 years but ap-
pears to be better with SAVR beyond 2-year follow-up. 
However, the fact that this time-varying difference in 
survival between SAVR and TAVR was mostly ob-
served in PSM studies and not in RCTs precludes any 
definitive conclusion.

Comments
The main findings of this study are that the difference 
in overall survival between TAVR and SAVR and may 
be minimal or absent in the short term (<2 years) but 
may favor SAVR in the mid- and long-term follow-up. 
However, the fact that this survival benefit of SAVR ver-
sus TAVR beyond 2-year follow-up was observed only in 
PSM studies and not in RCTs precludes definitive con-
clusion regarding the superiority of SAVR for midterm 
survival.

Considering that the feasibility and immediate safety 
of TAVR are well reported in RCTs,13,15,16 the fast devel-
opment and broader indication of TAVR in younger and 
lower-risk patients have led to closer attention to longer 
follow-ups beyond the immediate postprocedural pe-
riod.20 Although immediate and short-term outcomes 
such as shorter length of hospital stay and lower rates 

of readmission in the first months is a proof of the bet-
ter outcomes of TAVR within the first months due to the 
less invasive nature of this procedure,21 later outcomes 
such as valve thrombosis, structural valve deteriora-
tion, and coronary events may alter the initial early sur-
vival benefit of TAVR.

Although our meta-regression analyses failed to 
show any modulating effects of the rates of permanent 
pacemaker implantation, prosthesis-patient mismatch, 
and paravalvular leakage on the outcomes, these 
complications may likely have had an impact on the 
long-term outcomes. Recent meta-analyses based on 
reconstructed time-to-event data22–24 showed the neg-
ative impact of permanent pacemaker implantation, 
prosthesis-patient mismatch, and paravalvular leakage 
on later all-cause death, heart-failure-related rehos-
pitalization and cardiovascular death after TAVR. As 
shown in Table S2, TAVR is associated with substan-
tially higher rates of postprocedural permanent pace-
maker implantation and paravalvular leakage, whereas 
SAVR presents higher rates of prosthesis-patient mis-
match (the latter being associated with worse survival 
in both TAVR22 and SAVR25).

How Does Our Meta-Analysis Differ From 
Previous Meta-Analyses?
Recently, Ahmad et al26 published a meta-analysis com-
paring TAVR to SAVR with a pragmatic risk classification 
partitioning lower-risk and higher-risk patients. The au-
thors included exclusively RCTs and concluded that, in 
lower-risk patients, there was an early mortality reduction 
with TAVR but no differences after follow-up in compari-
son with SAVR. Although this study was well conducted, 
there were several limitations that merit highlighting:

Figure 5.  Sensitivity analysis.
A, Randomized controlled trials. B, Propensity-score matched studies. HR indicates 
hazard ratio; SAVR, surgical aortic valve replacement; and TAVR, transcatheter aortic valve 
replacement.
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	 1.	 The study population, that is, “lower-risk pa-
tients,” was a mix of low- and intermediate-risk 
patients, considering that the authors included in 
their analysis the SURTAVI27 (Safety and Efficacy 
Study of the Medtronic CoreValve System in 
the Treatment of Severe, Symptomatic Aortic 
Stenosis in Intermediate Risk Subjects Who 
Need Aortic Valve Replacement) and UK-TAVI28 
(UK Transcatheter Aortic Valve Implantation) trials, 
whose populations are substantially composed 
of intermediate-risk patients;

	 2.	 The pooled Kaplan–Meier curves included only 
a 5-year follow-up, whereas 8-year follow-up 
data of the NOTION (Nordic Aortic Valve 
Intervention) trial had already been published;

	 3.	 There was no inclusion of high-quality real-
word studies and large registries to compare 
with the results of the RCTs.

In our meta-analysis we included both RCTs and 
PSM studies and analyzed them separately. There 
was an important difference in the results obtained in 
the RCTs versus the PSM studies. The PSM studies 
have the advantage of better reflecting the real-world 
population and practice, whereas the RCTs generally 
include highly selected patients. To this effect, Alperi 
et al29 reported that in the real-world setting close to 
one-half of the low-risk patients with severe AS exhib-
ited at least 1 major exclusion criterion from the major 
TAVR versus SAVR RCTs. On the other hand, the PSM 
studies are not able to achieve the level of matching 
that a RCT would do. In particular, the PSM process 
is incomplete and is not able to match the TAVR and 
SAVR cohorts for some key risk factors that are not 
measured in the initial studies, one of the most import-
ant being the frailty index. Hence, it is likely that, de-
spite PSM, the TAVR cohorts might still present with 
a higher residual risk profile compared with the SAVR 
matched cohorts.

It is also important to remember that not everything 
we observe in the RCTs are also observed in the real 
world and we should be constantly aware of this aspect. 
Furthermore, RCT is not a synonym for the absence of 
biases. In this sense, the International Evidence Grading 
Research Initiative Targeting Transparency and Quality 
recently published a systematic review with meta-
analysis30 showing that the RCT design did not protect 
from biases other than nonrandom allocation in the piv-
otal studies exploring the subject of TAVR versus SAVR. 
The authors found systematic imbalances in the pro-
portion of deviations from random assigned treatment, 
loss to follow-up, and receipt of additional procedures 
and additional myocardial revascularization, which may 
have posed a serious threat to internal validity due to 
high risk of performance bias and attrition bias.

Limitations
All-cause mortality was the sole midterm outcome 
reported in all studies with Kaplan–Meier curves, 
whereas other outcomes (such as cardiovascular 
death, valvular-related death, rehospitalization, stroke, 
myocardial infarction, reintervention for structural valve 
deterioration) that might affect quality of life and life ex-
pectancy were not available in all the studies for us to 
be able to carry out more thorough and comprehen-
sive analyses. The original studies included early- and 
new-generation devices together, whereas also mixing 
balloon-expandable and self-expandable. Our findings 
should be validated also in RCTs with newer transcath-
eter heart valves and surgical devices and techniques 
(such as stentless, sutureless, rapid-deployment 
valves; sternal-sparing SAVR) that might reveal im-
proved outcomes for both approaches.

The field of TAVR in low-risk patients is still in its in-
fancy. Therefore, long-term comparative follow-up data 
at 10 years (or more) are not available. Most studies in-
cluded in our meta-analysis described follow-up dura-
tions only up to 2 to 8 years, which does not allow us to 
draw any conclusions on long-term outcomes or pros-
thesis durability. We should also draw some attention to 
the important drop in the number of patients at risk after 
2 years.

Some studies attempted to minimize the impact of 
some confounders using propensity score matching. 
This method, although useful to reduce the selection 
and treatment biases, does not consider all baseline 
factors that may differ between TAVR versus SAVR 
and may have not achieved a perfectly well-balanced 
comparison of these treatment strategies. For exam-
ple, if we look closely at the baseline characteristics 
of some PSM studies included in our analyses, we 
still can identify some imbalances after the matching 
process:

	 1.	 AVALON (Aortic Valve Replacement in Elective 
Patients From Aortic Valve Multicenter) regis-
try12: the SAVR group had more severe aor-
tic regurgitation in the baseline characteristics 
(17.2% versus 8.8%; P<0.001);

	 2.	 Vilalta et al14: the SAVR group had more coro-
nary artery disease than the TAVR group (27.5% 
versus 19.9%; P=0.098);

	 3.	 FinnValve registry17: the SAVR group had more 
planned concomitant percutaneous coronary 
intervention or coronary artery bypass graft sur-
gery than the TAVR group (16.1% versus 2.0%; 
P<0.001);

	 4.	 Schaefer et al18: the TAVR group had more pa-
tients with New York Heart Association class III/
IV than the SAVR group (67.9% versus 56.9%; 
P=0.090).
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Hence, more RCTs (with longer follow-up) are war-
ranted to build more balanced groups for comparison.

CONCLUSIONS
This meta-analysis shows that in low-risk patients 
with severe AS, survival is similar between TAVR ver-
sus SAVR during the first 2 years but may be better 
with SAVR beyond the 2-year follow-up. However, the 
survival benefit of SAVR was observed only in PSM 
studies and not in RCTs, which precludes any definitive 
conclusion with regard to any survival superiority with 
SAVR versus TAVR in this population. The addition of 
data from ongoing RCTs, as well as longer follow-up 
in previous RCTs, will help to confirm if there is a dif-
ference in mid- and long-term survival between TAVR 
versus SAVR in the low-risk population.
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