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Abstract

OBJECTIVES: Although the standard of care for patients with severe aortic stenosis at low-surgical risk has included surgical aortic valve re-
placement (SAVR) since the mid-1960s, many clinical studies have investigated whether transcatheter aortic valve implantation (TAVI) can
be a better approach in these patients. As no individual study has been performed to detect the difference in mortality between these 2
treatment strategies, we did a reconstructive individual patient data analysis to study the long-term difference in all-cause mortality.

METHODS: Randomized clinical trials and propensity score-matched studies that included low-risk adult patients with severe aortic ste-
nosis undergoing either SAVR or TAVI and with reports on the mortality rates during the follow-up period were considered. The primary
outcome was all-cause mortality of up to 5 years.

RESULTS: In the reconstructed individual patient data analysis, there was no statistically significant difference in all-cause mortality between
TAVI and SAVR at 5 years of follow-up [30.7% vs 21.4%, hazard ratio (HR) 1.19, 95% confidence interval (CI) 0.96–1.48; P = 0.104]. However,
landmark analyses in patients surviving up to 1 year of follow-up showed significantly higher all-cause mortality at 5 years of follow-up (27.5%
vs 17.3%, HR 1.77, 95% CI 1.29–2.43; P < 0.001) in patients undergoing TAVI compared to patients undergoing SAVR, respectively.
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CONCLUSIONS: This reconstructed individual patient data analysis in low-risk patients with severe aortic stenosis demonstrates that the
5-year all-cause mortality rates are higher after TAVI than after SAVR, driven by markedly higher mortality rates between 1 and 5 years of
follow-up in the TAVI group. The present results call for caution in expanding the TAVI procedure as the treatment of choice for the major-
ity of all low-risk patients until long-term data from contemporary randomized clinical trials are available.

Keywords: Surgical aortic valve replacement • Transcatheter aortic valve replacement

ABBREVIATIONS

AS Aortic stenosis
CI Confidence interval
HR Hazard ratio
PSM Propensity score matched
RCT Randomized controlled trial
SAVR Surgical aortic valve replacement
STS Society of Thoracic Surgery
TAVI Transcatheter aortic valve implantation

INTRODUCTION

Since the mid-1960s, surgical aortic valve replacement (SAVR)
has been the gold standard of care for the treatment of patients
with severe symptomatic aortic stenosis (AS) who are at low risk
for surgical mortality and have exhibited year-by-year improve-
ments in both short- and long-term outcomes [1]. In 2002, the
first successful transcatheter aortic valve implantation (TAVI) was
performed in an inoperable patient with calcified AS presenting
with cardiogenic shock [2]. Rapidly, the beneficial results of TAVI
over medical therapy in inoperable patients [3] led to the expan-
sion of the TAVI approach to high-risk patients [4, 5].
Comparable results from randomized controlled trials (RCTs) and
prospective registries of those at high risk led to the further ex-
pansion of TAVI to patients at intermediate risk for surgical mor-
tality [6, 7]. Moreover, this interventional approach is now widely
indicated in the European and American guidelines for the man-
agement of symptomatic AS as class I for high-risk and class IIa
for intermediate-risk patients [8, 9].

Recent studies including 2 large multicentre RCTs with 2 years of
follow-up have initiated a debate about TAVI as the first-line treat-
ment procedure in the majority of patients with severe AS irre-
spective of surgical risk [10, 11]. Controversy exists concerning
whether the available data are robust enough to justify further
TAVI expansion to the low-risk population, which represents the
majority of all AS cases (75–80%) [12]. To date, the evidence is in-
conclusive on hard clinical outcomes, including all-cause mortality,
because all published studies lacked statistical power to detect dif-
ferences in individual outcomes between TAVI and SAVR.
Therefore, we performed a reconstructed individual patient data
meta-analysis of RCTs and propensity score-matched (PSM) stud-
ies to compare the risk of all-cause mortality of up to 5 years after
TAVI and SAVR in low-risk symptomatic patients with severe AS.

METHODS

The reporting of this study complies with the Preferred Reporting
Items for Systematic reviews and Meta-Analyses and Meta-
analysis of Observational Studies in Epidemiology guidelines
(Supplementary Material, Table S1) [13, 14].

Search strategy and study inclusion

The MEDLINE, Embase and Cochrane databases were searched
from their inception to 13 March 2020 for full-length English-lan-
guage RCTs or PSM cohort studies that reported on low-risk
patients with severe AS who were treated with either SAVR or
transfemoral TAVI. The search strategy is provided in
Supplementary Material, Table S2. Because the data- sharing
statements indicate confidentiality, the authors were not con-
tacted for studies if data were unclear.

Two investigators (M.C. and A.P.D.) independently screened
the search result in duplicate for eligibility. In case of a disagree-
ment, a consensus was reached through discussion. First, the title
and abstract were reviewed, after which the remaining articles
were reviewed in depth. Relevant articles identified by cross-
referencing were added manually to ensure that no relevant
studies were missed.

A study was included if it met the following criteria: (i) com-
pared TAVI to SAVR; (ii) included adult patients with severe AS
quantified by at least an aortic valve area of <1.0 cm2 or an
indexed aortic valve area <0.6 cm2/m2, a jet velocity of >4.0 m/s,
or a mean gradient of >40 mmHg; (iii) included patients with low
risk, defined as a mean Society of Thoracic Surgery (STS) score
<4% or the logistic European System for Cardiac Operative Risk
Evaluation <10%; and (iv) reported at least the event based on
the valve replacement approach during follow-up.

Data extraction

After relevant articles were identified, 2 investigators (M.C. and
A.P.D.) independently extracted clinically relevant data and data
necessary for inclusion of the study in the present meta-analysis.
The consensus was reached through discussion, in case of any
disagreements. Study description data that were extracted in-
cluded the location of the study, the design of the study, the
number of included patients, the time span of patient inclusion,
the transcatheter system used, the TAVI approach, whether the
study used the Valve Academic Research Consortium-II definition
and the primary objective of each study. Extracted baseline pa-
tient characteristic data included age, gender and left ventricular
ejection fraction. Risk scores were used to assess the risk of surgi-
cal mortality. Further, we determined the number of patients
with diabetes mellitus, coronary artery disease, previous cerebro-
vascular accidents, previous myocardial infarctions, peripheral
vascular disease, atrial fibrillation, pre-existing pacemakers and
the proportion of patients in New York Heart Association func-
tional class III/IV. We extracted the total follow-up time, the
mean or median follow-up time and the number of events that
occurred during this follow-up period for our endpoint of inter-
est. Furthermore, hazard ratios (HRs) with 95% confidence inter-
vals (CIs) were estimated from Kaplan–Meier survival curves. The
risk of bias assessment was independently performed by 2 inves-
tigators (M.C. and M.M.M.). The consensus was reached through
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discussion, in case of any disagreements. The Revised Cochrane
Risk of Bias Tool for Randomized Controlled Trials version 2.0
was used to assess the bias in the randomized trials [15], and the
ROBIN-1 Risk of Bias Tool for Non-Randomized Controlled Trials
was used to assess the bias in the observational studies [16].

Statistical analyses

Descriptive statistics were summarized as mean ± standard devia-
tion or crude numbers with percentages, where appropriate. The
primary end point of this study was all-cause mortality at 5 years
of follow-up. Since the 2 largest RCTs used a ‘modified intention-
to-treat’ principle in their study design, which was virtually equal
to the ‘as-treated’ principle, the analysis was performed on an
‘as-treated’ basis whenever possible.

All-cause mortality following TAVI versus SAVR was compared
using aggregated reconstructed individual patient data. Kaplan–
Meier survival data were extracted per study with DigitizeIt (http://
digitizeit.de). The extracted data were then reconstructed and visu-
ally compared with the original published data. The estimated
Kaplan–Meier curves did not demonstrate major graphical differ-
ences. If possible, reconstructed HRs were compared with the orig-
inally published estimates and their corresponding 95% CIs.

Data were then reconstructed from the published Kaplan–
Meier curves as previously described [17, 18]. The reconstructed
data were used to obtain pooled cumulative incidences of all-
cause mortality and Cox regression HRs with the corresponding
95% CIs. Visual inspection of the Kaplan–Meier curves suggested
a violation of the proportionality assumption. The proportional
hazard assumption for the overall group was assessed using the
scaled Schoenfeld residuals, which was violated (P = 0.042).
Therefore, the landmark analyses were used to describe the oc-
currence of all-cause mortality over time, within 1 year and over
1–5 years. The hazard proportionality was further tested in the
landmark subgroups within the first year (P = 0.017) and between
1 and 5 years (0.83). Further, a fully parametric model was used
to obtain time-dependent HRs (Royston–Parmar model). In addi-
tion, a study-level meta-analysis was performed using a random-
effects model. Data analyses were performed using Stata (version
16.1, StataCorp, College Station, TX, USA) and R software, version
3.5 (R Foundation, Vienna, Austria).

RESULTS

Description of included studies

We screened 2029 studies, of which 14 were judged potentially
eligible during the screening of titles and abstracts (Fig. 1). The
search strategy is available in Supplementary Material, Table S2.
Six studies met our inclusion criteria [10, 11, 19–22], including 3
RCTs and 3 PSM cohort studies (Table 1). One study was evalu-
ated as an intention-to-treat study [21], whereas the other 5 stud-
ies were analysed as as-treated studies [10, 11, 19, 20, 22]. An
overview of quality assessment is presented in Supplementary
Material, Tables S2 and S3. Most patients were men (60.5%) and
were aged >70 years (Table 2). Transfemoral access was the most
frequently used approach for TAVI. All RCTs reported periopera-
tive procedural risk of mortality using the Society of Thoracic
Surgeons (STS) Predicted Risk of Mortality score at 30 days. In ad-
dition, 2 studies reported the logistic European System for

Cardiac Operative Risk Evaluation. The mean STS scores ranged
from 1.9% to 3.0%.

Mortality

Our secondary pooled Kaplan–Meier analyses for all-cause mor-
tality showed a significant difference in the rate of all-cause mor-
tality at 30 days (1.1% vs 1.8%, HR 0.59, 95% CI 0.35–0.99;
P = 0.048) in favour of TAVI. However, no significant differences
in the rate of all-cause mortality between TAVI and SAVR were
noted at 1 year of follow-up (4.4% vs 5.0%, HR 0.85, 95% CI 0.64–
1.14; P = 0.28), at 3 years of follow-up (18.7% vs 12.4%, HR 1.17
95% CI 0.91–1.43; P = 0.26) and 5 years of follow-up (30.7% vs
21.4%, HR 1.19, 95% CI 0.96–1.48; P = 0.10), respectively (Fig. 2).
At landmark analyses with patients surviving up to 1 year, the 5-
year mortality was significantly higher after TAVI than after SAVR
(HR 1.77, 95% CI 1.29–2.43; P < 0.001) (Fig. 2). The early hazard
was in favour of TAVI, whereas over time this favour diminished
and mortality was higher with TAVI. The crossover started at ap-
proximately the first half-year, significantly favouring SAVR after
24 months (Fig. 3). In addition, a study-level meta-analysis of all-
cause mortality was performed (Supplementary Material, Fig. S1).
Early mortality showed a trend in favour of TAVI (HR 0.73, 95%
CI 0.37–1.44), whereas there was a trend in favour of SAVR at
5 years of follow-up (HR 1.53, 95% CI 0.89–2.62). Further, a com-
parison between extracted HR and reported HR for the PARTNER
3 trial did show no significant difference (Supplementary
Material, Fig. S2).

DISCUSSION

These reconstructed individual patient data analyses from 3 RCTs
and 3 PSM cohort studies were used to estimate the long-term
all-cause mortality following TAVI and SAVR in low-risk patients.
The main findings of this study are as follows: (i) all-cause mortal-
ity at 30 days tended to be lower in patients treated with TAVI
compared to those treated with SAVR; (ii) comparable outcomes
were seen at 1 year; and (iii) at the 5-year follow-up, the inci-
dence of mortality was markedly higher after TAVI than after
SAVR.

The initial comparable outcomes between TAVI and SAVR in
patients at intermediate-to-high surgical risks led to further ex-
pansion of the TAVI approach across the risk spectrum of the pa-
tient population. The U.S. Food and Drug Administration
approved certain TAVI devices to be used in low-risk patients in
November 2019. It is expected that this approval will increase
the use of TAVI worldwide, irrespective of surgical risk, given the
fact that 10% of European TAVI centres were already performing
routine TAVI in low-risk patients even before the Food and Drug
Administration announcement [23].

Our results confirm the benefit of TAVI over SAVR in the early
post-procedural phase. Whereas the in-hospital outcomes after
SAVR are linked to the need for more invasive treatment with
cardiopulmonary bypass and general anaesthesia, SAVR has a
naturally occurring higher likelihood of early interventional haz-
ard compared with TAVI itself [24, 25]. On the other hand, the
less invasive character of TAVI and the continuous improvements
such as treatment under analgosedation only and with shorter
hospital stays, certainly lower the complication rates and subse-
quent early mortality [26]. With increasing operator [27], hospital
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[28] and international experience, low hospital mortality rates
have been achieved [29, 30]. Moreover, the newer generation
devices used in contemporary practice show in-hospital mortality
at historically low levels [31, 32].

The early favourable nature of TAVI is reflected by low post-
procedural mortality rates, although this outcome might not fully
reflect the difference of treatment effects in the long-term. Again,
SAVR is linked to a naturally occurring higher likelihood of early
interventional hazard compared to TAVI due to its nature. To
avoid this early bias, due to the violation of the proportional haz-
ards assumption, patients surviving up to 1 year were selected in
a landmark approach. However, using an additional landmark
approach might inherently (i) lead to the omission of events that
could be important and occur early on and (ii) loss of power [33].
However, choosing an early point for landmarking minimizes
these risks.

Recently published results of a meta-analysis that summarized
the mortality rates of available RCTs irrespective of surgical risk
for up to 2 years show a significant reduction of all-cause mortal-
ity with TAVI over SAVR [34]. However, additional analyses ac-
counting for the non-proportionality across the studies nullify
this assumption. A divergence in all-cause mortality favouring
SAVR during the long-term follow-up is noted. There is an earlier
onset of this divergence as one moves down the risk ladder. The

5-year results in high-risk patients show similar survival rates
with nearly equal or even a crossover of survival rates after
60 months favouring SAVR in the long-term [35], whereas this
crossover is expected with earlier onset in the intermediate-risk
patients [7].

A number of concerns arise when one tries to extrapolate the
favourable TAVI results to the younger population. First, the
global average life expectancy increased by 5.5 years between
2000 and 2016 and continues to increase markedly, leading to a
substantially higher risk for reintervention over the life span.
Second, low risk does not automatically mean ‘younger’, because
the mean age of our patients was 76 years of age. Because youn-
ger age is associated with lower mortality [36], one expects a
multiplier effect for TAVI in the young low-risk patients because
of its non-invasive character. Third, a high need for pacemaker
implantation is likely to impair the quality of life of active
patients. Finally, given the unknown long-term effects on mortal-
ity and the durability of these valves, it is necessary to exercise
caution when offering TAVI to the younger, low-risk patients
with a life expectancy exceeding 10 years, especially after noting
an earlier onset of crossover and divergence of mortality in fa-
vour of SAVR while descending the risk ladder. We, therefore,
look forward to the long-term data from the younger population
with bicuspid morphology (NCT02701283: Medtronic Evolut

Figure 1: Flow chart of systematic literature search and study inclusion. A total of 2029 potentially relevant articles were screened, 6 of which were finally eligible for
this study. PSM: propensity score matched; RCTs: randomized controlled trials; SAVR: surgical aortic valve replacement; TAVI: transcatheter aortic valve implantation.
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Transcatheter Aortic Valve Replacement in Low-Risk Patients)
and the 3 RCTs (PARTNER 3, Evolut Low Risk and the NOTION 2

trials) in younger low-risk patients. These trials were
recently completed and will provide follow-up data for up to
10 years [10, 11].

Future outlook

Given the data from recently published RCTs, the surgical risk is
no longer the single determinant for the eligibility of patients.
Other important variables, including anatomy and comorbidities,
should lead to patient allocation. Multidisciplinary heart team
decision-making is becoming more important for the treatment
of aortic valve disease because of the increasing overlap of indi-
cations for SAVR and TAVI. Formal heart team meetings are rec-
ommended to assess and allocate patients accordingly.
Nevertheless, we need to be cautious and await long-term data
from RCTs before changing the current standards of care.

Limitations

It is important to emphasize that this study has several limita-
tions. First, this meta-analysis includes both RCTs and PSM co-
hort studies. Whereas both types of studies account for baseline
characteristics, a difference in magnitude of effect size can be
noted [37]. However, differences in effect estimates are not signif-
icantly different, and consistency is evident [37, 38]. Second, we
were very strict in our definition of surgical risk: We adopted
only the STS surgical risk score. The STS score accurately predicts
SAVR outcomes [39, 40] yet overestimates 30-day mortality in
patients having TAVI. The lack of TAVI risk scores is an issue that
needs to be considered in future studies. [41]. Third, it was im-
possible to perform a network meta-analysis to indirectly com-
pare the transfemoral and transapical approaches because of the
low number of studies comparing the SAVR to the transapical
TAVI procedure, which will become the procedure of choice
only for highly selected patients. Finally, the most important limi-
tation of the present study is the limited follow-up period of the
2 largest RCTs.

Figure 2: Reconstructed pooled individual patient cumulative incidence of all-
cause mortality in patients with low-surgical risk undergoing either TAVI or
SAVR. (A) The overall curve; HR given for 5 years. (B) A landmark analysis; HRs
are given for 1, 3 and 5 years with the 3-year mark designating the 10% of
patients still at risk for an event. CI: confidence interval; HR: hazard ratio; SAVR:
surgical aortic valve replacement; TAVI: transcatheter aortic valve implantation.

Figure 3: Transcatheter aortic valve implantation. The hazard ratio is given as all-cause mortality after the index procedure. A hazard ratio <1.0 favours surgical aortic
valve replacement, whereas a hazard ratio >1.0 favours a transaortic valve implant. SAVR: surgical aortic valve replacement; TAVI: transcatheter aortic valve
implantation.
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CONCLUSIONS

In this reconstructed individual patient data analysis of studies
comparing low-surgical risk patients with AS who had either a
surgical or an interventional procedure, the data showed that the
5-year mortality did not significantly differ in patients receiving
either TAVI or SAVR. In particular, the benefit of SAVR over TAVI
was shown in patients surviving up to 1 year after the index pro-
cedure. Longer follow-up from well-conducted RCTs and large
national registries are warranted to better define mortality differ-
ences between these 2 complementary procedures.

SUPPLEMENTARY MATERIAL

Supplementary material is available at ICVTS online.
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