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Abstract
Background  Heavy calcifications in severe aortic stenosis (AS) pose a major challenge in patients undergoing transcatheter 
aortic valve replacement (TAVR). Only a few studies have addressed the performance of different transcatheter heart valves 
(THV) in this subgroup of patients.
Objectives  We aimed to investigate the outcomes of the self-expanding Medtronic CoreValve Evolut valve frame and the 
balloon-expandable Edwards SAPIEN-3/3 Ultra THV in this challenging patient population.
Materials and methods  This was a multicenter registry including a total of 1513 patients with heavily calcified AS undergo-
ing TAVR. The primary endpoint was the incidence and degree of paravalvular leak (PVL) after TAVR. Secondary endpoints 
were post-implant hemodynamics as well as clinical endpoints according to the VARC-3 definitions.
Results  The CoreValve Evolut R but not the Evolut PRO showed significantly higher rates of PVL compared to the 
SAPIEN-3/3 Ultra (44.8% vs. 29.5% for mild PVL, p < 0.001), while there was no significant difference in ≥ moderate PVL 
between both groups (p = 0.399). The CoreValve Evolut R and Evolut PRO showed superior THV hemodynamics compared 
to the SAPIEN-3/3 Ultra group. These findings were confirmed in a propensity score-matched analysis. There were no 
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significant differences regarding short-term outcomes including permanent pacemaker implantation and all-cause mortality 
between the three groups.
Conclusion  In patients with severely calcified AS, both CoreValve Evolut PRO and SAPIEN-3/3 Ultra THV showed lower 
rates of PVL than the CoreValve Evolut R. The self-expanding CoreValve platform had superior post-implant hemodynam-
ics than the SAPIEN-3/3 Ultra system.

Graphical Abstract
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Abbreviations
AS	� Aortic valve stenosis
AVC	� Aortic valve calcification
PPI	� Permanent pacemaker implantation
PVL	� Paravalvular leak
TAVR	� Transcatheter aortic valve replacement
THV	� Transcatheter heart valves
VARC​	� Valve Academic Research Consortium

Introduction

Transcatheter aortic valve replacement (TAVR) has emerged 
as an alternative to surgical aortic valve replacement (SAVR) 
for the majority of patients with severe symptomatic aortic 
valve stenosis (AS) across the whole spectrum of surgical 
risk [1, 2]. While various transcatheter heart valve (THV) 
devices are available on the market, the CoreValve Evolut® 
(Medtronic, Minneapolis, Minnesota) and the Edwards 
SAPIEN™ (Edwards Lifescience, Irvine, USA) systems are 
the most commonly used THVs worldwide [3].
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TAVR can be safely performed in an expanding popu-
lation with aortic valve disease. However, the presence of 
heavy calcifications in patients with AS remains to pose a 
major challenge in clinical practice. In particular, heavy cal-
cifications are a well-recognized risk factor for paravalvular 
leak (PVL) after TAVR by potentially impairing complete 
apposition and sealing of the THV [4]. This has important 
prognostic implications, as several studies have confirmed 
more than moderate PVL to be a strong predictor of both 
morbidity and mortality after TAVR [5–8]. Substantial 
technological advancements in THV designs have led to 
a significant reduction of PVL and higher device success 
rates using new-generation devices [9–11]. The Evolut R 
includes a skirt extending at the in-flow aspect of the valve. 
The newer Evolut PRO/PRO + design adds a porcine pericar-
dial tissue wrap around the outer sealing zone of its frame. 
Similarly, the SAPIEN-3/3 Ultra THV includes an outer skirt 
sealing the gap between the native annulus and the THV [3].

Despite the widespread adoption of TAVR, data report-
ing a head-to-head comparison of the new generation THV 
in severely calcified AS are still scarce. Thus, the aim of 
the present study was to compare the CoreValve Evolut and 
SAPIEN-3 platform with a focus on the incidence of PVL 
after TAVR in a real-world, industry-independent registry.

Methods

Study design and patient population

This was a multicenter, retrospective, non-randomized 
cohort study including patient data from 5 high-volume 
TAVR centers in Germany. A database search was per-
formed for all patients with symptomatic, heavily calcified 
AS who underwent TAVR between July 2013 and January 
2021. A total of 1513 patients were eligible for final analy-
sis. Based on the THV type, patients were further catego-
rized into three groups: (1) Evolut R, (2) Evolut PRO and 
(3) SAPIEN-3/3 Ultra. To adjust for baseline differences 
between the groups, propensity score-matched analyses were 
applied (Fig. 1 A/B/C).

All patients received a high-resolution multidetector 
computed tomography (MDCT) scan prior to the proce-
dure. Heavily calcified AS was defined as a calcium score 
of > 750 mm3 using 3mensio software (Pie Medical Imaging, 
Bilthoven, the Netherlands) or an Agatston Score > 3000 AU 
[2, 12]. Further inclusion criteria were the use of the Evolut 
R/PRO or SAPIEN-3/3 Ultra THV and written informed 
consent. Exclusion criteria comprised valve-in-valve pro-
cedures, the use of THVs other than the above-mentioned 
devices and missing data. The primary endpoint was the 
incidence and degree of PVL after TAVR. Secondary end-
points were peak and mean pressure gradients across the 

THV, THV effective orifice area as well as clinical end-
points according to the VARC-3 definitions [13]. Follow-
up after discharge was obtained during routine visits to 
the cardiology outpatient clinic or by telephone calls. The 
study was conducted in accordance with the Declaration of 
Helsinki and was approved by the local ethics boards. All 
patients provided informed consent to the procedure before 
intervention.

Procedural details

All TAVR procedures were performed by experienced and 
certified operators according to the standards of best clini-
cal practice using either the CoreValve Evolut R/PRO or 
SAPIEN-3/3 Ultra THV. The choice of THV type was left 
at the discretion of the implanting operator after a compre-
hensive preprocedural workup. Accordingly, the necessity 
of pre-dilatation and post-dilatation were also determined 
by the implanting operator. To allow for good expansion of 
the SEV and to avoid post dilatation, predilatation was done 
when severe calcification was observed especially with non-
homogenous distribuation of the leaflet calcification. During 
the TAVR procedure, unfractionated heparin was admin-
istered to achieve an activated clotting time of 250–300 s. 
Closure of the vascular access was usually performed using 
two Perclose ProGlide™ vascular closure systems (Abbott 
Laboratories, Chicago, IL, USA) or the MANTA® vascular 
closure device (Teleflex, Morrisville, NC, USA).

Statistical analyses

Standard descriptive statistics were used. Categorical vari-
ables were presented as absolute values and frequencies (%). 
A Kolmogorov–Smirnov-test was used to test continuous 
variables for normal distribution. Accordingly, continuous 
variables were shown as means with standard deviations 
(SDs) or median and interquartile range (IQR). All descrip-
tive statistics were based on available cases. Intergroup com-
parisons were done using t-test, Mann–Whitney U-test for 
continuous variables, and Fisher’s exact or Chi-square test 
for categorical variables, as appropriate. All tests were two-
sided and a p-value < 0.05 was considered statistically sig-
nificant. The statistical analysis was performed using SPSS 
Version 29.0 (Armonk, NY, IBM Corp., USA).

The study included three propensity score-matched analy-
ses, as follows:

A	 Medtronic Evolut R vs. SAPIEN-3/3 Ultra (Fig. 1)

The propensity score for each patient was calculated 
by logistic regression with adjustment for 10 key baseline 
variables including age, gender, body mass index, logistic 
EuroSCORE, hypertension, atrial fibrillation, dyslipidemia, 
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Fig. 1   A Medtronic Evolut R vs. SAPIEN-3/3 Ultra.  B Medtronic Evolut PRO vs. SAPIEN-3/3 Ultra.  C Medtronic Evolut R or PRO vs. 
SAPIEN-3/3 Ultra
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NYHA class III or IV on admission, aortic valve area, and 
aortic valve calcium score. A difference in propensity score 
of 1% (0.01) was tolerated when matching patients 1:1.

B	  Medtronic Evolut PRO vs. SAPIEN-3/3 Ultra (Fig. 1)

The propensity score for each patient was calculated 
by logistic regression with adjustment for 12 key baseline 
variables including age, gender, body mass index, logistic 
EuroSCORE, hypertension, atrial fibrillation, dyslipidemia, 
diabetes, peripheral artery disease, NYHA class III or IV on 
admission, aortic valve area, and aortic valve calcium score. 
A difference in propensity score of 1.5% (0.015) was toler-
ated when matching patients 1:1.

C	 Medtronic Evolut PRO or R vs. SAPIEN-3/3 Ultra 
(Fig. 1)

The propensity score for each patient was calculated 
by logistic regression with adjustment for 10 key baseline 
variables, including age, gender, body mass index, logistic 
EuroSCORE, hypertension, atrial fibrillation, dyslipidemia, 
peripheral artery disease, aortic valve area, and aortic valve 
calcium score. A difference in propensity score of 3.0% 
(0.03) was tolerated when matching patients 1:1.

Results

The present study included a total of 1513 patients with 
heavily calcified AS undergoing TAVR. The CoreValve Evo-
lut R was implanted in 499 patients (33.0%), the Evolut PRO 
in 231 patients (15.3%) and the SAPIEN-3/3 Ultra THV in 
783 patients (51.7%).

Patient characteristics

Baseline characteristics of the total unmatched cohort are 
summarized in Table 1. The mean age in the SAPIEN-3/3 
Ultra group was slightly lower than in the two CoreValve 
groups (81 vs. 82  years, p = 0.012). In addition, the 
SAPIEN-3/3 Ultra group included more male patients and 
showed higher rates of atrial fibrillation and a higher logis-
tic EuroSCORE, while the prevalence of dyslipidemia was 
significantly lower than in the CoreValve groups. Left ven-
tricular outflow tract calcifications were more frequently 
noted in the CoreValve Evolut PRO and SAPIEN-3/3 Ultra 
group compared to the Evolut R group. With regards to 
procedural factors, procedural time and contrast volume 
were significantly higher and pre- and postdilatation more 
frequently used in the two CoreValve groups compared to 
the SAPIEN-3/3 Ultra group. After propensity score match-
ing, there were no significant differences in the baseline 

characteristics between the three different THV groups. 
Regarding procedural characteristics predilatation, post-
dilatation and procedural time, but not contrast volume 
were still higher in both CoreValve groups compared to the 
SAPIEN-3/3 Ultra group.

PVL and THV hemodynamics

Data on PVL and THV hemodynamics are presented in 
Table 2, 3 and 4. The SAPIEN-3/3 Ultra showed signifi-
cantly lower rates of PVL compared to the CoreValve Evo-
lut R group (p < 0.001). This was driven by a significantly 
higher incidence of mild PVL in the CoreValve Evolut R 
group (44.8% for Evolut R vs. 29.5% for SAPIEN-3/3 Ultra), 
while there was no significant difference in moderate or 
severe PVL between both groups (p = 0.399). Comparing the 
SAPIEN3/3 Ultra with the CoreValve Evolut PRO, there was 
no significant difference both in total PVL (41.2 vs. 49.5% 
respectively, p = 0.084) and in moderate or severe PVL (11.7 
vs. 15.1% respectively, p = 0.213).

The CoreValve Evolut R and Evolut PRO showed supe-
rior THV hemodynamics compared to the SAPIEN-3/3 Ultra 
with regards to peak pressure gradient (15 ± 7 mmHg for 
Evolut R vs. 16 ± 8 mmHg for Evolut PRO vs. 21 ± 9 mmHg 
for SAPIEN-3/3 Ultra, p < 0.001), mean pressure gradient 
(8 ± 4 mmHg for Evolut R vs. 9 ± 4 mmHg for Evolut PRO 
vs. 12 ± 5 mmHg for SAPIEN-3/3 Ultra, p < 0.001) and effec-
tive orifice area (2 ± 0.6 cm2 for Evolut R vs. 1.9 ± 0.5 cm2 
for Evolut PRO vs. 1.7 ± 0.4 cm2 for SAPIEN-3/3 Ultra, 
p < 0.001). These findings were confirmed in the propensity 
score-matched analysis.

Clinical outcomes

Clinical outcomes are shown in Table 5. There was no sig-
nificant difference between the three groups regarding all-
cause mortality, cardiovascular mortality, new permanent 
pacemaker implantation, stroke with disability, myocardial 
infarction, major bleeding, major access site complications 
and conversion to open surgery at 30 days. The SAPIEN-3/3 
Ultra group did, however, show significantly higher rates 
of pericardial tamponade when compared to the CoreValve 
Evolut R (1.4 vs 0%, respectively, p = 0.024) and signifi-
cantly higher rates of acute kidney injury when compared 
to the CoreValve Evolut PRO (8.3 vs 3.9%, respectively, 
p = 0.021).

Discussion

This was a real-world, industry-independent, multicenter 
study including 1513 patients with severely calcified AS 
undergoing TAVR using either the CoreValve Evolut R, 



410	 Clinical Research in Cardiology (2025) 114:405–415

Evolut PRO or the Edwards SAPIEN-3/3 Ultra THV. 
The main findings of the study are: (1) compared to the 
SAPIEN-3/3 Ultra, mild PVL was more frequently found 
in the CoreValve Evolut R, but not Evolut PRO; (2) both 
Medtronic Evolut R and Evolut PRO showed superior post-
implant hemodynamics than the SAPIEN-3/3 Ultra; (3) there 
were no significant differences regarding short-term mortal-
ity between the three groups.

Incidence and prognostic impact of PVL after TAVR

Based on previous studies, there is general consensus 
that PVL after TAVR is significantly associated with the 
severity of aortic valve calcification [14–18]. This may be 
explained with the inability of the THV to be fully and sym-
metrically expanded in the presence of heavy calcifications 
which might impede tight sealing. In a large meta-analysis 

Table 1   Baseline characteristics

Continuous data are presented as mean ± SD
AVA: aortic valve area; COPD: chronic obstructive pulmonary disease; GFR: glomerular filtration rate; hsTNT: high-sensitive Troponin T; 
LVEF: left ventricular ejection fraction; LVOT: left ventricular outflow tract; MPG: mean pressure gradient; NT-proBNP: N-terminal pro B-type 
Natriuretic Peptide; NYHA: New York heart association; TAVR: transcatheter aortic valve replacement

Variable SAPIEN-3/3 ultra (n = 783) Evolut R (n = 499) Evolut PRO (n = 231) P-value

Age, (years) 81 ± 6 82 ± 5 82 ± 5 0.012
Male, n (%) 563/761 (74%) 280/486 (58%) 109/218 (50%)  < 0.001
Hypertension, n (%) 680/748 (91%) 413/469 (88%) 180/208 (87%) 0.256
Diabetes mellitus, n (%) 202/748 (27%) 118/469 (25%) 69/209 (33%) 0.103
Dyslipidemia, n (%) 492/749 (66%) 365/469 (78%) 166/209 (79%)  < 0.001
Body mass index, (kg/m2) 27 ± 5 26 ± 5 27 ± 5 0.015
Ischemic heart disease, n (%) 467/749 (62%) 285/469 (61%) 122/209 (58%) 0.561
Atrial fibrillation, n (%) 294/719 (41%) 166/457 (36%) 60/199 (30%) 0.016
Peripheral artery disease, n (%) 109/749 (15%) 58/468 (12%) 20/209 (10%) 0.144
COPD, n (%) 135/747 (18%) 90/469 (19%) 38/209 (18%) 0.882
History of stroke, n (%) 52/592 (9%) 33/435 (8%) 13/205 (6%) 0.505
Permanent pacemaker, n (%) 89/749 (12%) 50/468 (11%) 18/209 (9%) 0.395
STS-score, (%) 5 ± 5 5 ± 4 5 ± 3 0.741
Logistic EuroSCORE, (%) 20 ± 15 19 ± 13 16 ± 12  < 0.001
EuroSCORE II, (%) 6 ± 7 5 ± 6 5 ± 4 0.040
NYHA Class
 I, n (%)
 II, n (%)
 III, n (%)
 IV, n (%)

33/747 (4%)
239/747 (32%)
420/747 (56%)
55/747 (8%)

16/468 (3%)
129/468 (28%)
288/468 (62%)
35/468 (7%)

9/209 (4%)
78/209 (38%)
113/209 (54%)
9/209 (4%)

0.229

hsTNT—before TAVR, (pg/ml) 125 ± 762 64 ± 204 142 ± 513 0.248
NT-proBNP—before TAVR, (pg/ml) 4708 ± 7235 5447 ± 17479 6828 ± 14282 0.354
eGFR (ml/min/1.73 cm2) 58 ± 22 56 ± 20 56 ± 20 0.315
MPG—invasive, (mmHg) 45 ± 18 42 ± 17 46 ± 38 0.062
LVEF—echo before TAVR, (%) 52 ± 12 53 ± 11 53 ± 9 0.246
AVA—echo before TAVR, (cm2) 0.7 ± 0.2 0.6 ± 0.3 0.6 ± 0.3 0.010
LVOT calcification, n (%) 349/498 (70%) 265/429 (62%) 154/205 (75%)  < 0.001
Bicuspid aortic valve, n (%) 24/581 (4%) 23/435 (5%) 7/205 (3%) 0.502
Vascular access
 Transfemoral, n (%)
 Transaortic, n (%)
 Transapical, n (%)
 Subclavian, n (%)

727/782 (93%)
21/782 (3%)
27/782 (3%)
7/782 (1%)

475/499 (95%)
14/499 (3%)
–
10/499 (2%)

219/231 (95%)
10/231 (4%)
–
2/231 (1%)

Predilatation, n (%) 247/765 (32%) 237/490 (48%) 106/220 (48%)  < 0.001
Postdilatation, n (%) 78/769 (10%) 196/490 (40%) 101/223 (45%)  < 0.001
Contrast volume, (ml) 105 ± 36 115 ± 46 117 ± 45  < 0.001
Procedural time, (minutes) 66 ± 29 74 ± 29 68 ± 26  < 0.001
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evaluating PVL post TAVR using first-generation THVs, 
self-expanding prostheses showed higher rates of moder-
ate to severe PVL compared to balloon-expandable THVs 

[19]. Due to technological advances, the rates of PVL have 
substantially decreased using newer generation THVs com-
pared to first-generation THVs. In a study comparing the 

Table 2   Paravalvular leak and valve hemodynamics—SAPIEN-3/3 Ultra vs. CoreValve Evolut R

MPG: mean pressure gradient; PPG: peak pressure gradient; PVL: paravalvular leak; THV-EOA: transcatheter heart valve effective orifice area

Unmatched cohort PS-matched cohort

SAPIEN-3/3 ultra N = 783 Evolut R N = 499 p-value SAPIEN-3/3 ultra N = 363 Evolut R N = 363 P-value

n/N (%) or mean ± SD/
median (IQR)

n/N (%) or 
mean ± SD/
median (IQR)

n/N (%) or mean ± SD/
median (IQR)

n/N (%) or 
mean ± SD/
median (IQR)

PVL 566 339  < 0.001 263 297  < 0.001
None, n (%) 333 (58.8) 141 (41.6) 149 (56.7) 123 (41.4)
Mild, n (%) 167 (29.5) 152 (44.8) 75 (28.5) 132 (44.4)
Moderate, n (%) 65 (11.5) 42 (12.4) 38 (14.4) 40 (13.5)
Severe, n (%) 1 (0.2) 4 (1.2) 1 (0.4) 2 (0.7)
PVL moderate/severe, n 

(%)
66 (11.7) 46 (13.6) 0.399 39/263 (14.8) 42/297 (14.1) 0.817

PPG, (mmHg) 21 ± 9
21 (15–27)
511

15 ± 7
13 (9–18)
311

 < 0.001 22 ± 9
22 (16–27)
234

15 ± 7
13 (9–18)
266

 < 0.001

MPG, (mmHg) 12 ± 5
11 (8–14)
589

8 ± 4
7 (5–10)
350

 < 0.001 12 ± 5
11 (9–14)
277

8 ± 4
7 (5–10)
292

 < 0.001

THV area, (cm2) 1.7 ± 0.4
1.60 (1.40–1.90)
446

2 ± 0.6
1.90 (1.60–2.25)
193

 < 0.001 1.67 ± 0.42
1.60 (1.40–1.80)
186

2.00 ± 0.57
1.90 (1.60–2.30)
166

 < 0.001

Table 3   Paravalvular leak and valve hemodynamics—SAPIEN-3/3 Ultra vs. Evolut PRO

MPG: mean pressure gradient; PPG: peak pressure gradient; PVL: paravalvular leak; THV-EOA: transcatheter heart valve effective orifice area

Unmatched cohort PS-matched cohort

SAPIEN-3/3 ultra 
N = 783

Evolut PRO N = 231 p-value SAPIEN-3/3 ultra 
N = 192

Evolut PRO N = 192 p-value

n/N (%) or mean ± SD/
median (IQR)

n/N (%) or 
mean ± SD/median 
(IQR)

n/N (%) or mean ± SD/
median (IQR)

n/N (%) or 
mean ± SD/median 
(IQR)

PVL 566 192 0.084 134 179 0.179
None, n (%) 333 (58.8) 97 (50.5) 82 (61.2) 90 (50.3)
Mild, n (%) 167 (29.5) 66 (34.4) 38 (28.4) 61 (34.1)
Moderate, n (%) 65 (11.5) 27 (14.1) 14 (10.4) 26 (14.5)
Severe, n (%) 1 (0.2) 2 (1.0) 0 (0) 2 (1.1)
PVL mod/severe, n (%) 66 (11.7) 29 (15.1) 0.213 14 (10.4) 28 (15.6) 0.182
PPG, (mmHg) 21 ± 9

21 (15–27)
511

16 ± 8
14 (10–21)
156

 < 0.001 22 ± 10
20 (15–27)
119

15 ± 8
14 (10–21)
144

 < 0.001

MPG, (mmHg) 12 ± 5
11 (8–14)
589

9 ± 4
8 (5–11)
182

 < 0.001 12 ± 5
11 (8–14)
142

9 ± 4
8 (5–11)
168

 < 0.001

THV area, (cm2) 1.7 ± 0.4
1.60 (1.40–1.90)
446

1.9 ± 0.5
1.80 (1.50–2.15) 
137

 < 0.001 1.69 ± 0.44
1.60 (1.40–1.89)
96

1.87 ± 0.48
1.80 (1.50–2.18)
128

0.002
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incidence of PVL between patients who underwent TAVR 
with first-generation and new generation prostheses, lower 
rates of PVL were found in the new generation group 
compared to the first-generation group [20]. In this study, 
patients treated with the Medtronic Evolut R had rates of 
8.6% for moderate and 2.5 for severe PVL, while patients 
receiving a SAPIEN-3 had a rate of 6.7% for moderate PVL 
and no severe PVL. Similarly, another study reported that 

greater than mild PVL occurs less frequently in patients 
treated with newer generation THVs with a rate of 5.3% for 
the CoreValve Evolut R and none for the SAPIEN-3 [21]. 
In our study, higher incidences of PVL were observed both 
for the CoreValve Evolut R (12.4% for moderate and 1.2% 
for severe PVL) and for the SAPIEN-3/3-Ultra (11.5% for 
moderate and 0.2% for severe PVL). These higher incidences 

Table 4   Paravalvular leak and valve hemodynamics—SAPIEN-3/3 Ultra vs. Evolut R or PRO

MPG: mean pressure gradient; PPG: peak pressure gradient; PVL: paravalvular leak; THV-EOA: transcatheter heart valve effective orifice area

Unmatched cohort PS-matched cohort

SAPIEN-3/3 ultra 
N = 783

Evolut R or PRO 
N = 731

p-value SAPIEN-3/3 ultra 
N = 459

Evolut R or PRO 
N = 459

p-value

n/N (%) or mean ± SD/
median (IQR)

n/N (%) or mean ± SD/
median (IQR)

n/N (%) or mean ± SD/
median (IQR)

n/N (%) or mean ± SD/
median (IQR)

PVL 566 532  < 0.001 331 421  < 0.001
None, n (%) 333 (58.8) 239 (44.9) 193 (58.3) 155 (36.8)
Mild, n (%) 167 (29.5) 218 (41.0) 98 (29.6) 196 (46.6)
Moderate, n (%) 65 (11.5) 69 (13.0) 40 (12.1) 66 (15.7)
Severe, n (%) 1 (0.2) 6 (1.1) 0 (0) 4 (1.0)
PVL mod/severe, n (%) 66 (11.7) 75 (14.1) 0.228 40 (12.1) 70 (16.6) 0.080
PPG, (mmHg) 22 ± 9

21 (15–27)
511

15 ± 7
14 (9–20)
468

 < 0.001 21.8 ± 8.9
21 (15;27)
291

14.8 ± 7.3
14 (9.3;19.2)
371

 < 0.001

MPG, (mmHg) 12 ± 5
11 (8–14)
589

8 ± 4
7 (5–10)
533

 < 0.001 11.8 ± 4.9
11 (8;14)
343

8 ± 4
7 (5–10)
404

 < 0.001

THV area, (cm2) 1.71 ± 0.44
1.60 (1.40–1.90)
446

1.93 ± 0.53
1.84 (1.60;2.20)
331

 < 0.001 1.70 ± 0.43
1.60 (1.40;1.90)
242

1.95 ± 0.55
1.90 (1.60;2.20)
257

 < 0.001

Table 5   30 day follow-up

PPI: permanent pacemaker implantation

SAPIEN-3/3 ultra (n = 783) Evolut R (n = 499) Evolut PRO (n = 231) S3vsR p-value S3vsPRO p-value

All-cause mortality, n (%) 19/749 (2.5%) 6/469 (1.3%) 7/209 (3.3%) 0.150 0.478
Cardiovascular mortality, n (%) 13/19 (68.4%) 6/6 (85.7%) 4/7 (57.1%) 0.629 0.661
Myocardial infarction, n (%) 1/592 (0.2%) 1/435 (0.2%) 0/205 (0%) 1.000 1.000
Stroke, n (%)
Stroke with disability, n (%)

13/749 (1.7%)
9/11 (81.8%)

8/469 (1.7%)
3/8 (37.5%)

10/209 (4.8%)
4/9 (44.4%)

1.000
0.074

0.019
0.160

Bleeding, n (%)
 ≥ type2, n (%)
Type 1, n (%)

75/749 (10%)
54/75 (72%)
21/75 (28%)

62/469 (13.2%)
37/62 (60%)
25/62 (40%)

19/209 (9.1%)
16/19 (84.2%)
3/19 (15.8%)

0.093
0.148
0.148

0.793
0.382
0.382

Acute kidney injury, n (%) 65/783 (8.3%) 31/499 (6.2%) 9/231 (3.9%) 0.192 0.021
Access site complications, n (%)
Major complications, n (%)
Minor complications, n (%)

55/749 (7.3%)
24/55 (43.6%)
31/55 (56.4%)

63/469 (13.4%)
23/63 (36.5%)
40/63 (63.5%)

19/209 (9.1%)
7/19 (36.8%)
12/19 (63.2%)

0.001
0.456
0.456

0.383
0.788
0.788

New PPI, n (%) 100/660 (15.2%) 77/449(17.1%) 31/213 (14.6%) 0.373 0.832
Conversion to open surgery, n (%) 3/749 (0.4%) 0/469 (0%) 1/209 (0.5%) 0.289 1.000
Pericardial tamponade 8/592 (1.4%) 0/435 (0%) 0/205 (0%) 0.024 0.122
Bailout valve-in-valve 6/482 (1.2%) 1/428 (0.2%) 1/205 (0.5%) 0.128 0.681
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of PVL in our cohort can be explained with the severe aortic 
valve calcifications in our patient population.

Notably, compared with the CoreValve Evolut R, the 
CoreValve Evolut PRO showed significantly lower rates 
of PVL. The CoreValve Evolut PRO is the third genera-
tion self-expanding THV which is built on the CoreValve 
Evolut R valve platform, but being modified by the addi-
tion of an external pericardial tissue wrap around the valve 
inflow, designed to minimize PVL. In the initial study of 
the CoreValve Evolut PRO performed in 60 patients in the 
United States, 72.4% of patients had no or trace PVL and 
27.6% had mild PVL [22]. No moderate or severe PVL 
were noted. Similarly, in a report from the STS/ACC TVT 
registry comparing the CoreValve Evolut R and CoreValve 
Evolut PRO in a propensity score-matched analysis, the 
rate of moderate or severe PVL was 5.4% in the CoreValve 
Evolut R group and 3.4% in the CoreValve Evolut PRO 
[23]. Our study is in line with these previously published 
data demonstrating a higher rate of PVL for the Core-
Valve Evolut R compared to the CoreValve Evolut PRO 
and SAPIEN-3/3 Ultra [24–26]. Total rate of PVL across 
all THV types was significantly more frequent in our study 
which, again, is explained by the severely aortic valve cal-
cifications in our patient cohort.

Short‑term clinical outcomes

In our study, SAPIEN-3/3 Ultra showed significantly higher 
rates of pericardial tamponade when compared to the Core-
Valve Evolut R (1.4 vs 0%, respectively, p = 0.024). This may 
be related to the use of balloon-expandable THV in severely 
calcified annuli in our cohort. Moreover, the SAPIEN-3/3 
Ultra group showed significantly higher rates of acute kid-
ney injury when compared to the CoreValve Evolut PRO 
(8.3 vs 3.9%, respectively, p = 0.021). There were no sig-
nificant differences in other clinically relevant short-term 
outcomes. In particular, the incidence of new permanent 
pacemaker was comparable between the three groups (15.2% 
for SAPIEN-3/3 Ultra, 17.1% for CoreValve Evolut R and 
14.6% for CoreValve Evolut PRO, p = 0.832). Our findings 
are mainly consistent with two previous studies demonstrat-
ing similar clinical outcomes between the CoreValve Evolut 
R and the SAPIEN-3 [26, 27]. Interestingly, however, the 
total rate of new permanent pacemaker implantation in our 
patient cohort was lower than in the previously mentioned 
studies. In contrast, the CENTER-collaboration registry 
comparing the CoreValve Evolut R to the SAPIEN-3 dem-
onstrated a higher rate of conversion to open heart surgery, 
stroke, and new permanent pacemaker implantation in the 
CoreValve Evolut R group, while major or life-threatening 
bleeding were more frequent in the SAPIEN-3 group [28]. 
Mortality did not differ between the two groups.

THV hemodynamics

In our analysis, both CoreValve Evolut R and CoreValve 
Evolut PRO groups showed superior post-implant hemody-
namics compared to the SAPIEN-3/3 Ultra with regard to 
peak and mean pressure gradients as well as effective orifice 
area. This difference in the hemodynamics is mainly related 
to the supra-annular design of the CoreValve system, which 
had previously been demonstrated to yield superior hemo-
dynamics compared to balloon-expanding valve systems 
such as the SAPIEN-3/3 Ultra platform [29, 30]. Consistent 
with our results, the OCEAN-TAVI registry reported supe-
rior hemodynamics of the CoreValve Evolut R compared to 
the SAPIEN-3 in patients with a small aortic annulus [31]. 
Another study demonstrated that the CoreValve Evolut R 
achieved larger effective orifice area and lower mean pres-
sure gradients than the SAPIEN-3 [30]. Similar results were 
reported in the CHOICE-Extend registry where the mean 
pressure gradient was 7 ± 3 mm Hg for the CoreValve Evolut 
R compared to 12 ± 4 mm Hg for SAPIEN-3 [27]. Interest-
ingly, the addition of the outer pericardial wrap did not show 
a negative impact on the hemodynamic performance of the 
CoreValve Evolut PRO when compared to the SAPIEN-3, 
even in the high-risk population of patients with severely 
calcified AS. This is consistent with the findings from the 
initial CoreValve Evolut PRO Study and data reported from 
the STS/ACC TVT registry in the general TAVR population 
[22, 23].

Whether the inferior hemodynamics of the SAPIEN-3/3 
Ultra may translate into worse long-term outcomes such as 
earlier valve deterioration in patients with heavily calcified 
AS is beyond the scope of our study and thus warrants fur-
ther investigation. A recent report by Herrmann et al. dem-
onstrated that TAVR patients with severe, but not moderate 
patient-prosthesis mismatch are affected by higher rates of 
heart failure rehospitalization and increased late mortality 
compared to patients without patient-prosthesis mismatch 
[32]. Further, long-term, head-to-head comparison using 
standardized criteria between supra-annular and intra-annu-
lar valves are needed.

Conclusion

In patients with severely calcified AS, both CoreValve Evo-
lut PRO and SAPIEN-3/3 Ultra THV showed lower rates 
of PVL than the CoreValve Evolut R. The self-expanding 
CoreValve platform had superior post-implant hemodynam-
ics than the SAPIEN-3/3 Ultra system.
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Study limitations

This is a multi-center observational study which is limited 
by its retrospective, non-randomized design. The decision 
whether to use the CoreValve THV or the SAPIEN-3/3 Ultra 
THV was at the discretion of the implanting TAVR opera-
tor. The selection of the prosthesis type is influenced by the 
anatomy of the aortic valve, and severity and distribution 
of calcification, especially in LVOT, which may have led to 
bias in choosing the type of THV. One of the major limita-
tions of our study is the use of contrast and non-contrast 
enhanced methods of calcium measurement in the different 
centers leading to a high likelihood of under- or overesti-
mation. While immediate post-implant hemodynamics were 
superior for the CoreValve platform, it remains debatable if 
this translates into clinically significant differences in patient 
outcomes, such as heart failure symptoms, cardiac-related 
rehospitalization rates, quality of life and long-term THV 
durability. Thus, both measured and unmeasured confound-
ing factors may limit the conclusions that can be drawn from 
this analysis. Despite these limitations, this study provides 
important data on the use of TAVR in patients with heavily 
calcified AS.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This study has been conducted independently.

Data availability  The authors confirm that the data supporting the find-
ings of this study are available from the corresponding author [MS] 
on request.

Declarations 

Conflict of interest  MS received honoraria for clinical support and 
consulting for both Medtronic and Edwards Lifesciences. DF has re-
ceived honoraria from Medtronic and Edwards Lifesciences for con-
sulting services and has received unrestricted research funding from 
Edwards Lifesciences. VV has received received consulting fees, travel 
expenses, or study honoraria from Medtronic, Edwards Lifesciences, 
and/or Boston Scientific. All other authors have no commercial or fi-
nancial relationships that could be construed as a potential conflict of 
interest.

Ethical approval  The study was conducted according to the guidelines 
of the Declaration of Helsinki, and approved by the local Ethics Com-
mittees of the participating centers.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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 not included 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 permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Writing Committee Members, Otto CM, Nishimura RA, Bonow 
RO, Carabello BA, Erwin JP et al (2021) 2020 ACC/AHA guide-
line for the management of patients with valvular heart disease: 
a report of the American college of cardiology/American heart 
association joint committee on clinical practice guidelines. J Am 
Coll Cardiol 77(4):e25-197

	 2.	 Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus S, Bauer-
sachs J et al (2022) 2021 ESC/EACTS guidelines for the manage-
ment of valvular heart disease. Eur Heart J 43(7):561–632

	 3.	 Kalogeropoulos AS, Redwood SR, Allen CJ, Hurrell H, Chehab 
O, Rajani R et al (2022) A 20 year journey in transcatheter aortic 
valve implantation: evolution to current eminence. Front Cardio-
vasc Med 9:971762

	 4.	 Di Martino LFM, Soliman OII, van Gils L, Vletter WB, Van 
Mieghem NM, Ren B et al (2017) Relation between calcium bur-
den, echocardiographic stent frame eccentricity and paravalvular 
leakage after corevalve transcatheter aortic valve implantation. 
Eur Heart J Cardiovasc Imag 18(6):648–653

	 5.	 Popma JJ, Deeb GM, Yakubov SJ, Mumtaz M, Gada H, O’Hair 
D et  al (2019) Transcatheter aortic-valve replacement with 
a self-expanding valve in low-risk patients. N Engl J Med 
380(18):1706–1715

	 6.	 Mack MJ, Leon MB, Thourani VH, Makkar R, Kodali SK, Russo 
M et al (2019) Transcatheter aortic-valve replacement with a 
balloon-expandable valve in low-risk patients. N Engl J Med 
380(18):1695–1705

	 7.	 Pibarot P, Hahn RT, Weissman NJ, Arsenault M, Beaudoin J, 
Bernier M et al (2017) Association of paravalvular regurgitation 
with 1-year outcomes after transcatheter aortic valve replacement 
with the SAPIEN 3 valve. JAMA Cardiol 2(11):1208–1216

	 8.	 Okuno T, Tomii D, Heg D, Lanz J, Praz F, Stortecky S et al (2022) 
Five-year outcomes of mild paravalvular regurgitation after tran-
scatheter aortic valve implantation. EuroIntervention 18(1):33–42

	 9.	 Yoon SH, Lefèvre T, Ahn JM, Perlman GY, Dvir D, Latib A et al 
(2016) Transcatheter aortic valve replacement with early- and 
new-generation devices in bicuspid aortic valve stenosis. J Am 
Coll Cardiol 68(11):1195–1205

	10.	 Seeger J, Gonska B, Rottbauer W, Wöhrle J (2018) New generation 
devices for transfemoral transcatheter aortic valve replacement are 
superior compared with last generation devices with respect to 
VARC-2 outcome. Cardiovasc Interv Ther 33(3):247–255

	11.	 Costa G, Saia F, Pilgrim T, Abdel-Wahab M, Garot P, Valvo 
R et al (2022) Transcatheter aortic valve replacement with the 
latest-iteration self-expanding or balloon-expandable valves: 
the multicenter OPERA-TAVI registry. JACC Cardiovasc Interv 
15(23):2398–2407

	12.	 Pawade T, Clavel MA, Tribouilloy C, Dreyfus J, Mathieu T, 
Tastet L et al (2018) Computed tomography aortic valve cal-
cium scoring in patients with aortic stenosis. Circ Cardiovasc 
Imag 11(3):e007146

	13.	 VARC-3 Writing Committee, Généreux P, Piazza N, Alu MC, 
Nazif T, Hahn RT et al (2021) Valve academic research con-
sortium 3: updated endpoint definitions for aortic valve clinical 
research. J Am Coll Cardiol 77(21):2717–2746

	14.	 Ewe SH, Ng ACT, Schuijf JD, van der Kley F, Colli A, Palmen 
M et al (2011) Location and severity of aortic valve calcium and 

http://creativecommons.org/licenses/by/4.0/


415Clinical Research in Cardiology (2025) 114:405–415	

implications for aortic regurgitation after transcatheter aortic 
valve implantation. Am J Cardiol 108(10):1470–1477

	15.	 Koos R, Mahnken AH, Dohmen G, Brehmer K, Günther 
RW, Autschbach R et al (2011) Association of aortic valve 
calcification severity with the degree of aortic regurgitation 
after transcatheter aortic valve implantation. Int J Cardiol 
150(2):142–145

	16.	 Mauri V, Deuschl F, Frohn T, Schofer N, Linder M, Kuhn E et al 
(2018) Predictors of paravalvular regurgitation and permanent 
pacemaker implantation after TAVR with a next-generation self-
expanding device. Clin Res Cardiol 107(8):688–697

	17.	 Pavicevic J, Nguyen TDL, Caliskan E, Reser D, Frauenfelder T, 
Plass A et al (2015) Aortic valve calcium score is a significant 
predictor for the occurrence of post-interventional paravalvular 
leakage after transcatheter aortic valve implantation—results from 
a single center analysis of 260 consecutive patients. Int J Cardiol 
15(181):185–187

	18.	 Milhorini Pio S, Bax J, Delgado V (2020) How valvular calcifica-
tion can affect the outcomes of transcatheter aortic valve implanta-
tion. Expert Rev Med Device 17(8):773–784

	19.	 Athappan G, Patvardhan E, Tuzcu EM, Svensson LG, Lemos PA, 
Fraccaro C et al (2013) Incidence, predictors, and outcomes of 
aortic regurgitation after transcatheter aortic valve replacement: 
meta-analysis and systematic review of literature. J Am Coll Car-
diol 61(15):1585–1595

	20.	 Akodad M, Lattuca B, Agullo A, Macia JC, Gandet T, Marin G 
et al (2018) Prognostic impact of calcium score after transcatheter 
aortic valve implantation performed with new generation prosthe-
sis. Am J Cardiol 121(10):1225–1230

	21.	 Stundl A, Lucht H, Shamekhi J, Weber M, Sedaghat A, Mel-
lert F et al (2019) Early versus newer generation transcatheter 
heart valves for transcatheter aortic valve implantation: echocar-
diographic and hemodynamic evaluation of an all-comers study 
cohort using the dimensionless aortic regurgitation index (AR-
index). PLoS ONE 14(5):e0217544

	22.	 Forrest JK, Mangi AA, Popma JJ, Khabbaz K, Reardon MJ, Klei-
man NS et al (2018) Early outcomes with the Evolut PRO reposi-
tionable self-expanding transcatheter aortic valve with pericardial 
wrap. JACC Cardiovasc Interv 11(2):160–168

	23.	 Forrest JK, Kaple RK, Tang GHL, Yakubov SJ, Nazif TM, Wil-
liams MR et al (2020) Three generations of self-expanding tran-
scatheter aortic valves: a report from the STS/ACC TVT registry. 
JACC Cardiovasc Interv 13(2):170–179

	24.	 Mosleh W, Amer MR, Joshi S, Mather JF, Gandhi S, Iyer V et al 
(2019) Comparative outcomes of balloon-expandable S3 versus 
self-expanding Evolut bioprostheses for transcatheter aortic valve 
implantation. Am J Cardiol 124(10):1621–1629

	25.	 Modolo R, Chang CC, Abdelghani M, Kawashima H, Ono M, 
Tateishi H et al (2020) Quantitative assessment of acute regur-
gitation following TAVR: a multicenter pooled analysis of 2258 
valves. JACC Cardiovasc Interv 13(11):1303–1311

	26.	 Thiele H, Kurz T, Feistritzer HJ, Stachel G, Hartung P, Eitel I 
et al (2020) Comparison of newer generation self-expandable 
vs. balloon-expandable valves in transcatheter aortic valve 
implantation: the randomized SOLVE-TAVI trial. Eur Heart J 
41(20):1890–1899

	27.	 Abdelghani M, Mankerious N, Allali A, Landt M, Kaur J, Sulimov 
DS et al (2018) Bioprosthetic valve performance after transcath-
eter aortic valve replacement with self-expanding versus bal-
loon-expandable valves in large versus small aortic valve annuli: 
insights from the CHOICE trial and the CHOICE-extend registry. 
JACC Cardiovasc Interv 11(24):2507–2518

	28.	 Vlastra W, Chandrasekhar J, Muñoz-Garcia AJ, Tchétché D, de 
Brito FS, Barbanti M et al (2019) Comparison of balloon-expand-
able vs. self-expandable valves in patients undergoing transfemo-
ral transcatheter aortic valve implantation: from the CENTER-
collaboration. Eur Heart J 40(5):456–465

	29.	 Reardon MJ, Van Mieghem NM, Popma JJ, Kleiman NS, Sønder-
gaard L, Mumtaz M et al (2017) Surgical or transcatheter aortic-
valve replacement in intermediate-risk patients. N Engl J Med 
376(14):1321–1331

	30.	 Hahn RT, Leipsic J, Douglas PS, Jaber WA, Weissman NJ, Pibarot 
P et al (2019) Comprehensive echocardiographic assessment of 
normal transcatheter valve function. JACC Cardiovasc Imag 
12(1):25–34

	31.	 Hase H, Yoshijima N, Yanagisawa R, Tanaka M, Tsuruta H, 
Shimizu H et al (2021) Transcatheter aortic valve replacement 
with Evolut R versus Sapien 3 in Japanese patients with a small 
aortic annulus: the OCEAN-TAVI registry. Catheter Cardiovasc 
Interv 97(6):E875–E886

	32.	 Herrmann HC, Daneshvar SA, Fonarow GC, Stebbins A, Vemu-
lapalli S, Desai ND et al (2018) Prosthesis-patient mismatch in 
patients undergoing transcatheter aortic valve replacement: from 
the STS/ACC TVT registry. J Am Coll Cardiol 72(22):2701–2711


	Transcatheter aortic valve replacement in heavily calcified aortic valve stenosis: a multicenter comparison
	Abstract
	Background 
	Objectives 
	Materials and methods 
	Results 
	Conclusion 
	Graphical Abstract

	Introduction
	Methods
	Study design and patient population
	Procedural details
	Statistical analyses

	Results
	Patient characteristics
	PVL and THV hemodynamics
	Clinical outcomes

	Discussion
	Incidence and prognostic impact of PVL after TAVR
	Short-term clinical outcomes
	THV hemodynamics

	Conclusion
	Study limitations
	References




