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Abstract
Background: Mild paravalvular regurgitation (PVR) remains a frequent and underappreciated adverse 
event after transcatheter aortic valve implantation (TAVI) despite remarkable progress in device technology 
and implantation technique.
Aims: This study sought to investigate the impact of mild PVR after TAVI on five-year clinical outcomes.
Methods: In a prospective TAVI registry, PVR prior to discharge was retrospectively assessed in an echo-
cardiographic core laboratory. Patients with ≥moderate PVR were excluded. Mild PVR was categorised into 
mild and mild-to-moderate PVR using a recently proposed unifying 5-class grading scheme.
Results: A total of 1,128 patients undergoing TAVI between 2007 and 2015 were enrolled. Of these, 
560 patients had mild PVR, including 433 with mild (5-class) PVR and 127 with mild-to-moderate PVR. 
Patients with mild PVR were older (83 years vs 82 years, p=0.013) and had a higher surgical risk compared 
to patients with none/trace PVR (STS-PROM: 6.49±4.68 vs 5.41±3.48, p<0.001). At five years, patients 
with mild PVR had a higher risk of mortality than those with none/trace PVR (54.6% vs 43.8%; HRadjusted 
1.26, 95% CI: 1.06-1.50). When applying the 5-class grading scheme, only mild-to-moderate PVR was 
associated with an increased risk of mortality at five years (mild PVR: HRadjusted 1.19, 95% CI: 0.99-1.43, 
mild-to-moderate PVR: HRadjusted 1.56, 95% CI: 1.20-2.02). The effect of mild PVR on five-year mortality 
was consistent across major subgroups.
Conclusions: Mild PVR was associated with an increased risk of mortality at five years after TAVI. 
The detrimental effect was primarily driven by mild-to-moderate PVR using the 5-class grading scheme. 
Clinical Trial Registration: https://www.clinicaltrials.gov. NCT01368250.
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Abbreviations
AS aortic stenosis
LV left ventricular
PVR paravalvular regurgitation
SAVR surgical aortic valve replacement
TAVI transcatheter aortic valve implantation

Introduction
The detrimental effect of moderate or greater paravalvular regur-
gitation after transcatheter aortic valve implantation (TAVI) is 
well established1-5 and has instigated iterative refinement of valve 
designs. The introduction of sealing skirts, cuffs, and partial repo-
sitionability substantially mitigated the occurrence of moderate 
or greater paravalvular regurgitation (PVR) after TAVI. Indeed, 
recent trials in low-risk patient populations as well as real-world 
registries indicated comparable rates of higher (≥moderate) grade 
PVR after TAVR and surgical aortic valve replacement (SAVR)6-8. 
However, even in the recent trials using current-generation devices 
and implantation techniques, the rates of mild PVR have been 
reported to be as high as 30% to 36% after TAVI; substantially 
higher than those of surgical valves (3%)6,7. Mild PVR remains 
a significant concern related to TAVI compared with SAVR.
In contrast to moderate or greater PVR, the clinical importance of 
mild PVR remains a matter of debate1-5. As both transfemoral TAVI 
and SAVR are recommended as first-line therapies for patients with 
severe aortic stenosis (AS) aged 65 years or older, according to 
recently issued guidelines of the American Heart Association and 
the American College of Cardiology9, the long-term effect of mild 
PVR is of paramount importance in guiding the Heart Team's deci-
sion, especially in lower-risk patient populations10-12. Thus, in the 
present study, we aimed to investigate the clinical impact of mild 
PVR after TAVI on five-year outcomes in a prospective TAVI regis-
try. Furthermore, we evaluated the validity of the discrimination of 
mild from mild-to-moderate PVR according to a recently proposed 
unifying 5-class grading scheme4,13, which is now included in the 
updated Valve Academic Research Consortium (VARC) definitions 
of clinical endpoints for TAVI trials14.

Methods
STUDY DESIGN AND POPULATION
All patients undergoing TAVI at Bern University Hospital, Bern, 
Switzerland, are consecutively enrolled into a prospective institu-
tional registry as part of the Swiss TAVI registry (NCT01368250)15. 
The registry was approved by the Bern cantonal ethics commit-
tee, and patients provided written informed consent for partici-
pation. The present analysis included all patients who underwent 
TAVI between August 2007 and December 2015. Patients were 
excluded if a non-CE marked device was used or if no transcath-
eter heart valve was implanted. For the purposes of the present 
analysis, patients who underwent TAVI for a degenerated surgical 
bioprosthesis or a previously implanted transcatheter bioprosthe-
sis, those who underwent TAVI for pure native aortic valve regur-
gitation, those with periprocedural death before post-procedural 

echocardiography was performed, and those without adequate 
echocardiographic images for the assessment of PVR prior to dis-
charge were excluded. Subsequently, patients with moderate or 
severe PVR were excluded from the primary analysis of the pre-
sent study. This study conforms to the Strengthening the Reporting 
of Observational Studies in Epidemiology (STROBE) guidelines16.

ASSESSMENT OF PVR
Standardised transthoracic echocardiography was performed by 
a board-certified cardiologist and an echocardiography special-
ist with a Phillips iE33 machine (Philips Healthcare) at day 2 
or 3 after TAVI and before hospital discharge, at the latest. The 
severity of PVR was independently re-evaluated by two investi-
gators (T. Okuno and D. Tomii) in the Bern University cardiac 
imaging core laboratory by using a previously proposed 5-class 
grading scheme4,13,14: “mild”, “mild-to-moderate”, “moderate”, 
“moderate-to-severe”, and “severe”. These five classes of grad-
ing were subsequently collapsed into a 3-class grading scheme 
(mild, moderate, severe): “mild” and “mild-to-moderate” in the 
5-class grading scheme were collapsed into “mild”, and “moder-
ate” and “moderate-to-severe” were collapsed into “moderate”. In 
accordance with the criteria for the grading scheme, a multipara-
metric and integrative approach was employed for the assessment 
of PVR. The evaluation relied more heavily on the width at the 
origin, the circumferential extent, the features, and the number of 
PVR jet(s), assessed visually in multiple views. The two investiga-
tors read together the first 50 cases to standardise the assessment 
before starting the core laboratory analyses.

DATA COLLECTION AND CLINICAL ENDPOINTS
Baseline clinical, procedural, and follow-up data were prospec-
tively entered into a dedicated web-based database. Preprocedural 
computed tomography (CT) examinations were independently re-
evaluated by dedicated imaging specialists and the measurements 
were integrated into the database. Device landing zone calcium 
volume (mm3) was quantified as previously validated17,18. Clinical 
follow-up data were obtained by the use of standardised inter-
views, documentation from referring physicians, and hospital dis-
charge summaries. In the Swiss TAVI registry, regular follow-up is 
standardised at 30 days, 1 year, and 5 years. A clinical events com-
mittee independently adjudicated all adverse events on the basis of 
the VARC criteria14. An independent Clinical Trials Unit is respon-
sible for central data monitoring to verify completeness and accu-
racy of data and independent statistical analysis.
The outcomes of interest for the present study included all-cause 
mortality, cardiovascular mortality, any stroke (disabling or non-
disabling), major or life-threatening bleeding, structural valve 
deterioration, and unplanned repeat aortic valve intervention at 1 
and 5 years. Functional status was assessed by New York Heart 
Association (NYHA) Class at 1 and 5 years. Unplanned repeat 
aortic valve intervention was defined as a composite endpoint 
including valve-in-valve procedure, balloon valvuloplasty, surgi-
cal revision, or paravalvular leak closure.
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STATISTICAL ANALYSIS
Categorical variables are represented as frequencies and percent-
ages and the differences between groups were evaluated with the 
chi-square test or Fisher’s exact test. Rate ratios (RR) with 95% 
confidence intervals (CI) from Poisson regressions were provided 
where appropriate. Continuous measures are presented as mean 
values±standard deviation (SD) and compared between groups 
using a t-test. Time-to-event curves are depicted using the Kaplan-
Meier method. Univariable and multivariable Cox proportional 
hazards models were used to calculate hazard ratios (HR) and 
95% CIs for clinical outcomes. Baseline variables entered into 
the multivariable model for adjustment were predefined based on 
the presumed association with clinical outcomes of interest: age, 
gender, body mass index, Society of Thoracic Surgeons Predicted 
Risk of Mortality (STS-PROM), and NYHA Class III or IV. As 
a sensitivity analysis, a post hoc multivariable adjustment by add-
ing baseline variables that were significantly different between the 
groups, and device landing zone calcium as assessed by CT to the 
predefined model, was performed in patients with assessable CT 
images (n=844). In all time-to-event analyses, data for a patient 
were censored at the time of the first event that occurred in that 
patient. Throughout the study, statistical significance was defined 
at a two-sided p-value of <0.05. All statistical analyses were per-
formed with the use of Stata 15.1 (StataCorp).

Results
STUDIED POPULATION AND BASELINE CHARACTERISTICS
Among 1,321 consecutive patients who underwent TAVI between 
August 2007 and December 2015, 1,202 patients had adequate 
raw echocardiographic clips after TAVI, prior to discharge, for the 
assessment of PVR. Of these, 74 patients (6.2%) had moderate 
or greater PVR and were excluded from the primary analysis. As 
a result, 1,128 subjects, including 568 patients (47.3%) with none/
trace PVR and 560 patients (46.6%) with mild PVR (3-class), 
comprised the study population and were analysed. In the 5-class 
grading scheme, 560 patients with mild PVR (3-class) were cat-
egorised into 433 patients (36.0%) with mild PVR (5-class) 
and 127 patients (10.6%) with mild-to-moderate PVR (5-class) 
(Figure 1).
Baseline clinical, echocardiographic, and procedural characteris-
tics of the study population are summarised in Table 1. Patients 
with mild PVR prior to discharge were older (82.7±6.0 years 
vs 81.8±5.6 years, p=0.013), had a lower body mass index 
(25.9±5.1 kg/cm2 vs 27.1±5.2 kg/cm2, p<0.001) and a higher 
surgical risk (STS-PROM 6.49±4.68 vs 5.41±3.48, p<0.001) 
than patients with none/trace PVR. On baseline echocardiog-
raphy, patients with mild PVR had a smaller aortic valve area 
(0.65±0.22 cm2 vs 0.68±0.25 cm2, p=0.023), and a lower left ven-
tricular ejection fraction (LVEF) (53.1±15.0% vs 55.9±14.2%, 
p=0.002) than patients with none/trace PVR. On CT, there was no 
difference in the prevalence of bicuspid anatomy (5.6% vs 4.7%, 
p=0.647), whereas the volume of device landing zone calcium 
was significantly larger in patients with mild PVR than in those 

with none/trace PVR (384.4±374.8 mm3 vs 297.7±315.6 mm3, 
p<0.001). With regard to procedural characteristics, self-expand-
ing devices were more frequently used (52.7% vs 34.3%, 
p<0.001), and predilation and post-dilation were more frequently 
performed in patients with mild PVR than in patients with none/
trace PVR.

CLINICAL OUTCOMES ACCORDING TO THE 3-CLASS 
GRADING SCHEME
Clinical follow-up was complete in 1,104 patients (97.9%) at 
1 year and 1,085 patients (96.2%) at 5 years. Clinical outcomes 
at 1 and 5 years according to the presence or absence of mild 
PVR prior to discharge are shown in Table 2. At 5 years, patients 
with mild PVR prior to discharge had a higher risk of all-cause 
mortality than patients with none/trace PVR (54.6% vs 43.8%, 
HRadjusted 1.27, 95% CI: 1.07-1.51; p=0.007) (Central illustration). 
At 1 year, all-cause mortality occurred in 14.7% of patients with 
mild PVR and in 11.1% of patients with none/trace PVR (HRadjusted 
1.19, 95% CI: 0.84-1.67; p=0.329). Major or life-threatening 
bleeding occurred more frequently in patients with mild PVR 
than in those with none/trace PVR both at 1 and 5 years (HRadjusted 
1.49, 95% CI: 1.16-1.90; p=0.001, and HRadjusted 1.51, 95% CI: 
1.20-1.90; p<0.001, respectively). There were no significant dif-
ferences in the rates of stroke, structural valve deterioration, and 
unplanned repeat aortic valve intervention at 1 and 5 years. In 
a sensitivity analysis, although the effect of mild PVR on five-
year all-cause mortality was marginally significant (HRadjusted 1.22, 
95% CI: 0.99-1.50; p=0.060), the results were largely consistent 
(Supplementary Table 1). The proportion of patients with NYHA 
Class III or IV heart failure symptoms was comparable between 
groups at 1 and 5 years. In subgroup analyses according to clinical 
and echocardiographic parameters, there was a consistent associa-
tion between mild PVR and higher five-year all-cause mortality 
(Figure 2). A Kaplan-Meier curve for all-cause mortality accord-
ing to the severity of PVR, including moderate PVR, is shown in 
Supplementary Figure 1.

3-class grading scheme 5-class grading scheme

6.2%

47.3%
46.6%

10.6%

36.0%

≥Moderate

Mild
Mild

None/Trace

Mild-to-moderate

Figure 1. Incidence of paravalvular regurgitation (PVR) after TAVI 
according to 3-class and 5-class grading scheme. Pie chart 
illustrating the proportions of PVR according to 3-class and 5-class 
grading schemes. In the unifying 5-class grading scheme, mild PVR 
is subdivided into mild and mild-to-moderate PVR.
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Table 1. Baseline and procedural characteristics of the studied population.

All patients (n=1,128) None/trace PVR (n=568) Mild PVR (n=560) p-value
Baseline characteristics
Age, years 82.3±5.8 81.9±6.0 82.7±5.6 0.013

Gender, female 588 (52.1%) 300 (52.8%) 288 (51.4%) 0.677

Body mass index, kg/cm² 26.5±5.2 27.1±5.2 25.9±5.1 <0.001

STS-PROM 5.94±4.15 5.41±3.48 6.49±4.68 <0.001

NYHA Class III or IV 757 (67.2%) 386 (68.0%) 371 (66.4%) 0.612

Hypertension 970 (86.0%) 490 (86.3%) 480 (85.7%) 0.798

Diabetes mellitus 309 (27.4%) 169 (29.8%) 140 (25.0%) 0.083

Chronic kidney disease, eGFR <60 785 (69.7%) 387 (68.3%) 398 (71.2%) 0.300

Coronary artery disease 711 (63.0%) 365 (64.3%) 346 (61.8%) 0.423

Peripheral artery disease 173 (15.3%) 78 (13.7%) 95 (17.0%) 0.138

Aortic valve area, cm² 0.66±0.24 0.68±0.25 0.65±0.22 0.023

Mean gradient of aortic valve, mmHg 41.9±17.4 41.4±17.4 42.4±17.4 0.327

Left ventricular ejection fraction, % 54.5±14.7 55.9±14.2 53.1±15.0 0.002

Bicuspid aortic valve, n (%) 45 (5.1%) 21 (4.7%) 24 (5.6%) 0.647

Device landing zone calcium volume, mm3 340.3±348.5 297.7±315.6 384.4±374.8 <0.001

Procedural characteristics
General anaesthesia, n (%) 342 (28.5%) 162 (28.5%) 158 (28.2%) 0.947

Femoral main access site, n (%) 1,027 (85.4%) 481 (84.7%) 484 (86.4%) 0.446

Type of valve,  
n (%)

Balloon-expandable valves 594 (49.4%) 324 (57.0%) 248 (44.3%)

<0.001Self-expanding valves 539 (44.8%) 195 (34.3%) 295 (52.7%)

Mechanically expandable valves 69 (5.7%) 49 (8.6%) 17 (3.0%)

Predilation, n (%) 986 (82.2%) 421 (74.3%) 497 (89.1%) <0.001

Post-dilation, n (%) 268 (22.3%) 69 (12.2%) 156 (27.9%) <0.001

eGFR: estimated glomerular filtration rate; NYHA: New York Heart Association; STS-PROM: Society of Thoracic Surgeons Predicted Risk of Mortality 
Balloon-expandable valves: SAPIEN, SAPIEN XT, or SAPIEN 3 (Edwards Lifesciences). Self-expanding valves: CoreValve, Evolut R/PRO (Medtronic), 
Portico (Abbott), or Symetis ACURATE/ACURATE neo (Boston Scientific). Mechanically expandable valves: LOTUS (Boston Scientific).

Table 2. Clinical outcomes (none/trace PVR vs mild PVR according to 3-class grading scheme).

PVR (3-class grading scheme) Crude analysis Adjusted analysis
None/trace (n=568) Mild (n=560) HR (95% CI) p-value HR (95% CI) p-value

At 1 year
All-cause mortality, n (%) 62 (11.1%) 82 (14.7%) 1.35 (0.97-1.87) 0.077 1.19 (0.84-1.67) 0.329

Cardiovascular mortality, n (%) 38 (6.9%) 55 (10.1%) 1.47 (0.97-2.23) 0.067 1.28 (0.84-1.96) 0.258

Any stroke, n (%) 25 (4.5%) 28 (5.1%) 1.14 (0.67-1.96) 0.631 1.12 (0.65-1.95) 0.684

Major or life-threatening bleeding, 
n (%) 112 (19.9%) 166 (29.9%) 1.57 (1.23-1.99) <0.001 1.49 (1.17-1.90) 0.001

Structural valve deterioration, n (%) 8 (1.5%) 4 (0.8%) 0.51 (0.15-1.68) 0.266 0.52 (0.16-1.76) 0.295

Unplanned repeat aortic 
intervention, n (%) 2 (0.4%) 1 (0.2%) 0.50 (0.05-5.54) 0.574 0.64 (0.06-7.27) 0.717

NYHA Class III or IV*, n (%) 63/478 (13.2%) 58/449 (12.9%) 0.98 (0.70-1.37) 0.906 0.97 (0.70-1.36) 0.879

At 5 years
All-cause mortality, n (%) 240 (43.8%) 300 (54.6%) 1.36 (1.15-1.61) <0.001 1.27 (1.07-1.51) 0.007

Cardiovascular mortality, n (%) 167 (33.4%) 209 (42.7%) 1.36 (1.11-1.67) 0.003 1.28 (1.04-1.57) 0.021

Any stroke, n (%) 39 (7.9%) 45 (9.8%) 1.21 (0.79-1.86) 0.386 1.21 (0.78-1.88) 0.389

Major or life-threatening bleeding, 
n (%) 127 (23.6%) 187 (35.0%) 1.59 (1.27-1.99) <0.001 1.51 (1.20-1.90) <0.001

Structural valve deterioration, n (%) 18 (4.1%) 9 (2.3%) 0.53 (0.24-1.19) 0.123 0.53 (0.24-1.20) 0.129

Unplanned repeat aortic 
intervention, n (%) 2 (0.4%) 2 (0.4%) 1.02 (0.14-7.24) 0.985 1.29 (0.18-9.38) 0.802

NYHA Class III or IV*, n (%) 48/298 (16.1%) 32/237 (13.5%) 0.84 (0.55-1.27) 0.403 0.86 (0.57-1.30) 0.468

*Provided are number and percentage of patients with NYHA Class III or IV among patients assessed. Otherwise, provided are first events (cumulative 
incidence percent from life table estimate). Unplanned repeat aortic intervention includes valve-in-valve procedure, balloon valvuloplasty, surgical 
revision, or paravalvular leak closure in another setting. Adjustment was performed with age, gender, BMI, STS-PROM, NYHA Class III or IV.
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CLINICAL OUTCOMES ACCORDING TO THE 5-CLASS 
GRADING SCHEME
Clinical outcomes at 1 and 5 years stratified by none/trace, mild, and 
mild-to-moderate PVR using a 5-class grading scheme are shown in 
Table 3. At 5 years, all-cause mortality occurred in 63.1% of patients 
with mild-to-moderate PVR, in 52.1% of patients with mild PVR 
(5-class), and in 43.8% of patients with none/trace PVR (Central 
illustration). After multivariable adjustment, mild-to-moderate PVR 
conferred an increased risk of five-year all-cause mortality compared 
to none/trace PVR (HRadjusted 1.56, 95% CI: 1.20-2.02; p=0.001), 
while the risk was comparable between mild PVR (5-class) and none/
trace PVR (HRadjusted 1.19, 95% CI: 0.99-1.43; p=0.065). In the one-
year analysis, both patients with mild-to-moderate PVR and mild 
PVR (5-class) had a comparable risk of all-cause mortality as patients 
with none/trace PVR (HRadjusted 1.25, 95% CI: 0.75-2.09; p=0.396, 
and HRadjusted 1.17, 95% CI: 0.81-1.68; p=0.404, respectively) (Central 
illustration). At 5 years, major or life-threatening bleeding occurred 
more frequently in patients with mild-to-moderate PVR (48.7%; 

HRadjusted 2.33, 95% CI: 1.70-3.19; p<0.001) and in patients with mild 
PVR (5-class) (31.0%; HRadjusted 1.32, 95% CI: 1.03-1.69; p=0.030) 
compared to patients with none/trace PVR (23.6%). At 1 year, the 
risk was significantly higher in patients with mild-to-moderate PVR 
(44.6%; HRadjusted 2.33, 95% CI: 1.68-3.24; p<0.001), while the risk 
was comparable in patients with mild PVR (5-class) (25.6%; HRadjusted 
1.27, 95% CI: 0.97-1.66; p=0.077) and patients with none/trace PVR 
(19.9%). There were no significant differences in the rates of stroke, 
structural valve deterioration, and unplanned repeat aortic valve inter-
vention between patients with mild-to-moderate or mild (5-class) 
PVR and those with none/trace PVR at 1 and 5 years, respectively. 
The rates of NYHA Class III or IV heart failure symptoms were com-
parable between groups at 1 and 5 years. The results were consistent 
in a sensitivity analysis (Supplementary Table 2).

Discussion
The principal findings of this study are as follows. 1) Mild PVR 
was associated with an increased risk of all-cause mortality at five 
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Number at risk
None/trace 568 494 444 397 348 215
Mild 560 474 416 356 297 182

Number at risk
None/trace 568 494 444 397 348 215
Mild 433 369 328 280 240 154
Mild-to-mod. 127 105    88    76    57    28

3-class grading scheme 5-class grading scheme

3-class scheme 5-class scheme N (%) Adjusted hazard ratio (95% CI)

One-year mortality
 None/trace PVR 62 (11.1%) [Reference]

 Mild PVR 61 (14.1%) 1.17 (0.81-1.68)
Mild PVR
 Mild-to-moderate PVR 21 (16.6%) 1.25 (0.75-2.09)

Five-year mortality
 None/trace PVR 240 (33.4%) [Reference]

 Mild PVR 222 (52.1%) 1.19 (0.99-1.43)
Mild PVR
 Mild-to-moderate PVR    78 (63.1%) 1.56 (1.20-2.02)

Central illustration. Impact of mild PVR on all-cause mortality according to the 3-class and 5-class grading schemes. Kaplan-Meier curves 
for all-cause mortality in patients with none/trace PVR (green) and mild PVR (yellow) according to the 3-class grading scheme and in patients 
with none/trace PVR (green), mild PVR (yellow), and mild-to-moderate PVR (red) according to the 5-class grading scheme. Forest plots 
summarise the impact of mild PVR on mortality. Adjustment was performed with age, gender, BMI, STS-PROM, NYHA Class III or IV.
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  PVR at discharge Hazard ratio
  None/trace Mild (3-class) [B] vs [A]   interaction
  [A] [B] HR (95% CI)   p-value p-value
  N=568 N=560  

Hazard ratio (95% CI)

 Age 0.781   

 Age ≥80 174/393 234/425 1.37 (1.12-1.66) 0.002

 Age <80 66/175 66/135 1.30 (0.92-1.82) 0.136

 Gender 0.817   

 Male 123/268 158/272 1.39 (1.10-1.76) 0.007

 Female 117/300 142/288 1.33 (1.04-1.70) 0.021

 STS-PROM 0.790   

 STS-PROM >8% 63/102 95/134 1.29 (0.94-1.78) 0.116

 STS-PROM 4-8% 102/230 143/255 1.34 (1.04-1.72) 0.026

 STS-PROM <4% 75/236 62/171 1.15 (0.82-1.61) 0.416

 THV type 0.494   

 Balloon-expandable 152/324 143/248 1.34 (1.06-1.68) 0.013

 Self-/mechanically-expandable 88/244 157/312 1.51 (1.16-1.96) 0.002

 Pre-existing AR 0.918   

 ≥Mild 160/378 209/396 1.35 (1.10-1.66) 0.005

 None/trace 65/148 78/135 1.38 (0.99-1.92) 0.056

 LV systolic function 0.634   

 LVEF <50% 76/142 115/183 1.23 (0.92-1.64) 0.163

 LVEF ≥50% 160/417 182/373 1.35 (1.09-1.67) 0.006

 LV hypertrophy 0.339   

 Yes 146/322 196/355 1.30 (1.05-1.61) 0.016

 No 28/88 23/73 0.98 (0.56-1.70) 0.937

 LV diastolic dysfunction 0.542   

 Yes (Grade I to III) 85/165 94/170 1.09 (0.81-1.46) 0.567

 Normal 34/122 27/84 1.32 (0.80-2.19) 0.280

 Mitral regurgitation 0.112   

 Moderate or severe 37/78 91/134 1.69 (l.16-2.48) 0.007

 None or mild 194/461 204/410 1.22 (1.00-1.49) 0.045

 Atrial fibrillation 0.606   

 Yes 86/168 141/216 1.38 (1.05-1.80) 0.020

 No 154/400 159/344 1.26 (1.01-1.57) 0.041

 Tricuspid regurgitation 0.727   

 Moderate or severe 37/58 59/83 1.26 (0.83-1.89) 0.278

 None or mild 193/479 236/460 1.36 (1.12-1.65) 0.002

 Severe hypertension 0.786   

 Systolic PAP ≥60 mmHg 65/113 96/143 1.27 (0.93-1.74) 0.134

 Systolic PAP <60 mmHg 146/388 181/376 1.35 (1.08-1.68) 0.007

 RV dysfunction 0.107   

 Yes 65/109 98/160 1.01 (0.74-1.38) 0.965

 Normal 139/364 159/323 1.40 (1.11-1.75) 0.004

 Cardiac damage staging 0.508   

 Stage 3-4 110/191 160/253 1.12 (0.88-1.43) 0.359

 Stage 0-2 76/221 80/189 1.29 (0.94-1.76) 0.114

0.5 1 2 4

Figure 2. Subgroup analyses of the effect of mild PVR on five-year mortality. LV hypertrophy, LV diastolic dysfunction, RV dysfunction were 
defined in accordance with echocardiographic guidelines28,29. The definitions of cardiac damage staging have been described previously30. 
AR: aortic regurgitation; LV: left ventricular; LVEF: left ventricular ejection fraction; PAP: pulmonary artery pressure; RV: right ventricular 
dysfunction; STS-PROM: Society of Thoracic Surgeons Predicted Risk of Mortality; THV: transcatheter heart valve
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years after TAVI. 2) The effect of mild PVR on mortality was 
consistent, irrespective of patient baseline clinical or echocardio-
graphic characteristics. 3) One fourth of mild PVR was classified 
as mild-to-moderate PVR in the 5-class grading scheme. 4) Mild-
to-moderate PVR conferred a robust 1.6-fold increased risk of 
five-year mortality compared to none/trace PVR, while the effect 
of mild PVR (5-class) on five-year mortality was attenuated and 
with only borderline significance.
Moderate or greater PVR has consistently been associated with 
an increased risk of mortality after TAVI1-4. Conversely, the effect 
of mild PVR has been controversial and may only be substanti-
ated during extended follow-up. Due to the expansion of TAVI 
to patients with a longer life expectancy9, the potential impact 
of mild PVR on longer-term outcomes may become increasingly 
important. Recently, the impact of mild PVR on five-year out-
come has been reported from some of the randomised strategy 
trials. In the high-risk trials, the presence of mild PVR was asso-
ciated with higher mortality at five years10,11. Conversely, in the 
PARTNER-2 trial, mild PVR was not associated with an increased 

risk of mortality at five years; however, there was a progressive 
divergence of time-to-event curves for all-cause mortality among 
patients with mild PVR and those with none/trace PVR, suggest-
ing a possible delayed effect of mild PVR on clinical outcomes12.
Several factors have been proposed to explain the conflicting 
results of the impact of mild PVR on clinical outcomes. First, 
the accurate assessment of PVR requires several echocardio-
graphic views which are frequently challenging to interpret due 
to artefacts from prosthetic valve material. In addition, interpre-
tation largely relies on qualitative and semiquantitative parame-
ters. Thus, the assessment may differ across centres or studies19. 
Second, “mild PVR” according to current guideline recommenda-
tions includes a broad range and may fail to discriminate clinical 
impact at a more granular level13,20. Lastly, potential differences in 
tolerability against PVR across TAVI populations have been sug-
gested. A protective effect of pre-existing aortic regurgitation or 
left ventricular (LV) dilatation have been suggested in previous 
studies3,21-24. Recently, a new grading scheme has been proposed to 
improve the assessment of severity and provide uniformity in the 

Table 3. Clinical outcomes (none/trace PVR vs mild PVR or mild-to-moderate PVR according to 5-class grading scheme).

PVR (5-class grading scheme) Crude analysis Adjusted analysis

None/
trace 

(n=568)
[A]

Mild 
(n=433)

[B]

Mild-to-
moderate 
(n=127)

[C]

[B] vs [A] [C] vs [A] [B] vs [A] [C] vs [A]

HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value

At 1 year

All-cause mortality, n (%) 62 (11.1) 61 (14.1) 21 (16.6) 1.29 (0.90-1.83) 0.164 1.56 (0.95-2.57) 0.076 1.17 (0.81-1.68) 0.404 1.25 (0.75-2.09) 0.396

Cardiovascular mortality, 
n (%) 38 (6.9) 42 (9.9) 13 (10.5) 1.44 (0.93-2.24) 0.101 1.58 (0.84-2.96) 0.156 1.30 (0.83-2.03) 0.255 1.22 (0.63-2.34) 0.557

Any stroke, n (%) 25 (4.5) 21 (5.0) 7 (5.7) 1.10 (0.62-1.97) 0.741 1.28 (0.55-2.95) 0.567 1.08 (0.59-1.95) 0.807 1.28 (0.55-3.00) 0.569

Major or life-threatening 
bleeding, n (%) 112 (19.9) 110 (25.6) 56 (44.6) 1.32 (1.01-1.71) 0.040 2.52 (1.83-3.48) <0.001 1.27 (0.97-1.66) 0.077 2.33 (1.68-3.24) <0.001

Structural valve 
deterioration, n (%) 8 (1.5) 1 (0.2) 3 (2.5) 0.16 (0.02-1.30) 0.087 1.71 (0.45-6.46) 0.426 0.17 (0.02-1.38) 0.097 1.73 (0.45-6.70) 0.429

Unplanned repeat aortic 
intervention, n (%) 2 (0.4) 1 (0.2) 0 (0.0) 0.65 (0.06-7.15) 0.723 0.89 

(0.04-18.43) 1.000 0.80 (0.07-9.05) 0.858

NYHA Class III or IV, n (%) 63/478 
(13.2%)

48/350 
(13.7%)

10/99 
(10.1%) 1.04 (0.73-1.48) 0.824 0.77 (0.41-1.44) 0.409 1.04 (0.73-1.48) 0.818 0.74 (0.40-1.36) 0.327

At 5 years

All-cause mortality, n (%) 240 (43.8) 222 (52.1) 78 (63.1) 1.27 (1.06-1.53) 0.010 1.71 (1.32-2.20) <0.001 1.19 (0.99-1.43) 0.065 1.56 (1.20-2.02) 0.001

Cardiovascular mortality, 
n (%) 167 (33.4) 160 (41.3) 49 (48.5) 1.32 (1.06-1.64) 0.012 1.55 (1.13-2.13) 0.007 1.24 (1.00-1.55) 0.054 1.41 (1.02-1.95) 0.037

Any stroke, n (%) 39 (7.9) 34 (9.5) 11 (10.9) 1.16 (0.73-1.84) 0.519 1.38 (0.71-2.70) 0.342 1.16 (0.73-1.86) 0.525 1.38 (0.70-2.72) 0.345

Major or life-threatening 
bleeding, n (%) 127 (23.6) 127 (31.0) 60 (48.7) 1.36 (1.06-1.74) 0.015 2.50 (1.84-3.40) 0.000 1.32 (1.03-1.69) 0.030 2.33 (1.70-3.19) 0.000

Structural valve 
deterioration, n (%) 18 (4.1) 6 (2.2) 3 (2.5) 0.45 (0.18-1.13) 0.088 0.85 (0.25-2.89) 0.797 0.46 (0.18-1.18) 0.107 0.77 (0.22-2.67) 0.675

Unplanned repeat aortic 
intervention, n (%) 2 (0.4) 2 (0.5) 0 (0.0) 1.31 (0.18-9.32) 0.786 0.89 

(0.04-18.43) 1.000 1.65 
(0.23-11.97) 0.619

NYHA Class III or IV, n (%) 48/298 
(16.1%)

26/196 
(13.3%)

6/41 
(14.6%) 0.82 (0.53-1.28) 0.390 0.91 (0.41-1.99) 0.811 0.86 (0.55-1.33) 0.493 0.86 (0.40-1.86) 0.705

*Provided are number and percentage of patients with NYHA Class III or IV among patients assessed. Otherwise, provided are first events (cumulative incidence percent from lifetable 
estimate). Unplanned repeat aortic intervention includes valve-in-valve procedure, balloon valvuloplasty, surgical revision, or paravalvular leak closure in another setting. Adjustment was 
performed with age, gender, BMI, STS-PROM, NYHA Class III or IV.
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assessment of PVR4,13,14. In an analysis of the PARTNER-2 reg-
istry using the 5-class grading scheme, only moderate or greater 
PVR was associated with an increased risk of death; clinical out-
come was, however, assessed at one year and the number of indi-
viduals with mild-to-moderate PVR was modest (n=47)15. Later 
effects of low grade PVR were not evaluated.
In the present study, the effect of mild PVR (3-class) on mortality 
was not statistically significant at one year, consistent with previ-
ous reports1-4. The detrimental effect of mild PVR accrued over 
time and emerged during extended follow-up. At five years, mild 
PVR (3-class) conferred a 1.3-fold increased risk of death after 
adjustment for differences in baseline characteristics. Intriguingly, 
when applying the 5-class grading scheme, mild-to-moderate 
PVR was significantly associated with an increased risk of mor-
tality at five years, whereas the effect of mild PVR (5-class) on 
mortality risk was borderline significant only. Consistent with the 
PARTNER-2 SAPIEN 3 registry4, mild-to-moderate PVR did not 
affect mortality at one year. Furthermore, the effect of mild PVR 
on mortality was consistent across subgroups according to pre-
existing aortic regurgitation and LV function.
In a continued access registry of the PARTNER-1 trial, moderate 
or severe PVR emerged as the strongest predictor of late bleeding 
events25. The loss of high-molecular weight von Willebrand fac-
tor due to high shear stress and flow turbulence caused by PVR 
has been proposed as an underlying mechanism26. In the present 
study, both mild and mild-to-moderate PVR, according to the 
5-class grading scheme, were associated with a 1.3-fold and 2.3-
fold increased risk of major or life-threatening bleeding at five 
years, respectively, suggesting that the effect of mild PVR on late 
bleeding events may have been underappreciated.
Our findings have important clinical implications for the manage-
ment of severe AS, particularly in younger and low-risk popula-
tions. As even mild PVR according to the 3-class grading scheme 
has a significant impact on mortality at five years, every effort 
should be made to avoid mild PVR in younger and low-risk 
patients. Given that the rate of mild PVR is remarkably lower 
after SAVR than TAVI, even in recent trials using current-gener-
ation devices, SAVR may be favoured in younger patients who 
are considered at risk of mild or greater PVR18. Furthermore, the 
5-class grading scheme may be particularly useful in this setting. 
If mild PVR is deemed to be mild-to-moderate PVR according 
to the proposed scheme, additional interventions, including post-
dilation, valve-in-valve procedure, paravalvular leak closure, and 
even surgical revision, may be considered to improve longer-term 
outcomes.

Study limitations
Several limitations should be acknowledged when interpreting the 
results of the present study. First, the study was based on a cohort 
including patients who underwent TAVI between 2007 and 2015. 
Thus, the study included early-generation devices which are no 
longer in clinical use, and the observed rates of PVR may not be 
representative for contemporary devices. Nevertheless, the effect 

of individual grades on late clinical events is not a function of 
valve type. Moreover, the robustness of our findings is under-
scored by the prospective data collection, completeness of fol-
low-up at five years of more than 96%, and independent event 
adjudication. Second, follow-up echocardiography was incom-
pletely recorded in this registry. Thus, the change in PVR severity 
during follow-up could not be evaluated. Some studies reported 
regression of PVR at follow-up4,27, which may affect the long-term 
clinical impact of PVR. This should be further evaluated in future 
studies. Furthermore, the occurrence of structural valve deterio-
ration may be underreported. Finally, the studied population in 
the present analysis was limited to elderly patients (mean age 
>80 years), hence the results may not be generalisable to younger 
patients. However, there was no significant interaction between 
age >80 years and the effect of mild PVR on mortality.

Conclusions
Mild PVR prior to discharge according to the 3-class grading 
scheme was associated with an increased risk of mortality at five 
years after TAVI. A recently proposed 5-class grading scheme 
accurately discriminated the prognostic implications of mild PVR. 
When applying the 5-class grading scheme, the upper range of 
mild PVR (mild-to-moderate PVR) was significantly associated 
with a 1.6-fold increased risk of mortality at five years, while the 
lower range of mild PVR conferred a borderline significant 1.2-
fold increased risk. The long-term consequences of mild PVR 
have important repercussions on decision making between TAVI 
and SAVR, particularly in younger patients.

Impact on daily practice
Mild PVR has a significant impact on five-year mortality in 
patients undergoing TAVI. The risk of mild PVR should be 
taken into account for decision making between TAVI and 
SAVR, particularly in younger patients with low to interme-
diate surgical risk. Furthermore, the 5-class grading scheme 
may be beneficial in patients with mild PVR. If mild PVR is 
deemed to be mild-to-moderate PVR according to the scheme, 
additional interventions, including post-dilation, valve-in-valve 
procedure, paravalvular leak closure, and even surgical revi-
sion, may be considered to improve longer-term outcomes.
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Supplementary Table 1. Post hoc multivariable adjustments for clinical outcomes 

(none/trace PVR vs mild PVR according to 3-class grading scheme). 

 

 

 

 
  

  

Adjusted analysis 

HR (95% CI) p-value 

At 1 year 

All-cause mortality, n (%) 1.23 (0.81-1.85) 0.333 

Cardiovascular mortality, n (%) 1.17 (0.69-1.96) 0.564 

Any stroke, n (%) 0.96 (0.49-1.89) 0.914 

Major or life-threatening bleeding, n (%) 1.51 (1.14-2.01) 0.004 

Structural valve deterioration, n (%) 0.36 (0.09-1.38) 0.134 

Unplanned repeat aortic intervention, n (%) 0.61 (0.05-7.63) 0.704 

At 5 years 

All-cause mortality, n (%) 1.22 (0.99-1.50) 0.060 

Cardiovascular mortality, n (%) 1.20 (0.93-1.54) 0.154 

Any stroke, n (%) 1.10 (0.64-1.88) 0.734 

Major or life-threatening bleeding, n (%) 1.55 (1.19-2.02) 0.001 

Structural valve deterioration, n (%) 0.38 (0.14-1.00) 0.051 

Unplanned repeat aortic intervention, n (%) 0.61 (0.05-7.63) 0.704 

Adjusted effect of adjusting for age, gender, diabetes, BMI, STS PROM, NYHA Class III or IV, LVEF, aortic valve area, device 

landing zone calcium volume (n=844 patients); excluding N=284 with missing values. 

 

  



 

 

 

Supplementary Table 2. Post hoc multivariable adjustment for clinical outcomes 

(none/trace PVR vs mild PVR or mild-to-moderate PVR according to 5-class grading 

scheme). 
  Adjusted analysis 

  [B] vs [A] [C] vs [A] 

  
HR 

(95% CI) 
p-value 

HR 

(95% CI) 
p-value 

At 1 year 

All-cause mortality, n (%) 1.13 (0.73-1.77) 0.580 1.58 (0.86-2.91) 0.141 

Cardiovascular mortality, n (%) 1.07 (0.61-1.88) 0.804 1.49 (0.70-3.16) 0.297 

Any stroke, n (%) 0.96 (0.47-1.97) 0.915 0.97 (0.32-2.92) 0.958 

Major or life-threatening bleeding, n 

(%) 
1.23 (0.90-1.68) 0.191 2.71 (1.86-3.95) <0.001 

Structural valve deterioration, n (%) 0.16 (0.02-1.30) 0.087 0.99 (0.19-5.05) 0.988 

Unplanned repeat aortic 

intervention, n (%) 
0.79 (0.06-9.90) 0.857   

At 5 years 

All-cause mortality, n (%) 1.12 (0.90-1.41) 0.306 1.60 (1.17-2.18) 0.003 

Cardiovascular mortality, n (%) 1.15 (0.88-1.50) 0.307 1.39 (0.94-2.06) 0.097 

Any stroke, n (%) 1.06 (0.60-1.89) 0.842 1.23 (0.53-2.85) 0.629 

Major or life-threatening bleeding, n 

(%) 
1.28 (0.96-1.71) 0.096 2.78 (1.94-3.98) <0.001 

Structural valve deterioration, n (%) 0.33 (0.11-1.02) 0.055 0.53 (0.12-2.48) 0.424 

Unplanned repeat aortic 

intervention, n (%) 
0.79 (0.06-9.90) 0.857   

Adjusted effect of adjusting for age, gender, diabetes, BMI, STS PROM, NYHA Class III or IV, LVEF, aortic valve area, device landing 

zone calcium volume (n=844 patients); excluding N=284 with missing values. 

  



 

 
 

Supplementary Figure 1. A Kaplan-Meier curve for all-cause mortality according to the 

severity of PVR including moderate PVR. 

 


