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Abstract
Background: The incidence of conduction disturbances requiring permanent pacemaker (PPM) implantation following transcatheter aortic valve
replacement (TAVR) have remained a common concern. The purpose of this study was to evaluate the impact of postprocedural PPM
implantation following TAVR on clinical outcomes. Methods: We performed a systematic search in PubMed and EMBASE databases for studies
that reported raw data on clinical outcomes of patients with and without PPM implantation after TAVR and followed up patients for 10 months or
longer. The primary endpoint was all-cause death. The secondary endpoints were cardiovascular death, heart failure and a composite of stroke
and myocardial infarction (MI). Results: Data from 20 studies with a total of 21666 patients undergoing TAVR, of whom 12.5% required PPM
implantation after intervention, were analysed and the mean duration follow-up was 16.9 months. The rate of PPM ranged from 6.2% to 32.8%
among different studies. A total of 6753 (31.2%) patients underwent TAVR with self-expandable prosthesis and 14913 (68.8%) with balloon-
expandable prosthesis. The incidence of postprocedural PPM implantation was higher with the self-expandable prosthesis (n=1717, 25.4%)
compared with the balloon-expandable prosthesis (n=996, 6.7%). PPM after TAVR was associated with a higher risk of all-cause death (RR: 1.13;
95% CI: 1.01-1.25; P=0.03) but not incidence of stroke and MI (RR: 0.85; 95% CI: 0.64-1.13; P=0.27). Conclusions: In patients undergoing TAVR, the
PPM implantation after intervention was associated higher all-cause mortality but not cardiovascular mortality, heart failure and stroke or MI,
which remain an unsolved issue of TAVR.

Background
Transcatheter aortic valve replacement (TAVR) is a less invasive treatment option for severe symptomatic aortic stenosis, and has emerged as an
alternative therapeutic approach to conventional surgical aortic valve replacement for patients deemed to be at high risk of surgical
complications.1, 2 It has been proposed that the indications of TAVR should be expanded to include patients with intermediate and even low risk of
surgical complications.3-5 However, TAVR still frequently results in short-term complications, including cardiac conduction abnormalities and
TAVR-related requirement for permanent pacemaker (PPM) implantation.6 Although technological developments in TAVR have facilitated the
procedure and reduced the occurrence of some periprocedural complications, the incidence of postprocedural PPM implantation has not changed
signi�cantly over time, and has even potentially slightly increased after the introduction of newer generation devices.7

The factors associated with conduction abnormalities and PPM implantation after TAVR have been well described, including pre-existing right
bundle branch block (BBB), left BBB, use of a self-expanding bioprosthesis, and valve implantation depth.8-10 Nevertheless, it remains controversial
whether PPM implantation after TAVR has a negative impact on clinical outcomes.11 Data from studies evaluating the outcome of PPM
implantation following TAVR have yielded con�icting results, and several related major studies have been published in recent years. The aim of the
present meta-analysis was to investigate the impact of postprocedural PPM implantation on the long-term clinical outcomes of patients who have
undergone TAVR.

Methods
The present study was performed in accordance with the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA)
guidelines.12

Search Strategy

A literature search of the PubMed and Embase databases was performed to identify all studies published from January 1, 2002 to April 4, 2018
that investigated the impact of postprocedural PPM implantation on clinical outcomes after TAVR. The search start date was set at 2002, as that
was the year when TAVR was �rst performed in humans. The search terms were: (TAVR OR TAVI OR percutaneous aortic valve replacement OR
percutaneous aortic valve implantation) AND (pacemaker implantation OR PPM implantation OR pacing OR cardiac conduction abnormalities).
The publication language was restricted to English.

Study selection

The titles and abstracts of all retrieved articles were independently reviewed by two researchers (ZW Xi, W Liu) to identify potentially relevant
studies. The full texts of all potentially relevant articles were then reviewed in detail to assess their appropriateness for inclusion in the present
study. Studies ful�lling the following criteria were included: 1) data reported on long-term clinical outcomes after TAVR (follow-up ≥ 6 months); 2)
su�cient data available on postprocedural PPM implantation following TAVR. Studies were excluded if any of the following criteria applied: 1)
PPM was implanted > 30 days after TAVR; 2) abstracts, case reports, conference presentations, or editorials; 3) outcomes of interest were not
clearly reported or were impossible to extract or calculate from the published results. If more than one study was published by the same authors
using the same case series or overlapping case series, the study with the largest sample size was included, except when different subgroup
analysis could be done. Any disagreement between the two researchers was reviewed by a third researcher (XH Chen) and resolved by consensus.

Data extraction and quality assessment
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Data on clinical outcomes and the characteristics of each study were extracted using a prepared standardized extraction form. The relevant
information regarding the following items were extracted by two main researchers (ZW Xi, W Liu) from each included study if available: �rst
author’s name, publication year, study period, region, study design, single or multicenter study, number of TAVR cases, patient age, proportion of
males, logistic European System for Cardiac Operative Risk Evaluation, Society of Thoracic Surgeons score, valve type, follow-up duration,
incidence of PPM implantation, and primary and secondary endpoints. The quality of cohort studies was evaluated using the Newcastle-Ottawa
scale for prespeci�ed items that comprised patient selection (representativeness and selection of patients, ascertainment of exposure),
comparability of cohorts on the basis of design or analysis, and outcome (assessment of outcomes, adequacy of follow-up).13 A quality score (0–
9) was generated in accordance with a maximum score of 1 for each item.

Study endpoints

The primary endpoint was long-term (at least 10 months postoperatively) all-cause death. The secondary endpoints were cardiovascular death,
heart failure, and a composite of stroke and myocardial infarction (MI). If endpoints were reported at more than one follow-up timepoint, we used
data from the longest follow-up in each study.

Statistical analysis

Crude risk ratio (RR) was the principal summary measure. RRs were retrieved or directly calculated with the corresponding 95% con�dence interval
(CI) for each endpoint as the result of primary analysis. Heterogeneity, which was anticipated to be signi�cant, was assessed by the Q-statistic and
Higgins’ and Thompson’s I2 test. Signi�cant heterogeneity was considered to be present when p < 0.10 or I2 > 50%. When there was no signi�cant
heterogeneity, the �xed-effects model (Mantel-Haenszel) was selected for the calculation of RRs, otherwise the random-effects model was
selected. Sensitivity analysis was performed by deleting one study at a time and calculating the odds ratio for the remaining studies. To assess
the potential effect of publication bias, we inspected funnel plots for asymmetry and used the Egger’s regression asymmetry test in which p < 0.10
was considered to indicate signi�cant publication bias. Descriptive characteristics were presented as the mean ± standard deviation or the median
(interquartile range) for continuous variables, and as percentages or frequencies for categorical variables. Data analyses were performed using the
statistical package STATA V14.0 (StataCorp, College Station, Texas, USA) and Review Manager V5.3 (The Nordic Cochrane Centre, The Cochrane
Collaboration, London, UK).

Results
The literature search identi�ed 703 articles from the PubMed database, and 272 from the Embase database; after the exclusion of duplicates, the
titles and abstracts of 845 articles were reviewed. Of those, the full texts of 28 studies were assessed for eligibility. Four studies were excluded due
to the use of the same data source or overlapping data with other studies. Two studies reporting different outcomes based on the presence of
new-onset left BBB after TAVR were excluded due to the absence of data on PPM implantation. Another two studies were excluded due to a follow-
up duration of < 6 months. A �nal total of 20 studies with a total of 21,666 patients undergoing TAVR were included for the assessment of the
primary endpoint; of those, seven studies were eligible for assessment of the endpoint of cardiovascular death after PPM implantation, while three
studies with 12,063 patients were eligible for assessment of the endpoint of stroke and MI. The follow-up duration ranged from 8 to 48 months.
None of the included studies were randomized. The overall quality of the included studies was good. Figure 1 shows the PRISMA �ow diagram,
and Table 1 shows the baseline characteristics of included studies.8, 10, 14-31

Impact of permanent pacemaker implantation on the primary endpoint

All included studies were published from June 2011 to February 2018. A PPM was implanted in 2,713 patients (12.5%), and the rate of PPM
implantation ranged from 6.2% to 32.8% among different studies. The overall incidence of all-cause death was 20.6%.

There were 648 of 2,713 (23.9%) cases of all-cause death in the PPM group compared with 3,806 of 18,953 (20.1%) in the non-PPM group. The
pooled results demonstrated a higher risk of death for patients with PPM implantation following TAVR than for those without PPM implantation
following TAVR (RR, 1.13; 95% CI, 1.01–1.25; P=0.03) (Figure 2). There was no signi�cant heterogeneity across studies (I2=35%; Q=29.08, P=0.06).
The pooled risk did not signi�cantly vary when studies with a sample size of < 200 patients were omitted (RR, 1.122; 95% CI, 1.04–1.21; P=0.002).

Possible publication bias was suggested by visual analysis of asymmetric funnel plots for the primary analysis. However, this publication bias
was not con�rmed by Egger’s test (P=0.30). We also performed a correction for publication bias using the trim-and-�ll method; the addition of six
missing studies reduced the RR to 1.15 (95% CI, 1.07–1.22) in the �xed-effects model and 1.20 (95% CI, 1.03–1.38) in the random-effects model.
Sensitivity analysis for the risk of all-cause death indicated that none of the studies signi�cantly affected the results of this meta-analysis.

Impact of permanent pacemaker implantation on the secondary endpoints

The impact of PPM implantation on the risk of cardiovascular death after TAVR was evaluated by analyzing data from seven studies that included
7,407 patients. The rate of cardiovascular death was 16.8% (n=1,245). Analysis of the pooled results from �ve studies showed that the
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implantation of PPM following TAVR was not associated with increased risk of cardiovascular death (RR, 0.93; 95% CI, 0.79–1.09; P=0.37) (Figure
3). There was no signi�cant heterogeneity between studies (I2=9%; Q=6.61, P=0.36).

There were 203 of 1,464 (11.8%) cases of heart failure in patients with a PPM compared with 2,682 of 12,339 (21.7%) cases of heart failure in
patients without a PPM. The incidence of heart failure did not signi�cantly differ between patients with or without a PPM (RR, 0.90; 95% CI, 0.50–
1.62; P=0. 73) (Figure 4).

Three studies provided su�cient data on the occurrence of stroke and MI during follow-up. Patients implanted with a PPM after TAVR tended to
have a decreased incidence of stroke and MI compared with those without a PPM (RR, 0.85; 95% CI, 0.64-1.13; P=0.27) (Figure 5), but this
difference did not reach statistical signi�cance; this lack of signi�cance may be due to the limited number of included studies.

Incidence of permanent pacemaker implantation following transcatheter aortic valve replacement with different valve types

A self-expandable prosthesis was implanted in 6,753 (31.2%) patients, while a balloon-expandable prosthesis was implanted in 14,913 (68.8%)
patients. Of the 20 studies, 12 provided su�cient details on the incidence of PPM implantation in patients with implanted self-expandable or
balloon-expandable prostheses. Based on data derived from these 12 studies (n=17,592 patients), the implantation of a self-expandable
prosthesis was associated with a 2.7-fold increased risk of PPM implantation following TAVR compared with a balloon-expandable prosthesis
(25.7% vs. 6.3%, RR, 2.77; 95% CI, 1.95–3.93; P<0.001) (Figure 6). There was signi�cant heterogeneity across studies (I2=91%; Q=126.67, P<0.001),
and so a random-effects meta-analysis was performed.

Discussion
The present meta-analysis of the data from 21,666 patients included in 20 studies showed that PPM implantation following TAVR was associated
with increased all-cause mortality and a tendency toward a decreased incidence of stroke and MI, but the risk of cardiovascular death did not
signi�cantly differ between patients with or without PPM implantation.

One of the most common complications after TAVR is the presence of conduction abnormalities that require the implantation of a PPM.32 Among
the studies included in our meta-analysis, the rate of PPM implantation after TAVR ranged from 6.7% to 32.8%. Consistent with prior studies, our
results showed that patients with an implanted self-expandable prosthesis were at a signi�cantly higher risk of new PPM implantation than those
implanted with a balloon-expandable prosthesis. The fact that conduction abnormalities were more common after self-expandable versus balloon-
expandable prosthesis implantation might be attributed to the valve design and the potential for deeper implantation into the left ventricular
out�ow tract.33 For patients with a balloon-expandable prosthesis, the rate of PPM implantation remained low, regardless of whether an early- or
new-generation device was used.7 However, the rate of PPM implantation remained much higher for patients with a self-expandable prosthesis,
despite a reduction in the rate of PPM implantation with a new-generation device compared with an early-generation device. The incidence of PPM
implantation may slowly decrease over time due to further technological development of TAVR and the expansion of the indications for TAVR
towards lower risk patents who are younger and have less comorbidities.3

Prior studies con�rmed that advanced atrioventricular block was the most frequent reason for PPM implantation, with most pacemakers
implanted within 72 hours after the TAVR procedure.15 The pathophysiological mechanism of the high incidence of atrioventricular block is the
spatial proximity between the aortic valve complex and the pathway of the atrioventricular conduction system. Expansion of the prosthesis frame
can result in direct trauma, compression and subsequent in�ammation, hemorrhage, and ischemic or infarction injury of the conduction system,
potentially causing high-grade or complete atrioventricular block.34

Previous studies have identi�ed several clinical and procedural factors that could predict the need for PPM implantation after TAVR. A previous
meta-analysis of data from 41 studies that included 11,210 patients who underwent TAVR suggested that male sex, baseline conduction
disturbances, and intraprocedural atrioventricular block are predictors of PPM implantation after TAVR with any type of prosthesis.9 Male patients
tend to have more comorbidities and higher procedural risk than females, which might result in an increased risk of atrioventricular block. Pre-
existing conduction abnormalities including atrioventricular block, right BBB and left BBB have been con�rmed to be risk factors for
postprocedural PPM implantation in numerous studies.8, 33, 35, 36 The presence and distribution of calci�cation underneath the aortic annulus
plane and affecting the interventricular septum are anatomical factors associated with the need for PPM implantation.8, 33, 37, 38 As discussed
previously, implantation depth into the left ventricular out�ow tract is also strongly associated with increased risk of PPM implantation after TAVR,
regardless of valve type.39

The impact of new PPM implantation after TAVR on the long-term outcomes has been controversial in recent years. The present meta-analysis
found an association between PPM implantation following TAVR and an increased risk of all-cause death, but failed to show an increased risk of
cardiovascular death in patients receiving new PPM implantation. Similarly, the subgroup study from the Society of Thoracic Surgeons
Transcatheter Valve Therapy registry, which was included in our meta-analysis and had the largest sample size of all the included studies, found
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an increase in late mortality, but not cardiovascular mortality, in patients requiring PPM implantation after TAVR.19 This previous study also
demonstrated that early PPM implantation was associated with longer median hospital stay and intensive care unit stay.19 A smaller study of
1,973 patients from the PARTNER (Placement of Aortic Transcatheter Valves) trial noted a tendency toward increased 1-year mortality in patients
with new PPM implantation, although this difference did not reach statistical signi�cance.8 These �ndings were in agreeance with another study in
which the patients all underwent TAVR with a self-expandable prosthesis.22

More recently, a study showed that although patients with PPM implantation after TAVR did not have an increased risk of mortality, they did have
an increased risk of heart failure hospitalization15; this study had the longest follow-up (median 4 years) among all the studies included in the
present meta-analysis. In contrast, our meta-analysis found no signi�cant effect of PPM implantation on the risk of heart failure. The results of
studies investigating whether new PPM implantation after TAVR was associated with an increased risk of heart failure remain discordant. The
following reasons might potentially explain the absence of negative outcomes in patients with PPM implantation after TAVR. Patients who had
undergone TAVR were always older and had more comorbidities than patients implanted with a PPM who had not undergone TAVR, and thus the
adverse effects of PPM implantation might be mitigated and not be readily apparent in the TAVR population, as the patients might not live long
enough for the negative effects to develop. It is necessary to investigate the impact of PPM implantation on long-term outcomes before the
indications for TAVR are expanded to include lower risk populations, as the follow-up duration in most included studies was not long enough to
show the deleterious effects of PPM implantation. In addition, more than half of the patients implanted with a PPM after TAVR were not
pacemaker dependent, while pacemaker dependency is a predictor of heart failure.40

Limitations

The present meta-analysis was based on 20 non-randomized studies, and had some limitations. First, there was heterogeneity between included
studies, as our meta-analysis included large multicenter registries and also single-center studies with relatively small samples. The heterogeneity
among studies was also increased by the variations in endpoint de�nitions and inclusion criteria. Second, our meta-analysis aimed to investigate
the impact of PPM implantation on long-term clinical outcomes; however, the follow-up period varied hugely among the included studies. Some
included studies only followed up patients for 10 months, while others followed up patients for more than 4 years. Third, we did not exclude
studies with a small sample size (< 200). Fourth, this was a study-level meta-analysis. An analysis of individual patient data may provide further
insights.

Conclusions
implantation after TAVR and an increased risk of all-cause death. However, new PPM implantation has no signi�cant effect on cardiovascular
mortality or the risk of MI and stroke. Moreover, the need for PPM implantation was more frequent in patients implanted with a self-expandable
prosthesis compared with a ball-expandable prosthesis. Interventions to prevent conduction abnormalities and reduce the need for PPM
implantation are needed before the indications of TAVR are expanded to include lower risk patients, as well as further developments regarding
prosthesis design and technical features.
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MI: myocardial infarction

BBB: bundle branch block
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Reference Year Region Centers Sample
Size

Inclusion
Period

Valve
Type

Age Male PPI at
discharge

STS-
PROM

(%)

EuroSCORE
(%)

Follow-
up

NOS

Walther et
al10

2018 Europe,
Australia

12 194 Dec
2011-
Sep

2015

SE
(100.0%)

83.1
±

4.7

45
(22.7%)

29
(14.9%)

N/A N/A 12 m 8

Rogers et
al14

2018 United
States

1 614 Jan
2013-
Dec

2015

BE
(78%),

SE
(22%)

83 ±
9

283
(46.1%)

145
(23.6%)

8.6 ±
4.6

N/A 12 m 8

Chamandi
et al15

2018 International 9 1629 May
2009-
Feb

2015

BE
(50.3%),

SE
(49.7%)

81 ±
7

949
(58.3%)

322
(19.8%)

7.0 ±
5.4

N/A 48 (36-
60) m

9

Aguilera et
al16

2017 Spain 1 217 Apr
2008-
Dec

2015

SE
(100.0%)

78 ±
6

102
(47.0%)

39
(15.0%)

11.4 ±
10.0

16 ± 10 37 ±
27 m

8

Nijenhuis
et al17

2017 Netherlands 1 155 Jun
2007-
Jun

2015

BE
(45%),

SE
(55%)

80 ±
7

78
(50.3%)

37
(23.9%)

N/A 23 ± 15 18.6
(5.4-
37.4)

m

7

Marzahn et
al18

2017 Germany 1 856 Jul
2008-
May
2015

BE
(57.9%),

SE
(42.1%)

80.5
±

6.1

379
(44.3%)

145
(16.9%)

N/A 15.40% 12 m 8

Fadahunsi
et al19

2016 United
States

229 9785 Nov
2011-
Sep

2014

BE
(88.7%),

SE
(11.3%)

84
(78-
88)

4621
(47.3%)

651
(6.7%)

6.7
(4.5-
11.2)

N/A 12 m 9

Giustino et
al20

2016 International
(European)

4 947 Nov
2005-
Dec

2011

BE
(47.9%),

SE
(52,1%)

80.0
±

7.0

485
(51.2%)

164
(17.3%)

8.6 ±
6.6

22.0 ± 12.9 425
(255-

712) d

8

Engborg et
al21

2016 Denmark 1 128 Mar
2008-
Sep

2012

BE
(21.9%),

SE
(78.1%)

80.7
±

5.5

58
(45.3%)

41
(32.0%)

N/A 17.1 ± 11.9 N/A 7

Nazif et al8 2015 International 21 1973 May
2007-
Sep

2011

BE
(100.0%)

84.3
±

7.2

955
(48.4%)

173
(8.8%)

N/A 11.3 ± 4.0 12 m 8

Mouillet et
al22

2015 International 29 833 Jan
2010-Oct

2011

SE
(100.0%)

82 ±
7

489
(58.7%)

252
(30.3%)

14.1
±11.2

20.7 ± 14.1 242 ±
179 d

8

Kawaguchi
et al23

2015 France 1 160 Feb
2010-
Jun

2012

BE
(33.8%),

SE
(66.3%)

83.3
±

7.1

88
(55.0%

28
(17.5%)

20.4 ±
12.5

23.1 ± 18.1 24 m 8

Schymik et
al24

2014 International 1 634 May
2008-
April
2012

BE
(80.8%),

SE
(19.2%)

82.0
±4.5

243
(38.3%)

69
(10.8%)

N/A 21.71 ±
13.14

12 m 8

Biner et
al25

2014 Israel 1 230 N/A BE
(12.6%),

SE
(87.4%)

83 ±
5

88
(38.3%)

58
(25.2%)

N/A 26 ± 14 19.5 m 7

Urena et
al26

2014 International 8 1556 Jan
2005-
Feb

2013

BE
(55.1%),

SE
(44.9%)

80 ±
8

740
(47.6%)

239
(15.4%)

7.6 ±
5.3

20.5 ± 14.0 22 ±
17 m

8

Pereira et
al27

2013 Portugal 1 56 Aug
2007-
May
2011

SE
(100.0%)

79.3
±

6.5

30
(46.2%)

19
(33.9%)

N/A 22.7 ± 13.3 10.3 ±
5.4 m

7

Buellesfeld
et al28

2012 Switzerland,
Germany

2 305 Aug
2007-
Mar

2010

BE
(10.5%),

SE
(89.5%)

82.6
±

6.1

126
(41.3%)

98
(32.1%)

N/A 25.0 ± 15.0 12 m 8

Houthuizen
et al29

2012 Netherlands 8 797 Nov
2005-
DEC
2010

BE
(43.0%),

SE
(57.0%)

N/A N/A N/A N/A N/A 449.5
(174-

834) d

8

Carlo et
al30

2012 Italy 3 275 Sep
2007-Jul

2010

SE
(100.0%)

82.4
±

5.9

128
(46.5%)

66
(24.0%)

N/A 22.7 ± 14.1 12 m 8

Ancona et
al31

2011 Germany 1 322 N/A BE
(100.0%)

79.3
±

8.3

107
(33.2%)

20 (6.2%) 18.5 ±
16.0

37.4 ± 20.6 12 m 8

NOS: Newcastle-Ottawa scale.
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Figures

Figure 1

Flow diagram of selected studies based on the Preferred Reported Items for Systematic Reviews and Meta-Analysis (PRISMA) statement.

Figure 2

Risk of all-cause death in patients with new permanent pacemaker (PPM) implantation after transcatheter aortic valve replacement (TAVR).
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Figure 3

Risk of cardiovascular death in patients with new permanent pacemaker (PPM) implantation after transcatheter aortic valve replacement (TAVR).

Figure 4

Risk of heart failure in patients with new permanent pacemaker (PPM) implantation after transcatheter aortic valve replacement (TAVR).

Figure 5

Risk of myocardial infarction (MI) and stroke in patients with new permanent pacemaker (PPM) implantation after transcatheter aortic valve
replacement (TAVR).
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Figure 6

Incidence of permanent pacemaker (PPM) implantation after transcatheter aortic valve replacement (TAVR) with each valve type.
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