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Abstract

The efficacy and safety of new-generation devices (NGDs) for severe aortic regurgitation (AR) have mostly been based on
single-arm studies with limited sample sizes. Our goal was to summarize the current evidence on NGDs and compare the
safety and efficacy of ‘off-label’ and ‘on-label’ devices in NGDs. We searched MEDLINE, Embase, Cochrane Library, and Scopus
for articles on transcatheter aortic valve replacement in patients with AR. A total of 31 studies that included 1851 patients
were identified through April 2023. Among these, 1067 (57.6%) patients received treatment with ‘on-label’ devices (JenaValve
and J-Valve). For NGDs, the total device success rate at 30 days was 94.5% (on-label: 97.8%, off-label: 89.9%; P < 0.001), the
all-cause mortality was 4.2% (on-label: 2.6%, off-label: 5.1%; P = 0.006), permanent pacemaker implantation (PPI) was 8.8%
(on-label: 6.9%, off-label: 18.4%; P < 0.001), and the rate of greater-than-mild paravalvular leak (PVL) was 1.2% (on-label:
0.9%, off-label: 3.8%; P = 0.003). On-label devices showed significantly better safety and efficacy in terms of the success
rate, PPI, greater-than-mild PVL, and 30 day mortality than off-label devices.
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Introduction

The prevalence of aortic regurgitation (AR) increases with ad-
vancing age, affecting up to 2% of individuals aged more than
75 years. Not uncommonly, patients with severe symptom-
atic AR may not be appropriate for surgery because of the
high surgical risk due to their advanced age and comor-
bidities. According to data from the Euro Heart Survey on
Valvular Heart Disease, patients with severe AR and an ejec-
tion fraction (EF) of <30% showed that mortality is as high
as 20% for these patients; however, only 5% underwent
surgical aortic valve replacement (SAVR).1 There is an urgent
need to treat these patients with a less invasive approach.

Transcatheter aortic valve replacement (TAVR) has been a
standard treatment option for patients with severe symptomatic
aortic stenosis (AS) regardless of the surgical risk.2–4 However,
the treatment of TAVR for severe AR has not been as successful
as for AS. The reasons were likely because of the differences in

pathological anatomybetween the two conditions. The anatomic
characteristics of pure AR frequently include a dilated,
non-calcified aortic annulus and root and a lack of a stable an-
choring zone for prosthesis, which, consequently, increase the
risk of valve malposition and migration, conversion to surgery,
paravalvular leak (PVL), and valve embolization.

New-generation devices (NGDs) with design features, such
as recyclability, repositioning, and anchoring mechanisms,
have been used in an ‘off-label’ setting to treat AR and have
shown reduction in mortality and improved quality of life.5–9

Two ‘on-label’ devices—JenaValve10,11 and J-Valve12,13—with
a unique paper clip-like anchorage mechanism and U-shaped
anchoring claspers, respectively, have shown promising
outcomes in clinical trials. However, most of the current stud-
ies of AR were presented either with a limited sample size or
without a comparison arm, which limits the generalizability
and accuracy of estimating effectiveness. Moreover, the stage
of development of transcatheter intervention technologies in
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various countries and regions varies significantly, which
further limited the capacity to fully understand what are the
optimal time and clinical criteria to optimize TAVR in AR treat-
ment. To comprehensively investigate the generalizability and
clinical outcomes of NGDs in treating AR, we performed a
systematic review andmeta-analysis to evaluate the outcomes
of NGDs and compare the efficacy and safety of on-label vs.
off-label NGDs in patients with severe AR.

Methods

This study was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA)14 and A Measurement Tool to Assess systematic
Reviews (AMSTAR)15 guidelines. The project has been regis-
tered in PROSPERO (https://www.crd.york.ac.uk/PROSPERO/
display_record.php?RecordID=413990; CRD42023413990).

Literature search

Four databases—MEDLINE, Embase, Cochrane Library, and
Scopus—were searched by two independent reviewers for
relevant studies. Publicly available clinical trial registries such
as ClinicalTrials.gov were also searched. Search strategies based
on the following keywords were used: (‘TAVI’ OR ‘TAVR’ OR
‘Transcatheter aortic valve replacement’ OR ‘Transcatheter
aortic valve implantation’ OR ‘transcatheter’) And (‘aortic
insufficiency’ OR ‘aortic regurgitation’ OR ‘aortic incompetence’
OR ‘TAVR insufficiency’ OR ‘aortic valve regurgitation’ OR ‘TAVR
regurgitation’ OR ‘TAVI regurgitation’ OR ‘TAVI insufficiency’).
Databases were searched on 8 April 2023. All available data
from these four databases were included in the study analysis.

Studies

We searched for all randomized controlled trials and observa-
tional studies including cohort studies, case-controlled
studies, and case series with at least 10 cases. Studies not
reporting the desired outcomes or from which summary data
could not be extracted were excluded.

Study outcomes (reported according to the Valve
Academic Research Consortium-3 definition)

The outcomes included the following events that occurred
within 30 days or 1 year after the TAVR procedure:

1 all-cause mortality at 30 days and 1 year;
2 device success defined by the Valve Academic Research

Consortium-3 (VARC-3) criteria16 at 30 days;

3 permanent pacemaker implantation (PPI) at 30 days;
4 conversion to SAVR at 30 days;
5 annulus rupture in procedure;
6 reintervention: repeat procedure for second prosthetic

heart valve at 30 days;
7 greater-than-mild PVL at 30 days;
8 mild PVL at 30 days; and
9 no/trace PVL at 30 days.

Selection of studies and data extraction

An initial screening was independently conducted by two
reviewers who conducted the initial literature searching, and
studies that did not meet the initial inclusion criteria were
excluded after reviewing titles, keywords, and abstracts. For
the remaining publications, two reviewers further read the
full articles to document the eligibility of each; the reasons
why studies were included or excluded were documented. A
third reviewer resolved any disagreements between the two
reviewers regarding study inclusion/exclusion criteria.

The two independent reviewers extracted the following
information from the included studies:

1 characteristics of the study such as publication date,
country, and number of patients;

2 characteristics of patients: age, sex, medical history, left
ventricular EF, annulus diameter, ascending aortic
diameter, aortic root diameter, concomitant greater-
than-moderate mitral regurgitation, Society of Thoracic
Surgeons score, logistic EuroSCORE I, logistic EuroSCORE
II, and inclusion criteria of each study;

3 aforementioned outcomes such as the rate of device suc-
cess, 30 day all-cause mortality, 1 year all-cause mortality,
and PPI;

4 type and characteristics of transcatheter heart valves (THVs);
5 access route: transfemoral access (TF) or transapical access

(TA) during TAVR.

The NGDs were defined as the second-generation TAVR
devices (e.g., JenaValve, J-Valve, Evolut, SAPIEN 3, Direct Flow,
ACURATE, Lotus, Engager, Portico, and Symetis) in contrast to
the first-generation TAVR devices [CoreValve (Medtronic,
Minneapolis, MN, USA) and SAPIEN XT (Edwards Lifesciences,
Irvine, CA, USA)]. The J-Valve and JenaValve were the only two
NGDs designated for AR and were referred to as the on-label
devices. The off-label devices included the remaining NGDs
that did not belong to the on-label category of devices.

Data synthesis and analysis

Meta-analyses of specific results were performed only when
at least two studies were available. We summarized the
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binary variables with proportion and 95% confidence interval
(CI) and the mean difference with the 95% CI for continuous
variables. A P value of <0.05 was considered to indicate
statistical significance. In this analysis, I2 was used to evaluate
the heterogeneity of pooled outcomes. Values of I2 > 50%
indicated considerable heterogeneity, whereas I2 < 50% rep-
resented mild or moderate heterogeneity. DerSimonian and
Laird’s method for pooled outcomes was used. In addition,
we performed a subgroup analysis of the on-label devices
for AR. The studies that used off-label devices or studies that
used both on-label and off-label devices were excluded due
to mixed data. We conducted similar subgroup analyses for
off-label devices. STATA SE statistical software (Version
16.0; StataCorp, College Station, TX, USA) and the ‘metaprop’
package in STATA were used for data analysis. χ2 or Fisher’s
exact test was used to compare the outcomes in subgroup
analysis (SPSS software, Version 24.0).

Results

Study selection and study characteristics

The search terms yielded 4037 studies from the four main
electronic databases, among which 5976 studies were
excluded after the initial screen due to non-related research

topic. The remaining 61 full-text articles were retrieved, and
two reviewers conducted full-text reviews. Thirty studies were
excluded due to mixed data of AS and AR, mixed devices of
early-generation devices (EGDs) and NGDs, or the number of
patients in the study was <10. A total of 1851 patients from
31 unique studies met inclusion criteria and were included
in the final analysis5,6,9–13,17–40 (Figure 1). Patient characteris-
tics were summarized in Table 1. J-Valve was the most com-
monly used device (949, 51.3%), followed by JenaValve (307,
16.6%), Evolut (284, 15.3%), SAPIEN 3 (61, 3.3%), Direct Flow
(90, 4.9%), ACURATE (76, 4.1%), Lotus (34, 1.8%), Engager
(26, 1.4%), Portico (9, 0.5%), and Symetis (15, 0.8%). The valve
sizes were summarized in Table 2. Valve size was reported in
706 cases (38.1%), in which the 27 mm valves were mostly
used (44.1%). The detailed information of valve size was pro-
vided in Supporting Information, Table S1. Most of the studies
reported criteria of outcomes used the Valve Academic
Research Consortium-2 (VARC-2) (20/23). Risk of bias was
evaluated using index for non-randomized studies (MINORS)
criteria, with most pooled studies having a low risk of bias
(Supporting Information, Table S2).

Among the pooled studies, 20 studies (including 1067
individuals) used the on-label devices (5 studies used
JenaValve10,11,20,33,36 and 15 studies12,13,21–27,31,32,35,38–40

used J-Valve) for patients with severe AR. The remaining 11
studies5,6,9,17–19,28–30,34,37 (including 784 individuals) used
the NGDs SAPIEN 3, Evolut R, JenaValve, Direct Flow, J-Valve,

Figure 1 Flow diagram of the literature search for the meta-analysis. AR, aortic regurgitation; AS, aortic stenosis; EGDs, early-generation devices.
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Engager, Portico, ACURATE, Symetis, and Lotus. The study
design was shown in Figure 2.

Meta-analysis of procedural and clinical
outcomes of all patients

In our analysis, the rate of device success defined by VARC-3 was
94.5% (95% CI: 91.3–97.1%, I2 = 76.8%) (Figure 3). The estimated
rate of PPI was 8.8% (95% CI: 6.1–11.9%, I2 = 57.0%) (Figure 4);
the rate of conversion to SAVR was 2.2% (95% CI: 0.9–3.8%,
I2 = 0.0%); the rate of annulus rupture was 0.2% (95% CI:

Table 2 Valve size of pooled studies

THV
Total
(n)

Valve size

21
mm

23
mm

25
mm

26
mm

27
mm

29
mm

34
mm

JenaValve 139 0 25 32 0 82 0 0
J-Valve 351 3 14 88 0 215 31 0
SAPIEN 3 37 0 2 0 9 0 26 0
Evolut R 144 0 1 0 33 0 54 56
Direct Flow 11 0 0 2 0 4 0 5

S L M
ACURATE
neo

24 1 11 12

THV, transcatheter heart valve.

Figure 2 Illustration showing the study design and outcomes. (A) Study design and on-label and off-label devices for the treatment of severe aortic
regurgitation. (B) The clinical outcomes of on-label vs. off-label devices at 30 days (left) and the 30 day mortality of new-generation devices (NGDs),
on-label devices, off-label devices, transfemoral access (TF), and transapical access (TA), respectively (right). The X axis indicates the occurrence of
30 day mortality. The Y axis represents the corresponding devices and procedural access. PPI, permanent pacemaker implantation; PVL, paravalvular
leak.
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0.0–1.7%, I2 = 0.0%); the rate of reinterventionwas 2.3% (95% CI:
0.7–4.5%, I2 = 13.9%); the rate of greater-than-mild PVL was
1.2% (95% CI: 0.4–2.2%, I2 = 0.0%); the rate of mild PVL was
20.9% (95% CI: 17.6–24.4%, I2 = 12.8%); and the rate of no or
trace PVL was 77.4% (95% CI: 70.8–83.5%, I2 = 71.3%).

The estimated 30 day all-cause mortality was 4.2% (95% CI:
2.7–5.9%, I2 = 43.8%) (Figure 5), and the estimated 1 year
mortality was 8.1% (95% CI: 5.1–11.7%, I2 = 67.3%). The
above outcomes are summarized in Table 3.

Procedural and clinical outcomes of the on-label
devices

A total of 1067 patients from 20 studies underwent TAVR
with on-label devices. The device success rate was 97.8%

(95% CI: 96.4–98.9%, I2 = 8.2%) (Figure 3); PPI was 6.9%
(95% CI: 4.6–9.5%, I2 = 40.0%) (Figure 4); conversion to SAVR
was 2.5% (95% CI: 1.2–4.2%, I2 = 0.0%); greater-than-mild PVL
was 0.9% (95% CI: 0.2–1.9%, I2 = 0.0%); mild PVL was 20.3%
(95% CI: 16.5–24.3%, I2 = 19.0%); and no or trace PVL was
78.0% (95% CI: 70.5–84.7%, I2 = 71.3%).

The estimated 30 day all-cause mortality was 2.6% (95% CI:
1.3–4.3%, I2 = 22.1%) (Figure 5), and the estimated 1 year
mortality was 5.9% (95% CI: 3.5–8.7%, I2 = 23.3%). The out-
comes are summarized in Table 3.

Meta-analysis of the off-label devices

The outcomes only reported by less than three studies were
not included due to the inability to estimate heterogeneity

Figure 3 The estimated rate of device success. CI, confidence interval; DEDs, dedicated devices for aortic regurgitation (on-label devices); ES, effect
size; NGDs, new-generation devices.
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score. Finally, 258 patients from six studies who used SAPIEN
3, Evolut R, ACURATE neo, and Direct Flow were included.
The estimated device success rate, PPI, reintervention,
greater-than-mild PVL, and 30 day mortality were 89.9%
(95% CI: 84.8–94.1%, I2 = 10.3%), 18.4% (95% CI: 13.2–
24.2%, I2 = 0.0), 2.8% (95% CI: 0.0–11.4%, I2 = 54.6%), 3.8%
(95% CI: 1.2–7.4%, I2 = 0.0%), and 5.1% (95% CI: 1.6–10.2%,
I2 = 30.4%), respectively. Our analysis also showed significant
differences between the off-label and on-label devices on de-
vice success, PPI, greater-than-mild PVL, and 30 day mortality
(P < 0.001). The results are summarized in Table 3.

Subgroup analysis of puncture approach of
transapical access and transfemoral access

Sixteen studies (873 patients) that used TA access and eight
studies (340 patients) that used TF access were included.
The outcomes only reported by less than three studies in

either subgroup were not included in the summary table
(Table 4). Comparing TA and TF, TA showed a higher device
success rate (96.1% vs. 92.5%, P < 0.001) and slightly higher
PVL (21.6% vs. 18.4%, P = 0.314) than TF; however, PPI (6% vs.
19.4%, P < 0.001), greater-than-mild PVL (0.8% vs. 3.4%,
P = 0.002), no/trace PVL (76.9% vs. 78.1%, P = 0.897), and
30 day mortality (2.9% vs. 4%, P = 0.052) were lower for
the TA group than the TF group. The outcomes are summa-
rized in Table 4.

Discussion

The current meta-analysis, which included 1851 patients
from 31 studies, compared the safety and efficacy of
off-label and on-label NGDs in patients with pure AR. Nearly
70% of patients were treated with TA access, whereas 30%
were treated with TF access. We found that off-label NGDs

Figure 4 The estimated rate of permanent pacemaker implantations. CI, confidence interval; DEDs, dedicated devices for aortic regurgitation (on-label
devices); ES, effect size; NGDs, new-generation devices.
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are technically acceptable in patients with pure AR in terms
of procedure success and mortality. Because the JenaValve
and J-Valve devices have comparable features for the ana-
tomical characteristics of pure AR, our results showed a lower
occurrence of complications such as 30 day mortality, PPI,
and greater-than-mild PVL for on-label devices than off-label
devices.

AR affects ~13% of patients with isolated native left-sided
valvular heart disease and occurs in up to 2% of people aged
over 70 years.1 It is usually accompanied by a dilated aortic
annulus and ascending aorta, which challenge the proper po-
sitioning and stability of THVs and may lead to complications
such as PVL, conduction disorders, or annular rupture. Gener-
ally, the anchoring of an off-label prosthesis mainly depends
on the radial forces via 10–20% THV oversizing, which allows
for adequate adjustment of an individual’s anatomy and pros-
thetic system. Cumulative clinical evidence and the advance
in new-generation THV devices result in a reduction in

off-label use of TAVR in patients with pure AR, but lack of
anchoring and the possibility of migration remain major prob-
lems of THV and need to be addressed in future studies.

On-label devices with secured fixation via a clip or a
clasper-like mechanism have become a superior interven-
tional strategy for severe AR. The JenaValve TAVR System
was the first self-expanding dedicated device for pure AR; it
is anchored on the native leaflets by a paper clip-like anchor
mechanism. The fixation is independent of the extent of the
dilated and non-calcified aortic annulus, and it roots and
provides adequate sealing to enhance the anchoring and
decrease the risk of PVL. The JenaValve received a CE-mark
approval for the treatment of AR. Another device, the J-Valve,
is designed with claspers (U-shaped anchor rings) and tactile
feedback, which help lock the self-expandable porcine valve
to the native valve leaflets to ensure correct positioning. Ev-
idence supporting the safety and efficacy of on-label devices
through TF has increased since the debut of TF in clinical use

Figure 5 The estimated rate of 30 day all-cause mortality. CI, confidence interval; DEDs, dedicated devices for aortic regurgitation (on-label devices);
ES, effect size; NGDs, new-generation devices.
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in 2019.38 The J-Valve has been approved by the National
Medical Products Administration of China. Recent few studies
have highlighted the great potential benefits of TAVR for pa-
tients with AR. The results of three studies that included 51
patients showed a 30 day mortality of 11%, major bleeding
of 4%, major vascular complications of 4%, and PPI of 6%.
Wernly et al.8 conducted a meta-analysis of on-label devices
for TAVR for pure AR. They combined the outcomes of using
these two valve prosthesis systems in 203 patients. The rate
of procedural success was 93.0%, the 30 day mortality was
9.1%, and the major bleeding rate was 3.0%. Our study ex-
tends to cover more recent studies. By including 20 latest
studies (1067 patients) that used J-Valve and JenaValve to
treat pure AR, our results show similar or better outcomes
for on-label devices (Table 3). The improvement may be
attributed to accumulated clinical experience, advanced
preprocedural measurement, refined devices, and improved
procedural techniques.

Studies conducted in recent years have shown that
on-label devices implanted via the TF approach were associ-
ated with lower rates of vascular complications and success-
ful outcomes than those implanted via the TA approach.
However, our analysis revealed a significantly better outcome
with TA in terms of device success, PPI, greater-than-mild
PVL, and any stroke within the 30 day follow-up period. The
better outcomes may be related to advances in operative vi-
sualization technology, precise coaxiality, and the deployment
of THVs via TA access. However, those findings were limited
to the short-term follow-up. Further investigation is needed
regarding how the clip or clasper-like design impacts the
available effective orifice area in off-label NGDs. In the
pooled studies of on-label devices, the mean transvalvular
pressure gradient ranged from 4.0 to 11.4 mmHg immedi-
ately after the procedure,11–13,23,28,30,31,33,35,40 from 5.5 to
11.2 mmHg at 6 months,13,20,23,26,35 and from 9.5 to
12.8 mmHg after a 1–2 year follow-up.21,23,25,32,33,35,40 Collec-
tively, this evidence supports the favourable haemodynamic
outcomes after on-label NGD implants in both the
short-term and long-term follow-up periods.

Surgical aortic valve replacement is the primary choice of
treatment for patients with severe AR and is recommended
by multiple international guidelines; however, a significant
proportion of patients who are at high or prohibitive surgical
risk do not receive a replacement valve. As an alternative,
TAVR has been used in an off-label setting. Mentias et al.41

reported the utilization of SAVR for 9880 patients (mean
age: 72.9 ± 5.1 years); their results showed that patients
had a lower prevalence of most comorbidities and lower
frailty scores [3.0, inter-quartile range (IQR): 1.5–6.4] than
those in the TAVR group. In our study, the outcomes with
on-label devices were comparable with SAVR with respect
to 30 day mortality (SAVR: 2.7%, on-label devices: 2.6%),
1 year mortality (SAVR: 5.7%, on-label devices: 5.9%), and
PPI (SAVR: 6.7%, on-label devices: 6.9%). More evidence is
needed to compare the efficacy and safety of SAVR and TAVR
(especially on-label devices) in patients with severe AR who
are not feasible for surgery. In addition, optimized timing
for valve replacement that takes into consideration the
extent of left ventricular remodelling and systolic cardiac
function, as determined via echocardiography or cardiac
magnetic resonance imaging, will benefit the long-term out-
comes for patients with AR.

Limitations

First, most of the included studies were single-armed retro-
spective observational studies with small sample sizes, which
limits the capacity to interpret the size of the effect. Further-
more, due to the majority included studies being observation
studies, the patients included in the studies are heteroge-
neous. The heterogeneity may not be sufficiently controlled
in the analysis. Second, patients with pure AR, AR derived
from bicuspid aortic valve, and AR combined with AS were re-
cruited, potentially increasing the heterogeneity of the study
population. Third, pooled multicentre studies conducted in
the same country may lead to the risk of overlapped
study cohorts, especially for the J-Valve in China. Rigorous

Table 4 Outcomes of transfemoral vs. transapical access

Outcomes

Transfemoral Transapical

P**ES (95% CI) I2 (%) P* ES (95% CI) I2 (%) P*

30 day procedural outcomes
Device success 0.925 (0.875–0.964) 35.6 0.144 0.961 (0.939–0.979) 50.4 0.003 0.000
Permanent pacemaker implantation 0.194 (0.148–0.244) 0.0 0.814 0.060 (0.043–0.078) 0.0 0.787 0.000
Greater-than-mild PVL 0.034 (0.012–0.063) 0.0 0.791 0.008 (0.001–0.018) 0.0 0.960 0.002
Mild PVL 0.184 (0.115–0.263) 29.5 0.235 0.216 (0.117–0.259) 13.1 0.314 0.314
No/trace PVL 0.781 (0.685–0.866) 42.9 0.154 0.769 (0.683–0.846) 76.2 0.000 0.897

30 day clinical outcomes
30 day mortality 0.040 (0.012–0.078) 28.9 0.208 0.029 (0.014–0.047) 30.7 0.117 0.052

CI, confidence interval; ES, effect size; I2, the variation attributable to heterogeneity; PVL, paravalvular leak.
*P value for significance of I2.
**P value for significance of the χ2 or Fisher’s exact test.
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selection criteria for studies can decrease the influence of the
risk of an overlapped population. Finally, this study did not
differ between self-expanding prostheses (SE) and
balloon-expandable prostheses (BE) devices due to the
inability to differentiate between SE and BE in the articles.

Conclusions

This meta-analysis investigated recent studies that used
NGDs in patients with pure AR. The results showed that both
on-label and off-label devices are safe and feasible for
patients with severe AR and who are unfit for open chest sur-
gery. On-label devices showed significantly higher procedural
success rates and better clinical outcomes than off-label
devices and should be the preferred choice. To expand the
indication of TAVR for AR, future studies should focus on
optimal interventional timing, device selection, long-term
haemodynamic outcomes, and left ventricular function.
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