Cardiovascular Intervention and Therapeutics
https://doi.org/10.1007/512928-025-01169-8

REVIEW ARTICLE

=

Check for
updates

Impact of aortic angulation on outcomes in transcatheter aortic valve
replacement with balloon-expandable and self-expanding valves:
a systematic review and meta-analysis
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Abstract

High aortic angulation (AA) can pose significant challenges during TAVR. This meta-analysis determines the impact of a
horizontal aorta on TAVR outcomes with balloon-expandable (BEV) and self-expanding valves (SEVs). A comprehensive
search was conducted from inception to June 2024. Thirteen observational studies assessing the impact of aortic angulation
in patients undergoing TAVR replacement were included. The pooled results indicated that short-term mortality was signifi-
cantly lower in patients with a non-horizontal aorta (RR=0.76; 95% CI 0.62-0.95, P=0.01). Subgroup analysis displayed
that BEVs had a lower short-term mortality with a horizontal aorta than SEVs. The incidence of stroke was not significantly
affected by aortic angulation with either valve type. However, the overall risk of permanent pacemaker implantation was
lower in patients with a non-horizontal aorta for both valve types. Paravalvular regurgitation was also reduced in the non-
horizontal aorta group, with no difference between aortic angulations in patients with BEVs. In contrast, SEVs favored a
non-horizontal aorta in reducing paravalvular leak (RR =0.66; 95% CI 0.46-0.94, P=0.02). Both BEVs and SEVs show
better results in patients with lower aortic root angulation. The increased incidence of conduction abnormalities and PPI rates
with both valve types in patients with horizontal aorta is a concern. BEVs could be potentially used preferentially to SEVs
in patients with a horizontal aorta as there was no difference between horizontal and non-horizontal aorta groups regarding
short-term mortality, moderate-to-severe paravalvular leak, and need for a second valve.
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Introduction

Transcatheter aortic valve replacement (TAVR) is a safe
procedure that is increasingly used to treat patients with
aortic stenosis, utilizing both self-expanding valves (SEVs)

P< Abdelrahman Mohammed Elettreby
am731784@gmail.com
Faculty of Medicine, Ain Shams University, Cairo, Egypt

Department of Medicine, Imperial College Healthcare NHS
Trust, London, UK

Faculty of Medicine, Cairo University, Cairo, Egypt
Faculty of Medicine, Al-Azhar University, Cairo, Egypt
Faculty of Medicine, Aleppo University, Aleppo, Syria

Published online: 18 July 2025

and balloon-expandable valves (BEVs) [1-5]. High aortic
angulation (AA), known as a horizontal aorta, can pose sig-
nificant challenges during TAVR [6-8]. Asymmetric valve
deployment may adversely affect the success of the proce-
dure and lead to post procedural complications. Sherif et al.

Faculty of Pharmacy, Zagazig University, Zagazig, Egypt
Faculty of Medicine, Suez University, Suez, Egypt
Faculty of Medicine, Mansoura University, Mansoura, Egypt

Faculty of Medicine, Al-Andalus University for Medical
Sciences, Tartus, Syria

Lancashire Cardiac Centre, Blackpool, UK
School of Medicine, University of Liverpool, Liverpool, UK

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12928-025-01169-8&domain=pdf
http://orcid.org/0009-0003-3283-7219

B.B. Khalefa et al.

evaluated the correlation between higher AA and lower pro-
cedural success in patients treated with the first-generation
SEVs, and also showed an increased rate of paravalvular
aortic regurgitation [9]. A subsequent study reported that
increased AA adversely affected acute procedural success
after the first-generation SEVs, but not after the first-gener-
ation BEVs [10]. However, another study conducted on the
first-generation SEVs reported no association between AA
and procedural success or clinical outcomes [11]. Subse-
quent studies using newer generations of valves reported that
increasing AA does not affect the outcomes in patients who
undergo TAVR with SEVs or BEVs [12-16]. However, other
studies reported that new-generation SEVs, such as Evolut
R/PRO and Portico, may be not appropriate in patients with
a horizontal aorta [17-19].

This systematic review and meta-analysis is to determine
the influence of SEVs and BEVs on clinical outcomes in
patients with a horizontal aorta (HA).

Methods

Our methodology and findings were conducted according
to the Cochrane Handbook for Systematic Reviews and
reported according to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) [20, 21].
Transparency was ensured by registering the protocol of our
study in PROSPERO (CRD42024549955).

Search strategy

We performed an extensive search across various data-
bases, such as PubMed, Embase, Web of Science, Scopus,
and the Cochrane Library, from inception to 5 June 2024.
We utilized the following strategy: ((Transcatheter aortic
valve replacement) OR (Transcatheter aortic valve implan-
tation) OR (TAVI) OR (TAVR)) AND ((Angulation*) OR
(Horizontal)).

Study selection and eligibility criteria

The articles found during the systematic search were added
to the EndNote Reference Library [22], where duplicates
were identified and eliminated. After excluding the dupli-
cates, initial screening of the titles and abstracts via Rayyan
website was performed, followed by detailed review of
chosen study texts [23]. We included observational stud-
ies or clinical trials that compared the outcomes between
patients with horizontal and non-horizontal aorta undergo-
ing TAVR with any valve type. Only studies with a cut-off
angle between horizontal and Non-horizontal aorta between
48 and 52 degrees were included. We excluded case reports,
case series studies, reviews, abstracts, animal, non-English
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studies, and studies with a cut-off angle higher than 52 or
lower than 48 degrees.

Data extraction

Extraction forms were constructed on Google Spread Sheets.
We extracted the following information for each study:

(1) Summary of the included studies including study
design, follow-up duration, aortic angle cut of point,
country, inclusion criteria, and exclusion criteria;
details are provided in Table 1.

(2) Baseline characteristics including age, sample size,
gender, number of patients with diabetes mellitus,
hypertension, conduction disturbances, stroke or tran-
sient ischemic attack, prior myocardial infarction (MI),
and Society of Thoracic Surgeons (STS) score. Details
are provided in Table 2.

(3) Primary outcomes including death, stroke, MI, major
bleeding, and secondary outcomes including length of
hospital stay, aortic dissection, duration of the proce-
dure, need of second valve, cardiac tamponade, aortic
regurgitation, permanent pacemaker implantation, pro-
cedure success, and paravalvular leak.

(4) Procedural characteristics including access, pre-dila-
tion, post-dilation, valve type, and valve size. Details
are provided in Supplementary Table 1.

Risk-of-bias assessment (ROB)

The quality assessment of the included studies was per-
formed using the Newcastle—Ottawa scale (NOS) [24]. NOS
covers the following three domains: (1) selection of study
groups; (2) comparability of groups; and (3) ascertainment
of exposure and outcomes. NOS’s total score of 7 to 9 indi-
cates a low risk of bias, 4 to 6 indicates a moderate risk, and
0 to 3 indicates a high risk of bias. Detailed ROB is provided
in Supplementary Table 2.

Data analysis

We conducted our analysis using R studio software [25].
We estimated the risk ratio (RR) for dichotomous outcomes
and the mean difference (MD) for continuous outcomes.
Given the substantial heterogeneity among the included
studies, we preferred to use the random-effects model. We
used the 95% confidence intervals (CI) for all outcomes. A
P value <0.05 indicated statistical significance. Chi-square
P value <0.10 indicated significant heterogeneity among the
included studies.
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Table 2 (continued)

18

LVEEF, (%)
Non-HA

STS score (mean +SD)

Study ID

HA

HA

Non-HA

Springer

58.0+£13.8
517113
53.5+£10.6

NA

56.1+15.1
50.1+£11.9

54.8+8.3

7.8+4.8
8.5+2.8
54+4

NA

7.7£4.6
8.7+£2.7

Abramowitz et al. 2016 (SEV)

Aktan et al. 2023

6.8+3.18

NA

Aslan et al. 2022
Barki et al. 2023

NA

55.68+11.85
520+134

NA

48.75+15.2

5825+114
56+12.1

7.15+£4.04

42425

6.0+3.4
NA

6.02+3.3
6.99+5.6

Bob-Manuel et al. 2019 (SEV)
Bob-Manuel et al. 2019 (BEV)

D’Ancona et al. 2019
Eckel et al. 2024

4.43+2.37

NA

553+13.0

NA

57.6+£10.6
55.7+£12.8
52.5+15.2

57+10.5

47+38
52+42
52+32
85+4.3
40+23
55+4.2
6.7+5.8

47+3.6
47+3.8
54+39

Gallo et al. 2021

552+13.5
52.3+14.3

Medranda et al. 2021 (SEV)
Medranda et al. 2021 (BEV)

Popma et al. 2016

NA

NA

8.7+4.7
44+2.6
59+49
5749

58.01+2.0
54.1+£11.3

58.1+£14.5
545+114
56.2+134

Rashid et al. 2017

Stefano et al. 2019

54.0+13.8

Veulemans et al. 2020

Definitions

All outcomes were defined according to VARC criteria [26,
27]. Details about specific criteria used in each study are
provided in Supplementary Table 3. Additionally, defini-
tions of the aortic angle in each study are provided in Sup-
plementary Table 4.

Results
Literature search

Our search strategy produced a total number of 587
records, which were reduced to 275 articles after removal
of duplicated studies. Following full-text screening, 13
studies satisfied our inclusion criteria and were identified
for inclusion in our study [10-17, 19, 28-31]. Details are
provided in PRISMA flowchart, Fig. 1.

Characteristics of included studies

Thirteen studies were included in our systematic review
and meta-analysis, with a total of 5541 patients in hori-
zontal aorta group and 7692 patients in the non-horizontal
aorta group. All of the included studies were observational
studies, and most of the studies were conducted in the
United States (40%) and Turkey (20%). The mean age of
patients in the horizontal aorta group was 83.2+7.5 and
82.1+ 8.1 in the non-horizontal aorta group.

Risk-of-bias assessment

Newcastle—Ottawa scale determined that all the included
studies pose low risk of bias. Detailed ROB is provided in
Supplementary Table 2.

Outcomes of TAVR in horizontal
versus non-horizontal aorta

Short-term (30-day) mortality

The meta-analysis included 12,285 patients. The over-
all risk ratio favored the non-horizontal aorta group
(RR=0.76; 95% CI [0.62-0.95], P=0.01). Pooled stud-
ies demonstrated no heterogeneity (I>=0%; P=0.67).
Analysis based on the type of valve used favored the
non-horizontal aorta in the SEV subgroup (RR=0.68;
95% CI [0.54-0.87], P <0.01) (I*=0%; P=0.69). The
overall risk ratio did not favor the horizontal or non-
horizontal aorta in the BEV subgroup (RR=1.13; 95%
CI [0.50-2.56], P=0.76) (I?=0%; P=0.60) (Fig. 2). On
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Fig.1 PRISMA flow diagram

performing subgroup analysis based on valve generation,
we did not find any difference between non-horizontal and
horizontal groups on using Corevalve (RR=0.77; 95% CI
[0.58-1.02], P=0.07) (I>=0%; P =0.36), but the use of
Evolut R favored the non-horizontal group (RR =0.48;
95% CI [0.24-0.97], P=0.04) (I?=0%; P=0.86)
(Fig. S1).

One-year mortality

The meta-analysis included 443 patients. The overall risk
ratio did not favor either of both groups (RR=0.68; 95%
CI [0.38-1.22], P=0.19). Pooled studies demonstrated no
heterogeneity (I?=0%; P=0.84) Fig. 3.

Stroke

The meta-analysis included 12,110 patients. The overall risk
ratio did not favor any aortic angulation (RR =0.85; 95%
CI[0.68-1.05], P=0.13). Pooled studies were homogenous
(’=0%; P=0.67). There was no difference between the hor-
izontal and non-horizontal groups with BEVs (RR=0.59;
95% CI[0.21-1.61], P=0.30) (I*=10%; P=0.33) and with

SEVs (RR=0.86; 95% CI [0.67-1.11], P=0.24) (I’=4%;
P=0.40) (Fig. 4). On subgroup analysis according to
valve generation, we did not find any difference between
both anatomical groups when using Corevalve (RR=0.9;
95% CI [0.66—1.24], P=0.53) (I*=0%; P=0.46), or Evo-
lut R (RR=1.19; 95% CI [0.36-3.89], P=0.77) (I*=0%;
P=0.46) (Fig. S2).

Myocardial infarction (MI)

The meta-analysis included 5537 patients. The overall fre-
quency of MI was similar with both a horizontal and non-
horizontal aorta (RR=0.79; 95% CI [0.38-1.64], P=0.52),
with no statistical difference between horizontal and non-
horizontal aorta with using BEVs or SEVs (RR=0.47;95%
CI [0.06-3.75], P=0.48) (’=0%; P=0.77) and (RR=0.71;
95% CI [0.30-1.70], P=0.44) (I2 =0%; P=0.87), respec-
tively. Pooled studies were homogenous (I>=0%; P=0.96)
(Fig. 5).

Major or life-threatening bleeding

The meta-analysis included 3,326 patients. The overall risk
ratio did not favor a non-horizontal aorta (RR=0.81; 95%
CI[0.62-1.07], P=0.14). Pooled studies were homogenous
(’=0%; P=0.82) (Fig. 6).

New permanent pacemaker implantation (PPI)

The meta-analysis included 12,156 patients. The overall
risk of PPI rates was lower with a non-horizontal aorta
(RR=0.87; 95% CI [0.79-0.94], P<0.01). PPI rates were
also lower in the non-horizontal group with both BEVs and
SEVs (RR=0.67; 95% CI [0.47-0.96], P=0.03) (I’ =8%;
P=0.35) and (RR=0.88; 95% CI [0.80-0.97], P <0.01)
(’=0%; P=0.92), respectively (Fig. S3). Pooled studies
did not display heterogeneity (/>=0%; P=0.89). On sub-
group analysis, we found no difference between both ana-
tomical groups when using both Corevalve (RR =0.89; 95%
CI [0.72-1.11], P=0.31) (I*=14%; P=0.28), and Evolut
R (RR=0.81; 95% CI [0.48-1.38], P=0.45) (I*=0%;
P=0.74) (Fig. S4).

Moderate or severe aortic regurgitation (AR)

The meta-analysis included 8433 patients. The overall risk
of AR did not favor either a horizontal or non-horizontal
aorta (RR=0.99; 95% CI [0.75-1.30], P=0.93). Pooled
studies showed non-significant heterogeneity (I>=21%;
P=0.26), and also there was no difference between hori-
zontal and non-horizontal aorta with the use of BEVs or
SEVs (RR=1.12; 95% CI [0.44-2.85], P=0.81) (12=0%;

@ Springer
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Fig.2 Short-term (30-day) mor-
tality forestplot

Fig.3 One-year mortality
forestplot

@ Springer

Non-Horizontal  Horizontal
( A) Study Events Total Events Total Risk Ratio
Abramowitz 2016 (BEV) 6 243 4 237
Abramowitz 2016 (SEV) 4 56 2 46
Aktan 2023 9 149 13 115 -t
Aslan 2022 5 64 7 S?
Bob-Manuel 2019 (BEV) 1 64 3 63
Bob-Manuel 2019 (SEV) 0 28 1 24
D’Ancona 2019 2 70 6 76
Eckel 2024 24 841 17 41 o
Gallo 2021 7 2039 12 1821
Medranda 2021 (BEV) 4 293 3 208
Medranda 2021 (SEV) 1 229 1 1M1
Popma 2016 123 2503 70 1075 =
Rashid 2017 1 78 3 87
Stefano 2019 (BEV) 4 62 1 38
Stefano 2019 (SEV AND MEV) 5 227 4 174
Veulemans 2020 1 225 8 241
Random effects model N 5114 O
Heter 1F=0%,1=0,p=067
Test for overall effect z = -248 (p = 0.01) 01 0512 10

RR 95%-Cl Weight

146 [042; 512] 29%
164 [031. 857) 17%
053 [0.24; 121] 6.8%
064 [021; 189) 38%
033 [004; 307] 09%
029 [001. 672] 05%
036 [008; 173 18%
124 [0.67. 230) 12.1%
052 [021; 132] 52%
095 [021; 418] 21%
048 [0.03; 768] 06%
075 [0.57; 1.00] 56.0%
037 [0.04; 350) 0.9%
245[028:2113]  10%
096 [0.26; 352] 27%
013 [002: 1.06] 11%

0.76 [0.62; 0.95] 100.0%

Favour{Non-Honzontal] Favour{Horizontal]

Short term mortality
Non-Horizontal  Horizontal

(B) Study Events Total Events Total Risk Ratio RR 95%~Cl

Subgroup = BEV

Abramowitz 2016 6 243 4 237 —— 146 [0.42; 5.12)

Bob-Manuel 2019 1 64 3 63 —_— 0.33 [0.04; 3.07]

Medranda 2021 4 293 3 208 0.95 [0.21; 4.18]

Stefano 2019 4 62 1 38 % 245 [0.28; 21.13]

Random effects model 662 546 1.13 [0.50; 2.56]

Heterogeneity: I = 0%, * = 0, p = 0.60

Test for effect in subgroup: z = 0.30 (p = 0.76)

Subgroup = SEV

Abramowitz 2016 4 56 2 46 —_—t— 1.64 [0.31; 8.57]

Aktan 2023 9 149 13 115 — 0.53 [0.24; 1.21)

Aslan 2022 5 64 7 87 —_— 0.64 [0.21; 1.89]

Bob-Manuel 2019 0 28 1 24— 0.29 [0.01; 6.72)

D'Ancona 2019 2 70 6 76 —_— 0.36 [0.08; 1.73]

Gallo 2021 7 2039 12 1821 —t 0.52 [0.21; 1.32)

Medranda 2021 1 229 1 1M1 — 0.48 [0.03; 7.68]

Popma 2016 123 2503 70 1075 || 0.75 [0.57; 1.00]

Veulemans 2020 1 225 8 241 1 0.13 [0.02; 1.06]

Random effects model 5363 3566 ie] 0.68 [0.54; 0.87)

Heterogeneity: #=0%,¢=0,p=069

Test for effect in subgroup: z = -3.07 (p < 0.01)

Test for subgroup differences: 2 = 1.35, df = 1 (p = 0.25) /T

01 0512 10
Favour[Non-Horizontal] Favour{Horizontal)
Short term mortality subgroup
Non-Horizontal  Horizontal
Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Aktan 2023 14 149 16 115 i 068 [0.34;1.33] 752%
Bob-Manuel 2019 (BEV) 4 64 5 163 ; 0.79 [0.22;2.80] 21.3%
Bob-Manuel 2019 (SEV) 0 28 1 24 029 [0.01;6.72] 3.4%
Random effects model 241 202 <> 0.68 [0.38; 1.22] 100.0%
| I N I |

Heterogeneity: = 0%, = 0,p =084
Test for overall effect: z =-1.30 (p = 0.19)

01 0512 10

Favour[Non-Horizontal] Favour[Horizontal]

One year mortality
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Fig.4 Stroke forestplot

Non-Horizontal

Horizontal

( A) Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Abramowitz 2016 (BEV) 4 243 7 237 056 [0.17, 1.88] 3.2%
Abramowitz 2016 (SEV) 0 56 1 46 0.27 [0.01; 6.58] 0.5%
Aktan 2023 6 149 3 115 154 [0.39; 6.04] 26%
Aslan 2022 3 64 1 57 267 [029;2497] 1.0%
D’Ancona et al 2019 1 70 2 76 054 [0.05; 586] 0.8%
Eckel 2024 29 841 28 741 —— 091 [0.55; 1.52] 18.4%
Gallo 2021 19 2037 23 1821 —. 0.74 [0.40; 1.35] 13.1%
Medranda 2021 (BEV) 1 293 3 208 024 [0.02; 226] 09%
Medranda 2021 (SEV) 9 229 2 M 218 [0.48; 993] 21%
Popma 2016 115 2503 54 1075 = 091 [067;, 1.25] 48.1%
Rashid 2017 3 78 5 87 067 [017, 271] 24%
Stefano 2019 (BEV) 2 47 0 38 405 [020;8193] 05%
Stefano 2019 (SEV AND MEV) 1 255 1 167 065 [0.04,1040] 06%
Veulemans 2020 6 225 17 241 0.38 [0.15; 094] 57%
Random effects model 7090 5020 0.85 [0.68; 1.05] 100.0%
Heterogeneity: I“ = 0%, t“ =0, p = 0.67
Test for overall effect: z = -1.50 (p = 0.13) 01 0512 10

Favour[Non-Horizontal] Favour[Horizontal]
Stroke
Non-Horizontal  Horizontal

(B) Study Events Total Events Total Risk Ratio RR 95%-Cl
Subgroup = BEV
Abramowitz 2016 4 243 7 237 —— 056 [0.17; 1.88]
Medranda 2021 1 293 3 208 ——— 0.24 [0.02; 2.26]
Stefano 2019 2 47 0 38 —1—=— 4.05 [0.20; 81.93]
Random effects model 583 483 < 0.59 [0.21; 1.61]
Heterogeneity: 1° = 10%, t° = < 0.0001, p = 0.33
Test for effect in subgroup: z = -1.04 (p = 0.30)

Subgroup = SEV
Abramowitz 2016 0 56 1 46 —m——— 0.27 [0.01; 6.58]
Aktan 2023 6 149 3 115 —t— 1.54 [0.39; 6.04]
Aslan 2022 3 64 1 57 —_— 267 [0.29;24.97]
D’Ancona et al 2019 1 70 2 76 —_— 0.54 [0.05; 5.86]
Gallo 2021 19 2037 23 1821 —. 0.74 [0.40; 1.35]
Medranda 2021 9 229 2 S 2.18 [0.48; 993]
Popma 2016 115 2503 54 1075 091 [067; 1.25]
Veulemans 2020 6 225 17 241 0.38 [0.15; 0.94]
Random effects model 5333 3542 0.86 [0.67; 1.11]
Heterogeneity: 1*=4%, =0, p =040
Test for effect in subgroup: z =-1.18 (p = 0.24)

T tr 1

Test for subgroup differences: y_f =0.51,df=1(p =047)

P=0.46) and (RR=0.89; 95% CI [0.71-1.13], P=0.34)
(?=0%; P=0.47), respectively (Fig. S5).

Moderate or severe paravalvular leak (PVL)

The meta-analysis included 4096 patients. The overall
risk of significant PVL favored the non-horizontal aorta
group (RR=0.70; 95% CI [0.55-0.90], P <0.01). PVL was
increased with a SEV in a horizontal aorta (RR =0.66; 95%
CI [0.46-0.94], P=0.02) (I*=0%; P =0.45), but not with a
BEV in a horizontal aorta (RR=0.92; 95% CI [0.27-3.14],
P=0.89) (I’=0%; P=0.84). Pooled studies demonstrated
no heterogeneity (I*=0%; P=0.76) (Fig. S6).

01 0512 10

Favour[Non-Horizontal] Favour[Horizontal]
Stroke subgroup

Left bundle branch block (LBBB)

The meta-analysis included only two studies with a total
of 3112 patients. The overall risk of new LBBB was less
in the non-horizontal aorta group (RR=0.80; 95% CI
[0.68-0.94], P <0.01). Pooled studies were homogenous
(?=0%; P=0.41) (Fig. S7).

Major vascular complications
The meta-analysis included 6904 patients. The over-
all risk ratio did not favor any group (RR=0.89; 95% CI

[0.69-1.13], P=0.33). Pooled studies demonstrated no het-
erogeneity (I>=0%; P=0.65) (Fig. S8). When performing

@ Springer
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Fig.5 Myocardial infarction
forestplot

Fig. 6 Major or life-threatening
bleeding forestplot

subgroup analysis based on valve generation, we did not

Non-Horizontal  Horizontal
(A) Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Abramowitz 2016 (BEV) 0 243 1 237 033 [0.01; 794] 53%
Abramowitz 2016 (SEV) 1 56 0 46 247 [0.10;59.19] 53%
Aktan 2023 1 149 1 115 0.77 [0.05;1221] 7.0%
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Test for overall effect: z = -0.64 (p = 0.52)

I_T<_:ﬁ|—|
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Mi
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Subgroup = BEV

Abramowitz 2016 (BEV) 0 243 1 237 i 0.33 [0.01; 7.94]
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Random effects model 305 275 —cEERR———— 0.47 [0.06; 3.75]

Heterogeneity: 1° = 0%, t° = 0, p = 0.77

Test for effect in subgroup: z =-0.71 (p = 0.48)

Subgroup = SEV

Abramowitz 2016 (SEV) 1 56 0 46 2.47 [0.10; 59.19]

Aktan 2023 1 149 7 (N 0.77 [0.05; 12.21]

Aslan 2022 1 64 1 57 E— 0.89 [0.06; 13.91]

Gallo 2021 6 2038 9 1820 —— 060 [0.21; 1.67]

Random effects model 2307 2038 <> 0.71 [0.30; 1.70]

Heterogeneity: P= 0%, = 0,p=0.87

Test for effect in subgroup: z =-0.77 (p = 0.44)

Test for subgroup differences: yj =0.13,df=1(p =0.72) ' I [ I

01 0512 10
Favour[Non-Horizontal] Favour{Horizontal]
MI subgroup
Non-Horizontal  Horizontal

Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Abramowitz 2016 (BEV) 5 243 11 237 044 [0.16;1.26] 6.8%
Abramowitz 2016 (SEV) 0 56 1 46 0.27 [0.01;6.58] 0.7%
Aktan 2023 6 149 8 115 058 [0.21;162] 7.0%
Aslan 2022 4 64 6 57 059 [0.18;2.00] 51%
D’Ancona 2019 3 70 b 6 065 [0.16;263] 3.8%
Eckel 2024 57 841 51 741 I 098 [0.68;1.42] 53.4%
Rashid 2017 9 78 12 87 0.84 [0.37;1.88] 11.3%
Veulemans 2020 10 225 14 241 0.77 [0.35;169] 11.8%
Random effects model 1726 1600 0.81 [0.62; 1.07] 100.0%

Heterogeneity: /° = 0%, t° = 0.0019, p = 0.82

Test for overall effect: z =-1.48 (p = 0.14)

find any difference between both anatomical groups on using

Corevalve (RR=0.8; 95% CI [0.62-1.03], P=0.08) (I*=0%;
P=0.49), or Evolut R (RR=0.7; 95% CI [0.34-1.46],
P=0.34) (?=0%; P=0.95) (Fig. S9).
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Favour[Non-Horizontal] Favour[Horizontal]
Major and life threatening bleeding

Acute kidney injury (AKI)

The meta-analysis included 10,802 patients. The over-
all risk ratio did not favor any group (RR=0.97; 95% CI
[0.74-1.27], P =0.82). It also did not favor any group with

BEVs (RR = 1.76; 95% CI [0.62-4.97], P=0.29) (I*=0%;
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P=0.82) or SEVs (RR=0.81; 95% CI [0.64-1.02],
P=0.07) (I>’=0%; P=0.56). Pooled studies displayed
non-significant heterogeneity (I*=19%; P =0.26) (Fig.
S10). Subgroup analysis based on valve generation
revealed no difference between both non-horizontal and
horizontal groups with the use of Corevalve (RR =0.96;
95% CI[0.78-1.18], P=0.69) (I*=0%; P=0.9), or Evo-
lut R (RR=0.83; 95% CI [0.31-2.18], P=0.7) (I*=0%;
P=0.7) (Fig. S11).

Annular rupture

Only two studies with a total of 4309 patients reported
the incidence of annular rupture. The overall risk ratio
did not favor either of the two groups (RR=0.47, [95% CI
0.13-1.74], P=0.26). The pooled studies showed no hetero-
geneity (I>=0%, P=0.67) (Fig. S12).

Valve embolization

The meta-analysis included 9908 patients. The overall risk
ratio did not favor any anatomical group (RR=0.82; 95% CI
[0.60-1.13], P=0.22). Also there was no difference between
both anatomical groups with using BEVs (RR=0.77; 95%
CI [0.11-5.41], P=0.79) (I*’=0%; P=0.82) or SEVs
(RR=0.85; 95% CI [0.60-1.19], P=0.34) (I’=9%;
P =0.36). Pooled studies were homogenous (’=0%:
P=0.78) (Fig. S13).

Cardiac tamponade

The meta-analysis included 1,598 patients. The overall risk
ratio did not favor either aortic groups (RR=1.10; 95% CI
[0.47-2.59], P=0.83). Pooled studies were homogenous
(*=0%; P=0.90) (Fig. S14).

Coronary obstruction

The meta-analysis included 5273 patients. The overall risk
ratio did not favor either aortic groups (RR=0.94; 95% CI
[0.37-2.37], P=0.90). Pooled studies displayed no hetero-
geneity (I>=0%; P=0.88) (Fig. S15).

Need for second valve

The meta-analysis included 5508 patients. The overall risk
ratio significantly favored the non-horizontal aorta group
(RR=0.62;95% CI1[0.42-0.91], P=0.02) and significantly
favored the non-horizontal aorta group in the SEV sub-
group (RR=0.50; 95% CI [0.26-0.93], P=0.03) (I*=26%;
P=0.26), but did not favor either aortic angulation groups
in the BEV subgroup (RR=0.89; 95% CI [0.26-3.04],

P=0.85) (I’=0%; P=0.77). Pooled studies did not demon-
strate heterogeneity (I>=0%; P =0.60) (Fig. S16).

Total contrast used, mL

The meta-analysis included 8478 patients. The volume of
contrast used was not affected by the degree of aortic angula-
tion MD=-2.12; 95% CI [— 6.37 to 2.13], P=0.33) and
the overall effect size did not favor any group with using
either BEV or SEV (MD=2.23; 95% CI [— 2.77 to 7.24],
P=0.38) (I*=0%; P=0.56) and (MD =— 5.48; 95% CI
[- 12.06 to 1.09], P=0.10) (I*=46%; P=0.09), respec-
tively. Pooled studies revealed significant heterogeneity
(I*=49%; P=0.02) (Fig. S17).

Total fluoroscopy time (minutes)

The meta-analysis included 6444 patients. The overall
mean difference significantly favored the non-horizontal
aorta group (MD=- 1.02; 95% CI [- 1.98 to — 0.07],
P =0.04). The overall effect size did not favor either group
with using the BEV or the SEV subgroups (MD=- 0.12;
95% CI [— 1.15 to 0.92], P=0.82) (I’=0%; P=0.50) and
(MD=— 1.54;95% CI [— 3.75 t0 0.66], P=0.17) (I’ =72%;
P <0.01), respectively. The pooled studies showed signifi-
cant heterogeneity (I =58%; P=0.01) (Fig. S18).

Length of hospital-stay (days)

The meta-analysis included 1717 patients. The overall mean
difference did not favor either aortic angulation groups
(MD =- 0.67; 95% CI [— 1.58 to 0.24], P=0.15). The
pooled studies showed significant heterogeneity (I>=78%;
P<0.01) (Fig. S19).

Discussion

All studies included in our analysis defined aortic root angu-
lation > 48° as a minimum cut-off point, which was deter-
mined by a multidetector contrast computed tomographic
(MDCT) imaging of the aorto-valvular complex (a prereq-
uisite for case planning) as a horizontal aorta [10, 17, 19,
28]. Case planning using MDCT has become an integral
part of contemporary TAVR practice, and has a profound
impact on the reduction of residual AR, due to appropri-
ate bioprosthetic sizing [32, 33]. Additionally, it allows the
identification of unfavorable calcium morphology within the
aortic annulus and left-ventricular outflow tract, which may
enhance the selection of the transcatheter heart valve [34,
35]. Pre-procedural sizing of the aortic root and identifica-
tion of the origin of the coronary arteries is essential and
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has been associated with reduced occurrence of coronary
occlusion during the procedure [36, 37].

The meta-analysis of TAVR outcomes in patients with
horizontal versus non-horizontal aortas showed several
significant findings. In terms of short-term mortality, the
non-horizontal aorta group was significantly favored with
a risk ratio (RR) of 0.76. The analysis of 1-year mortal-
ity and stroke incidence did not yield significant differences
between the two groups. For PPI, the non-horizontal aorta
group was again significantly favored with an RR of 0.87.
The rate of myocardial infarction, moderate or severe aortic
regurgitation showed no significant differences. However,
for moderate or severe paravalvular leak, the non-horizontal
aorta group was significantly favored with an RR of 0.70.

For SEVs, on pooling of the nine studies, patients with
a non-horizontal aorta demonstrated a significantly lower
short-term mortality rate compared to those with a horizon-
tal aorta, with a risk ratio (RR) of 0.68. Additionally, the
incidence of new PPI was significantly reduced, with an RR
of 0.88. The non-horizontal aorta group also had fewer cases
of moderate or severe paravalvular regurgitation, as indi-
cated by an RR of 0.66, and a lower need for a second valve,
with an RR of 0.5. However, all other outcomes including
but not limited to stroke, myocardial infarction, and moder-
ate or severe aortic regurgitation did not show significant
differences between the non-horizontal and horizontal aorta
groups for SEVs. For BEVs, on pooling of the four studies,
the non-horizontal aorta group showed a significant advan-
tage only in the incidence of new PPI, with an RR of 0.67.
All other outcomes, such as short-term mortality, stroke,
and moderate or severe paravalvular leak (PVL), did not
exhibit significant differences between the non-horizontal
and horizontal aorta groups.

There has been a variability in the generations of SEVs
and BEVs used in this meta-analysis. While our meta-anal-
ysis includes data from both early and newer generation
SEVs, it is important to highlight that recent advancements
in device engineering, such as in the Evolut PRO+and ACU
RATE Neo2, have improved outcomes in complex anato-
mies, including horizontal aortas. Studies like Barki et al.
have shown promising performance of the ACURATE Neo2
in such anatomies, suggesting that certain newer-generation
SEVs may mitigate the risks previously associated with
horizontal aorta. Future research should aim to stratify out-
comes by device generation to further clarify these effects
[38]. Some individual studies evaluating SEVs in patients
with horizontal aorta displayed reduced procedural success
[10, 17] and increased procedural complications, including
PVL, valve malposition [19], stroke, major vascular com-
plications, and 30-day mortality [28]. Other studies evaluat-
ing both SEVs and BEVs identified that the degree of aor-
tic valve angulation did not affect the procedural success,
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short- or long-term clinical outcomes [10, 17], concluding
that increased aortic root angulation should no longer be a
consideration when determining transcatheter heart valve
selection. Manoharan et al., identified that newer genera-
tions of SEVs, such as Evolur R improve the ability to treat
patients with more complex aortic anatomy [39]. Barki
et al.’s multicenter cohort study (900 patients, 107 with Neo2
in horizontal aorta) found that the Neo2 achieves compara-
ble device success and a significantly lower rate of > moder-
ate PVL (5% vs. 15% with Neo) in horizontal anatomy, with
no correlation between paravalvular leak and aortic angula-
tion for Neo2 [38]. However, Gallo et al. have identified
horizontal aorta, defined by an AA >49°, as a predictor of
device failure of the Evolut R/PRO valves [17]. Similarly,
Aslan et al. displayed an increased risk of paravalvular aortic
regurgitation and valve malposition with the Portico prosthe-
sis [19]. This variability warrants us to interpret the results
of the studies that has shown worse outcomes with SEVs in
horizontal aorta neutrally [17, 32-35, 39].

Non-horizontal aorta offers more stable valve anchor-
ing and alignment. The better outcomes associated with
non-horizontal aorta in patients receiving SEV are likely
attributed to this more favorable anatomical alignment,
which facilitates optimal deployment and reduces proce-
dural complications [8]. The lower rates of PPM implanta-
tion with SEVs in non-horizontal aorta are potentially due
to the more predictable expansion dynamics [8]. Moreover,
SEVs have a longer stent frame, which is associated with
increased paravalvular aortic regurgitation, post-dilatation,
conduction abnormalities, and need for second valve [10].
Interestingly, although the incidence of valve embolization
was not significantly different between horizontal and non-
horizontal aorta groups, the need for a second valve was
notably higher in horizontal aortas treated with SEVs. This
discrepancy may be attributed to difficulties in optimal ini-
tial deployment due to misalignment or under-expansion,
particularly in steep angulation where coaxiality is compro-
mised. Such suboptimal positioning can lead to significant
PVL or incomplete expansion, necessitating valve-in-valve
implantation to correct the issue. Furthermore, certain SEVs
with supra-annular configurations may be more susceptible
to asymmetric deployment, increasing the risk of prosthe-
sis dysfunction even without complete embolization. Sherif
et al. evaluated 50 patients who underwent self-expanding
CoreValve TAVR [9]. They assessed aortic angulation using
left ventriculography in a right anterior oblique projection
of 30° during preparation of the patients for the procedure.
They found a greater chance of significant paravalvular aor-
tic regurgitation with a greater aortic angulation. The main
limitations of this study were the relatively small number
of patients, the evaluation of only SEVs, and the method
of aortic angulation assessment, which did not include CT,
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which is considered a more accurate modality to assess the
aortic valve and aortic root before TAVR [7]. Additionally,
SEVs included in this analysis varied considerably in terms
of design characteristics, including frame height, radial
force, deployment mechanism, and recapturability. For
example, the ACURATE Neo and Neo?2 systems feature a
top—down deployment from stabilizing arches, which may
enhance coaxiality and procedural success in the setting of
a horizontal aorta. Gallo et al. demonstrated this advantage
in the HORSE registry, suggesting that the ACURATE Neo
system may perform more favorably in anatomies with high
angulation [17]. Conversely, supra-annular devices like Cor-
eValve and Evolut R/PRO, while offering hemodynamic
advantages, have shown increased risk of device malposi-
tion in these anatomies. Therefore, while our meta-analysis
broadly reports the pooled effects of SEVs, valve-specific
behaviors and performance must be interpreted with caution,
as they likely influence outcomes in horizontal aorta more
than in non-horizontal configurations.

For BEVs, the significant finding of lower PPI rates in
non-horizontal aorta suggests that the alignment of the aorta
may influence the precision of balloon expansion and valve
placement, reducing mechanical interference with the con-
duction system [8]. The overall comparable outcomes for
other parameters such as short-term mortality and moder-
ate-to-severe paravalvular leak indicate that BEVs perfor-
mance is less influenced by the aortic angulation compared
to SEVs. BEVs have a shorter frame stent which could be
the potential reason behind successful deployment in any
angulation [10]. Moreover, the shorter frame stent in BEVs
makes it superior to SEVs in terms of conduction distur-
bances and new PPIL, irrespective of the orientation [8, 10].

These findings are consistent with the previous studies
that highlighted the challenges posed by horizontal aorta in
TAVR procedures using SEVs. Studies have suggested that
horizontal aorta can complicate valve deployment, leading
to suboptimal outcomes [6, 9, 40]. Additionally, valve size
and asymmetric calcification affect the repositioning maneu-
vers, which could explain the suboptimal outcomes in TAVR
patients with increased aortic root angular undergoing SEV
implantation [10]. Moreover, subsequent Valve Academic
Research Consortium-2 (VARC-2) adverse events, indicated
that a horizontal aorta, along with specific anatomic fea-
tures, remains a crucial factor for TAVR related outcome
with self-expanding devices [10, 17, 19, 28]. Our results
corroborate these findings, especially in the context of SEVs,
where the mechanical properties and deployment mecha-
nisms appear more sensitive to aortic angulation [10, 17,
19, 28]. In contrast, the relative uniformity in outcomes for
BEVs aligns with prior research, which indicated that the
balloon-expandable mechanism might offer more consist-
ent results irrespective of aortic orientation [8, 10-13, 15].

Impact on clinical practice

In terms of clinical practice implications, the results suggest
that patients with non-horizontal aorta benefit from TAVR
with SEV or BEV. For patients with horizontal aorta, valve
selection should be carefully considered, with BEV potentially
offering more predictable outcomes. In cases of contraindica-
tions to BEVs, such as heavy left-ventricular outflow tract and
sinotubular junction calcium, SEVs can be cautiously used in
patients with high AA, however, with appropriate procedural
planning, and guiding patients through the risks. These insights
can guide preprocedural planning with MDCT, including
detailed anatomical assessment and selection of the most appro-
priate valve type, based on accurate valve annulus sizing and
aortic valve calcium score, to optimize patient outcomes, and
particularly reduce the incidence of conduction abnormalities
and pacemaker implantation, which was significant in patients
with increased aortic angulation undergoing either SEV or BEV
implantation. Although our analysis displays worse outcomes
of SEV implantation in patients with horizontal aorta, appro-
priate new-generation SEV selection can potentially be associ-
ated with improved procedural and device implantation success.
Further research is warranted to ascertain this finding.

Strengths and limitations

The study's strengths include comprehensive inclusion of mul-
tiple studies, enhancing statistical power and reliability of the
findings, and detailed comparison of a wide range of clinical
outcomes. However, there are limitations, such as the limited
number of studies for certain outcomes, patient populations,
and procedural techniques, and not accounting for potential
confounders like operator experience, patient baseline char-
acteristics, different BEVs and SEVs types, as well as specific
anatomical variations beyond aortic angulation. Moreover,
the aortic root angulation cut-offs were variable in the studies
included, and hence, the results of some studies have to be
interpreted with caution.

Conclusions

Both BEVs and SEVs have shown better results in TAVR
patients who have a lower aortic root angulation. The increased
incidence of conduction abnormalities with both valve types
in patients with horizontal aorta, and PPI rates is a concern in
this patient group. BEVs could be potentially used preferen-
tially to SEVs in patients with a horizontal aorta as they are
less affected by aortic angulation regarding the incidence of
short-term mortality, moderate-to-severe paravalvular leak and
need for second valve as opposed to SEVs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12928-025-01169-8.
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