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Abstract

Background To determine whether transcatheter aor-
tic valve implantation (TAVI) improves early (30-day)
and midterm (1-year) mortality compared with sur-
gical aortic valve replacement (SAVR), we performed
an updated meta-analysis of all the currently available
randomised controlled trials (RCTs).

Methods To identify all RCTs providing both 30-day
and 1-year mortality after TAVI versus SAVR, PubMed
and ClinicalTrials.gov were searched up to and in-
cluding July 2019. A risk difference (RD) and its
95% confidence interval were generated using data
of prespecified outcomes in both the TAVI and SAVR
groups. Study-specific estimates were pooled using
inverse variance-weighted averages of RDs in the
random-effects model.

Results We identified seven eligible high-quality RCTs
including a total of 7631 as-treated patients. Pooled
analyses demonstrated significantly lower 30-day (RD
-0.60%; p=0.046) and 1-year all-cause mortality (RD
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-1.12%; p=0.03) after TAVI than after SAVR. No funnel
plot asymmetry was detected for 30-day and 1-year
mortality. Meta-regression analyses indicated that
RDs of 30-day and 1-year mortality between TAVI
and SAVR were not modulated by mean Society of
Thoracic Surgeons Predicted Risk of Mortality score.
Bleeding complications at 30 days and 1 year and
stage 2/3 acute kidney injury at 30 days were sig-
nificantly less frequent after TAVI than after SAVR,
whereas major vascular complications and new per-
manent pacemaker implantation at 30 days and 1 year
were significantly more frequent after TAVI than after
SAVR.

Conclusion The best evidence from the present meta-
analysis of all the currently available RCTs suggests
that TAVI may reduce 30-day and 1-year all-cause
mortality compared with SAVR.

What’s new?

e To determine whether transcatheter aortic valve
implantation (TAVI) improves early (30-day)
and midterm (1-year) mortality compared with
surgical aortic valve replacement (SAVR), we
performed an updated meta-analysis of all the
currently available randomised controlled trials
(RCTs).

e We identified seven eligible high-quality RCTs in-
cluding a total of 7631 as-treated patients.

e None of the included RCTs showed significantly
lower all-cause mortality after TAVI than after
SAVR.

e Pooled analyses demonstrated significantly lower
30-day [risk difference (RD) —0.60%; p=0.046]
and 1-year all-cause mortality (RD -1.12%;
p=0.03) after TAVI than after SAVR.
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Introduction

Because it is a less invasive procedure, transcatheter
aortic valve implantation (TAVI) was introduced as
a substitute for surgical aortic valve replacement
(SAVR) in high surgical risk patients with severe aor-
tic stenosis (AS) and was expected to achieve at
least equivalent or if possible better postprocedural
prognosis. As far as we know, however, neither ran-
domised controlled trials (RCTs) of TAVI versus SAVR
nor meta-analyses [1-4] of RCTs have reported sig-
nificantly lower mortality after TAVI than after SAVR
to date. Recently (in 2019), two novel RCTs, the Evo-
lut Low Risk trial [5] and the Placement of Aortic
Transcatheter Valves (PARTNER) 3 trial [6], provided
outcomes after TAVI versus SAVR. In the present ar-
ticle, to determine whether TAVI improves early (30-
day) and midterm (1-year) mortality compared with
SAVR, we performed an updated meta-analysis of all
the currently available RCTs including the two above-
mentioned recently reported RCTs [5, 6].

Methods

To identify all RCTs providing both 30-day and 1-year
mortality after TAVI versus SAVR for AS patients,
PubMed  (https://www.ncbi.nlm.nih.gov/pubmed/)
and ClinicalTrials.gov (https://clinicaltrials.gov/ct2/
home) were searched up to and including July 2019.
Search terms included ‘transcatheter, ‘aortic valve’
‘implantation(s) or replacement(s)’ and ‘randomised’.
Studies meeting the following criteria were included
in a meta-analysis: the design was an RCT; the study
population consisted of AS patients; patients were
randomised to TAVI versus SAVR; outcomes included
both 30-day and 1-year all-cause mortality. A risk
difference (RD) and its 95% confidence interval (CI)
were generated using data of prespecified outcomes
in both the TAVI and SAVR groups. Study-specific es-
timates were pooled using inverse variance-weighted
averages of RDs in the random-effects model. In the
present study, the primary end point was all-cause
mortality, and the secondary end points included my-
ocardial infarction, stroke, bleeding complications,
acute kidney injury (AKI), vascular complications,
and new permanent pacemaker implantation (PMI).
When the number of studies reporting an end point
was <3, we did not perform pooled analysis for the
end point. Funnel plot asymmetry (suggesting publi-
cation bias) was mathematically examined using the
linear regression test. To assess whether mean surgi-
cal risk [Society of Thoracic Surgeons Predicted Risk
of Mortality (STS-PROM) score] of patients and pro-
portion of patients undergoing trans(ilio)femoral TAVI
(TF-TAVI) modulate study-specific estimates (RDs of

mortality between TAVI and SAVR), a random-effects
restricted-maximum likelihood meta-regression anal-
ysis was conducted. All analyses were performed
using Review Manager version 5.3 (available from
http://tech.cochrane.org/revman) and Comprehen-
sive Meta-Analysis version 3 (Biostat, Englewood, NJ,
USA).

Results

The STACCATO trial (prospective, randomised trial of
transapical transcatheter aortic valve implantation vs
surgical aortic valve replacement in operable elderly
patients with aortic stenosis) [7] was not registered in
ClinicalTrials.gov. Furthermore, the study was unex-
pectedly terminated after including only 70 patients
and did not report 1-year outcomes. Thus, we decided
to exclude this truncated RCT [7], and accordingly
seven eligible high-quality RCTs ([5, 6, 8-12]; Tab. 1)
were included in the present meta-analysis. Three
RCTs (Evolut Low Risk [5], Nordic Aortic Valve Inter-
vention (NOTION) [8], and PARTNER 3 [6]) consisted
of patients at low surgical risk (STS-PROM <4%),
three RCTs (PARTNER 2 [10], Surgical Replacement
and Transcatheter Aortic Valve Implantation (SUR-
TAVI) [11], and U.S. CoreValve [12]) were composed of
those at intermediate surgical risk (STS-ROM 4-8%),
and only one RCT (PARTNER 1 [9]) was made up of
those at high surgical risk (STS-ROM >8%). The pri-
mary analysis in each RCT was conducted in the as-
treated population in five studies [5, 6, 8, 11, 12] and
in the intention-to-treat population in two studies [9,
10]. Hence, we determined to extract data in the as-
treated population from all the seven RCTs including
a total of 7631 patients. The principal analysis of the
present study pooled data from the as-treated pop-
ulation, and the sensitivity analysis combined data
from the intention-to-treat population. We performed
another sensitivity analysis excluding the PARTNER 1
trial [9] (including patients at high surgical risk) from
the principal analysis (as-treated population) of the
primary end point (all-cause mortality). Details of the
primary and secondary end points are listed in Tab. 1
and Table S1 (Electronic Supplementary Material).
Results of the principal and sensitivity analysis are
summarised in Tab. 2.

None of the included RCTs showed significantly
lower all-cause mortality after TAVI than after SAVR
(Fig. 1). The principal analysis of the primary end
point demonstrated significantly lower 30-day [RD
-0.60%; 95% CI -1.20% to -0.01%; p=0.05 (0.046,
calculated using Comprehensive Meta-Analysis ver-
sion 3); P 0%] and 1l-year all-cause mortality (RD
-1.12%; 95% CI -2.12% to —0.11%; p=0.03; P 0%) after
TAVI than after SAVR (Fig. 1). No funnel plot asymme-
try was detected for 30-day (p=0.29; Fig. 2) and 1-year
mortality (p=0.26; Fig. 3), which suggested no publi-
cation bias. Meta-regression analyses indicated that
RDs of 30-day and 1-year mortality (p=0.73; Fig. 5)
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Fig. 1 Forest plot of

the principal analysis (as- Study or Subgroup

Risk Difference
IV, Random, 95% CI

Risk Difference
IV, Random, 95% CI

1.1.1 30-day all-cause mortality
Evolut Low Risk 2019
NOTION 2015
PARTNER 1 2011

treated population) of the
primary end point: risk
differences in 30-day and

-0.0085 [-0.0191, 0.0021] —
-0.0162 [-0.0560, 0.0236] S E—
-0.0275 [-0.0657, 0.0107] e —

1-year all-cause mortality PARTNER 2 2016 -0.0060 [-0.0229, 0.0109] 1
between transcatheter aor- PARTNER 3 2019 -0.0070 [-0.0182, 0.0042] —=T
tic valve implantation (TAV)) ~ SURTAVI 2017 0.0045 [-0.0090, 0.0180] ——

d ical aortic val ’ U.S. CoreValve 2014 -0.0115 [-0.0393, 0.0163] —T
ana surgical aortic valve re Subtotal (95% CI) -0.0060 [-0.0120, -0.0001] &

placement (SAVR). CI con-
fidence interval, IV inverse
variance, NOTION Nordic
Aortic Valve Intervention,
PARTNER Placement of
Aortic Transcatheter Valves,
SURTAVI Surgical Replace-
ment and Transcatheter
Aortic Valve Implantation

1.1.2 1-year all-cause mortality
Evolut Low Risk 2019
NOTION 2015
PARTNER 1 2011
PARTNER 2 2016
PARTNER 3 2019
SURTAVI 2017

U.S. CoreValve 2014
Subtotal (95% CI)

between TAVI and SAVR were not modulated by mean
STS-PROM (p for 30-day/1-year mortality=0.82/0.73;
Figs. 4 and 5) and proportion of patients undergoing
TE-TAVI (p for 30-day/1-year mortality=0.73/0.50).
Results of the sensitivity analysis of the primary end
point (all-cause mortality) are illustrated in Supple-
mentary Fig. S1, and those of the principal and sen-
sitivity analysis of the secondary end points (myocar-
dial infarction, stroke, bleeding complications, AKI,
vascular complications, and new permanent PMI) are
diagramed in Supplementary Figs. S2-S10. Bleeding
complications at 30 days and 1 year (Supplementary
Figs. S6 and S7) and stage 2 or 3 AKI at 30 days
(Supplementary Fig. S8) were significantly less fre-
quent after TAVI than after SAVR, whereas major vas-
cular complications (Supplementary Fig. S9) and new
permanent PMI (Supplementary Fig. S10) at 30 days
and 1 year were significantly more frequent after TAVI
than after SAVR. There were no statistically significant
differences in myocardial infarction (Supplementary
Figs. S2 and S3) and stroke (Supplementary Figs. S4
and S5) at 30 days and 1 year between TAVI and SAVR.

Discussion

The present study is the first meta-analysis (of RCTs)
demonstrating that TAVI improves 30-day and 1-year
all-cause mortality compared with SAVR for AS pa-
tients. The absolute risk reduction was low, 0.60%
for 30-day mortality and 1.12% for 1-year mortality,
but statistically significant. The present findings must
be novel because none of the included RCTs showed
significantly lower all-cause mortality after TAVI than
after SAVR.

In the present principal analysis, data in the as-
treated (not intention-to-treat) population were ab-
stracted from each study and then combined because

Heterogeneity: Tau? = 0.00; Chi® = 4,18, df = 6 (p= 0.65); P = 0%
Test for overall effect: Z=2.00 (p= 0.05)

-0.0065 [-0.0259, 0.0129]

-0.0253 [-0.0823, 0.0317]

-0.0137 [-0.0794, 0.0520]

-0.0105 [-0.0397, 0.0187]

-0.0141 [-0.0308, 0.0026]

-0.0015 [-0.0270, 0.0240]

-0.0466 [-0.0999, 0.0067]
-0.0112 [-0.0212, -0.0011]
Heterogeneity: Tau® = 0.00; Chi* = 2.83, df = 6 (p= 0.83); F = 0%
Test for overall effect: Z=2.17 (p= 0.03)

o/ [4]]!

-0.1  -0.05 0 0.05 0.1
Favours TAVI Favours SAVR

five of the seven RCTs principally analysed the as-
treated population. To draw an unbiased estimate of
the effect of the randomised treatment on the out-
come, in general, the intention-to-treat analysis is rec-
ommended [13]. If some participants do not receive
the randomised treatment, however, the intention-to-
treat analysis may provide a biased estimate of the
effect of the received treatment on the outcome. The
as-treated analysis compares patients according to
the received treatment rather than the randomised
treatment, i.e. those who received the experimental
treatment (whether or not they had been randomised
to the experimental treatment) versus those who re-
ceived the control treatment (whether or not they had
been randomised to the control treatment) [13]. Thus,
the as-treated analysis draws an unbiased estimate of
the effect of the received treatment on the outcome.
Clinicians or patients may be interested in whether
the patient’s prognosis improves if the patient re-
ceives the experimental treatment (not if the patient
is randomised to the experimental treatment) [13].

We extracted RDs of mortality from each study and
then combined them in the present meta-analysis. Al-
though simplicity for interpretation purposes is recog-
nised to be a qualitative property, an RD would be
agreed to be a simple measure and thus easily un-
derstood [14]. An RD advantage of, for example, 10%
in the mortality rates of the experimental group rel-
ative to the control group is exactly equal to an RD
disadvantage of 10% of the control group relative to
the experimental group, which provides a symmetri-
cal measure unaffected by labelling of study groups.
In contradistinction to a risk or odds ratio estimate, an
unbiased RD estimate is able to be gained from sam-
ple data based on the difference of two independent
binomial variables [14].
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Fig. 3 Funnel plot of 200
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g 100 -
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Significantly lower 30-day and 1-year all-cause
mortality (Fig. 1) after TAVI than after SAVR (in
the present principal analysis of the primary end
point) could be explained by significantly less fre-
quent bleeding complications at 30 days and 1 year
(Supplementary Figs. S6 and S7) and stage 2 or 3 AKI
(Supplementary Fig. S8) after TAVI than after SAVR
(in the present principal analysis of the secondary

Risk difference

end points). In the meta-analysis by Wang et al. [15]
of 10 studies with a total of 3602 patients undergoing
TAVI, bleeding complications were associated with
a 323% increase in 30-day all-cause mortality [odds
ratio (OR) 4.23; 95% CI 2.80-6.40; p<0.0001], and ma-
jor or life-threatening bleeding complications showed
a 410% increase in 30-day all-cause mortality (OR
5.10; 95% CI 3.17-8.19; p<0.0001). Furthermore, Liao

2
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Fig. 4 Meta-regression
plot (meta-regression line
with 95% confidence inter-
val curves) of the principal
analysis (as-treated popu-
lation) of the primary end
point: risk differences in
30-day all-cause mortal-
ity (between transcatheter
aortic valve implantation
and surgical aortic valve
replacement) on Society

of Thoracic Surgeons Pre-
dicted Risk of Mortality
(STS-PROM) score

Risk difference

(

4.0

6.0 8.0 12.0

STS-PROM (%)

Fig. 5 Meta-regression
plot (meta-regression line
with 95% confidence in-
terval curves) of the prin-
cipal analysis (as-treated
population) of the primary
end point: risk differences
in 1-year all-cause mortal-
ity (between transcatheter
aortic valve implantation
and surgical aortic valve
replacement) on Society
of Thoracic Surgeons Pre-
dicted Risk of Mortality
(STS-PROM) score

Risk difference

-0.10 —

0.12 —

et al. [16] demonstrated, in their meta-analysis of
35 studies with a total of 13,256 patients undergoing
TAVI, that the aggravating severity of AKI was progres-
sively associated with short-term all-cause mortality
(univariate OR of 30-day mortality for stage 1, 3.41; for
stage 2, 4.0; for stage 3, 11.02; univariate OR of 1-year
mortality for stage 1, 1.95; stage 2, 2.82; stage 3, 7.34).
Even after controlling confounders, AKI was indepen-
dently associated with a higher risk of both 30-day
[multivariate hazard ratio (HR) 2.12; 95% CI 1.59-2.83]
and =3-year all-cause mortality (multivariate HR 1.37;
95% CI 1.27-1.48) [16]. Faster and better recovery of

4.0

12.0

@
=
i
o

STS-PROM (%)

left ventricular function [17] and less frequent pul-
monary complications [18] after TAVI than after SAVR
may also explain the present results. In patients with
left ventricular systolic dysfunction, ejection fraction
was reported to improve significantly (p<0.05) better
at 7 days after TAVI (32+9% to 50+ 17%) than after
SAVR (30+5% to 40+ 9%) [17]. The total number of in-
hospital pulmonary complications per patient was re-
ported to be significantly (p=0.04) lower after TF-TAVI
(1.0+0.67) than after SAVR (1.8+0.79) [18]. However,
significantly more frequent major vascular complica-
tions (Supplementary Fig. S9) and new permanent
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PMI (Supplementary Fig. S10) after TAVI than after
SAVR (in the present principal analysis of the sec-
ondary end points) might potentially increase all-
cause mortality. Vascular complications are strongly
(approximately 3-fold) associated with increased 30-
day severe bleeding [19], which may affect 30-day sur-
vival after TAVI [15]. Several meta-analyses [20-22],
however, indicated that a new permanent PMI was
not associated with increased all-cause mortality dur-
ing follow-up (up to 2 years) after TAVI. Although
only the PARTNER 3 trial [6] with low-risk patients
indicated a significantly lower incidence of stroke at
1 year (not at 30 days) after TAVI than after SAVR, the
other RCTs demonstrated no significant difference
in stroke at 30 days and 1 year between TAVI and
SAVR, which brought about no significant difference
in stroke in the present meta-analysis pooling all the
RCTs (Supplementary Fig. S4).

Previous meta-analyses [4, 23-30] indicated no dif-
ference in 1-year mortality between TAVI and SAVR.
However, these meta-analyses [4, 23-30] (including
neither the Evolut Low Risk trial [5] nor the PARTNER
3 trial [6]) were quite different from the present meta-
analysis (including both the Evolut Low Risk trial [5]
and the PARTNER 3 trial [6]). Longer (=2-year)-term
outcomes after TAVI versus SAVR in RCTs have still
been inadequate. The longest follow-up durations
were 1 year in two RCTs (Evolut Low Risk [5] and PART-
NER 3 [6]), 2 years in two RCTs (PARTNER 2 [10] and
SURTAVI [11]), and 5 years in three RCTs (NOTION
[31], PARTNER 1 [32], and CoreValve U.S. Pivotal High
Risk [33]). The present meta-analysis did not anal-
yse >2-year mortality after TAVI versus SAVR. There
were no statistically significant differences in all-cause
mortality between TAVI and SAVR at 2 years (16.3% vs
17.9% [10], 12.6% vs 14.0% [11]) and 5 years (27.7%
vs 27.7% [31], 74.01% vs 67.72% [32], 55.3% vs 55.4%
[33]) in the as-treated population, despite significantly
lower 30-day and 1-year mortality after TAVI than after
SAVR being demonstrated in the present study. This
‘catch-up’ phenomenon at >2 years may be owing
to more frequent moderate/severe paravalvular aor-
tic regurgitation [4, 34-37] and new-onset left bundle
branch block [38], which are associated with higher
>1-year all-cause [39, 40] and cardiac [41] mortality
after TAVI than after SAVR. Although the 5-year re-
sults of the Evolut Low Risk, PARTNER 2, PARTNER 3,
and SURTAVI trials would be expected in the future,
long-term mortality after TAVI might be similar to that
after SAVR.

The present study had the following limitations.
First, the RCTs included in the present meta-anal-
ysis were heterogeneous. Of the seven RCTs, three
consisted of patients at low risk (STS-PROM <4%),
three were composed of those at intermediate risk
(STS-ROM 4-8%), and only one was made up of those
at high risk (STS-ROM =8%). The proportion of pa-
tients undergoing TF-TAVI also ranged from 70.1 to
100% (Tab. 1). The meta-regression analyses, however,

demonstrated that mean STS-PROM of patients and
proportion of patients undergoing TF-TAVI did not
modulate RDs of mortality between TAVI and SAVR.
Furthermore, various TAVI valves were used in the
RCTs and included CoreValve [5, 8, 11, 12], Evolut R [5,
11], Evolut PRO [5], SAPIEN [9], SAPIEN XT [10], and
SAPIEN 3 [6], which may bias the present results. Sec-
ond, although publication bias favouring TAVI may in-
fluence the present results, the funnel plot analysis did
not indicate funnel plot asymmetry. Third, the cause
of death was not addressed in the present meta-analy-
sis because detailed patient-level data in all RCTs were
unavailable. Individual patient data meta-analysis,
the gold standard regarding data availability, would
be required.

In conclusion, the best evidence from the present
meta-analysis of all the currently available RCTs sug-
gests that TAVI may reduce 30-day and 1-year all-
cause mortality compared with SAVR for AS patients.
The present findings must be novel because none
of the included RCTs showed significantly lower all-
cause mortality after TAVI than after SAVR.
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mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to
the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material
is notincluded in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.
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