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ABSTRACT
Background:  The predictive role of right ventricular dysfunction (RVD) in patients with functional 
mitral regurgitation (FMR) undergoing transcatheter edge-to-edge repair (TEER), as well as RV 
remodelling following the procedure, remains uncertain. We evaluated the prognostic impact of 
pre-procedural three-dimensional (3D) right ventricular ejection fraction (RVEF) in patients with 
FMR. Additionally, we assessed the RV reverse remodelling (RVRR) based on 3D volumes and 
ejection fraction six months after the procedure.
Methods:  Data from 74 patients treated with TEER for FMR were prospectively collected. 
Pre-procedural RVD, defined as 3D RVEF ≤45%, was observed in 47 patients (63.5%). Patients 
were divided into three groups according to pre-procedural 3D-RVEF: no RVD (No-RVD, RVEF 
>45%, n = 27), mild-to-moderate RVD (MRVD, RVEF 31-45%, n = 36), and severe RVD (SRVD, RVEF 
≤30%, n = 11).
Results: Patients with SRVD demonstrated a significant higher rate of all-cause mortality compared 
with the other two groups (p = 0.04) and RVEF ≤ 30% was associated with all-cause death, 
independently of left ventricular ejection fraction (LVEF) and left atrial volume index (LAVi) (HR: 
3.72, 95% CI 1.12–12.30, p = 0.03). At 6-month follow-up, only patients with pre-procedural MRVD 
showed a significant reduction in 3D RV volumes and an improvement in RVEF compared to 
baseline (p < 0.05).
Conclusions:  RVD was common among patients undergoing mitral TEER for FMR. Those with 
pre-procedural SRVD had worse mid-term survival compared to patients with MRVD and No-RVD. 
The group with MRVD was the only one to demonstrate an RVRR six months after the procedure.
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GRAPHICAL ABSTRACT
3D RV echocardiographic assessment in patients undergoing mitral TEER for FMR. Top-left 
panel: 3D RV reconstruction using semi-automated software and prevalence of RVD defined by 
3D-echocardiography (3D RVEF ≤ 45%). Bottom-left panel: Survival curve of patients undergoing 
mitral TEER, stratified by categories of systolic disfunction (No-RVD, MRVD, SRVD). Right-panel: 
The impact of mitral TEER procedure on RV reverse remodelling, in terms of volumes and 
ejection fraction, is observed only in patients with MRVD and not in those with SRVD. 3D: 
threedimensional; FMR: functional mitral regurgitation; MRVD: mild-to-moderate rightventricular 
dysfunction; No-RVD: No right ventricular dysfunction; RV: right ventricular; RVD: right ventricular 
dysfunction; RVEDVi: right ventricular end-diastolic volume index; RVEF: right ventricular ejection 
fraction; RVESVi: right ventricular end-systolic volume index; SRVD: severe right ventricular 
dysfunction; TEER: transcatheter edgeto-edge repair.

Abbreviations:  FAC: Fractional area change; FMR: Functional mitral regurgitation; FWL: Free wall 
longitudinal strain; HF: Heart failure; LV: Left ventricular; LVEF: Left ventricular ejection fraction; 
MRVD: Mild-to-moderate right ventricular dysfunction; No-RVD: No right ventricular dysfunction; 
NT-proBNP: N-terminal pro-B-type natriuretic peptide; NYHA: New York Heart Association; RV: 
Right ventricular; RVD: Right ventricular dysfunction; RVEF: Right ventricular ejection fraction; 
PASP: Pulmonary artery systolic pressure; RVRR: Right ventricular reverse remodelling; SRVD: 
Severe right ventricular dysfunction; s’ TDI: Systolic wave velocity at tissue Doppler imaging; 
TAPSE: Tricuspid annular plane systolic excursion; TEER: Transcatheter edge-to-edge repair; 2D: 
Two-dimensional; 3D: Three-dimensional

Introduction

Functional mitral regurgitation (FMR) is among the 
most frequent valvular heart disease in Europe [1] and 
the United States [2] and it is associated with poor 
prognosis and high burden of hospitalisation for heart 
failure (HF) [3–6]. When left untreated, FMR imposes 
chronic volume overload on left chambers and causes 
left ventricular (LV) dilation and dysfunction, elevation 
of left atrial pressure, development of pulmonary 
hypertension and tricuspid regurgitation and, finally, 
right ventricular dysfunction (RVD) [7].

According to the most recent guidelines [1,2], tran-
scatheter edge-to-edge repair (TEER) may be consid-
ered in selected symptomatic patients suffering with 
severe FMR, not eligible for surgery and fulfilling the 
COAPT inclusion criteria [8–10]. In the COAPT trial, the 
evidence of a moderate or severe RVD was one of the 

exclusion criteria. However, almost 50% of patients 
undergoing mitral TEER has a variable degree of RVD in 
daily clinical practice [11,12]. Previous studies showed 
that RVD, assessed by two-dimensional (2D) parame-
ters, and impaired right ventricular (RV)-to-pulmonary 
arterial coupling are determinants of adverse outcomes 
after mitral TEER [12–17]. The prevalence and the prog-
nostic role of pre-procedural RVD, assessed by 
three-dimensional (3D) RV ejection fraction (RVEF), 
have not yet been evaluated. Moreover, few studies 
have described the effect of mitral TEER on RV dimen-
sions and systolic function after the procedure, with 
some conflicting data [18–23]. The aim of this study 
was to evaluate the prevalence and the prognostic 
impact of pre-procedural RVD, assessed by means of 
3D echocardiography, in patients with FMR undergoing 
TEER, as well as changes in RV volumes and ejection 
fraction at 6-month follow-up after the procedure.
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Methods

Study population

Data from consecutive patients with symptomatic 
moderate-to-severe or severe FMR, who underwent 
TEER with MitraClip (Abbott Vascular, Santa Clara, CA, 
USA), or Pascal System (Edwards Lifesciences, Irvine, 
California) and had a baseline echocardiogram, includ-
ing a comprehensive 3D assessment of the RV, were 
prospectively collected in a dedicated registry at six 
Italian centres between February 2021 and April 2022

After Heart Team discussion, all patients were carefully 
selected in presence of high-grade ventricular or atrial 
FMR, feasible mitral valve anatomy for transcatheter 
repair and symptoms (NYHA class II-IV) despite optimal 
medical therapy for HF, including cardiac resynchronisa-
tion therapy, if indicated. Patients without analysable 
baseline echocardiograms, comprehensive of RV 3D 
assessment, were excluded from the study.

All patients present in the study signed written 
informed consent after receiving an oral and written 
explanation of the issues concerning the procedure, 
data collection and subsequent analysis. The investiga-
tion conforms with the principles outlined in the 
Declaration of Helsinki.

Echocardiographic assessment

All patients underwent a transthoracic echocardio-
graphic examination, including a 3D RV analysis, at 
hospital admission and before discharge. Whenever 
possible, a 6-month follow-up, including clinical and 
echocardiographic evaluation, was performed at each 
participating centre. Echocardiographic measurements 
were performed according to the ASE/EAE recommen-
dations [24,25]. At the end of each exam, a 3D 
full-volume of the right ventricle was acquired from a 
modified four-chamber apical view or RV focused view. 
To maximise the frame rate of the acquisition (to reach 
at least 20 frames per second), the lateral width and 
the depth of the image sector were reduced as much 
as possible and, whenever feasible (patients in regular 
sinus rhythm and able to cooperate with breath- 
holding), a multi-beat acquisition was used. The mul-
tislice display was used to ensure that the entire 
chamber volume and borders were included in the 
analysis. In each centre, a dedicated cardiologist, with 
expertise in advanced echocardiography, finally anal-
ysed the 3D datasets using EchoPac software (GE 
Vingmed Ultrasound AS, Horten, Norway) or TomTec 
Imaging Systems (Unterschleissheim, Germany) to 
measure RV volumes and ejection fraction.

Reproducibility

Intra-observer and inter-observer variability for the 3D 
manual measurements of RVEF and RV volumes was 
assessed in a sample of 15 randomly selected patients. 
Two investigators separately measured the same 3D 
loops, and one investigator repeated the analysis two 
weeks later, blinded to the previous measurements 
(Table S1).

Endpoint assessment

Mitral Valve Academic Research Consortium definition 
of acute technical success was applied. Clinical end-
points were obtained from medical reports and/or 
phone calls. The primary endpoint was considered the 
impact of RVD, assessed via 3D RVEF, on all-cause 
mortality after mitral TEER. The secondary endpoint 
was the assessment of RV reverse remodelling (RVRR) 
in terms of 3D volumes and ejection fraction at 
6-month follow-up after the procedure.

Definition and grading of RV dysfunction

RVD was defined as RVEF ≤45% [24]. To evaluate the 
prognostic impact of RVD in patients with severe FMR 
undergoing TEER, the population was divided into 
three groups according to the RVEF: no RVD (No-RVD, 
RVEF >45%), mild-to-moderate RVD (MRVD, RVEF 
>30 ≤ 45%) and severe RVD (SRVD, RVEF ≤30%). These 
partition values of RVEF were derived from previous 
literature [26].

RV reverse remodelling assessment

To assess the presence of RVRR (volumes and ejection 
fraction) after mitral TEER procedure, the population was 
stratified based on pre-procedural RVD using the previ-
ously described classification. Paired comparisons of 
echocardiographic variables at baseline, discharge, and 
follow-up were performed across the three RVD groups 
to assess potential significant differences over time.

Statistical analysis

Normality of continuous data was tested with the 
Shapiro-Wilk test: normally distributed variables were 
expressed as mean ± standard deviation (SD), whereas 
non-normally distributed variables were presented as 
median [interquartile range]. Categorical variables were 
reported as absolute values and corresponding 
percentages.

https://doi.org/10.1080/00015385.2025.2582406
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Differences in continuous variables were assessed 
using 1-way analysis of variance (ANOVA) or the 
Kruskal–Wallis test. Categorical variables were com-
pared with Chi-square test. Paired comparisons 
between variables at baseline, discharge, and follow-up 
were performed using the paired-sample Student’s 
t-test or the Wilcoxon signed-rank test, as appropriate.

Adverse events were reported as the observed 
number of events and as Kaplan-Meier estimated rates. 
Event-free survival up to 1-year was evaluated using 
the unadjusted Kaplan-Meier method, and survival 
among subgroups was compared using the log-rank 
test (Cox-Mantel test). Cox proportional hazards regres-
sion analysis was used to identify predictors of the pri-
mary clinical endpoint, expressed as hazard ratio (HR) 
with 95% confidence interval (CI) and p values. A p 
value <0.05 was considered statistically significant.

The Statistical analyses were performed by two 
investigators using SPSS software version 28.0.0 (SPSS 
Inc., Chicago, IL) and GraphPad Prism software version 
8 (GraphPad, Inc, San Diego, CA).

Results

Between February 2021 and April 2022, 74 patients 
underwent a mitral TEER procedure at six Italian centres 
and had a baseline echocardiogram that included a com-
prehensive 3D assessment of the RV (32% from IRCCS 
Policlinico San Donato, 19% from ASST Spedali Civili of 
Brescia, 15% from Azienda Ospedaliero-Universitaria 
Pisana, 15% from A.O.U. Policlinico ‘G. Rodolico San Marco’ 
of Catania, 11% from Sant’Orsola-Malpighi Hospital of 
Bologna, 8% from IRCCS San Raffaele Hospital).

Overall, pre-procedural RVD (i.e. RVEF ≤ 45%) was 
found in 47 patients (63.5% of the population). 
According to pre-procedural RV systolic function, 
36.5% of patients (n = 27) showed No-RVD, 48.6% 
(n = 36) MRVD and 14.9% (n = 11) SRVD.

Baseline clinical characteristics

Baseline clinical characteristics of the entire cohort and 
by groups of RVD are summarised in Table S2.

The median age of our population was 78 years 
(IQR: 72–82), 68.9% of whom were male. No significant 
differences in terms of age (p = 0.70) and gender 
(p = 0.09) were found among groups. All patients pre-
sented with HF-related symptoms, and 72.3% of the 
cases were in NYHA class III or IV. The group with 
MRVD more frequently had a history of percutaneous 
coronary intervention (p = 0.01). Interestingly, patients 
with SRVD had a higher prevalence of chronic 

obstructive pulmonary disease compared with the 
other groups (No-RVD 22.2% vs MRVD 16.7% vs SRVD 
54.5%, p = 0.03). No significant differences among 
groups were observed in terms of surgical risk, NYHA 
class, and number of devices implanted (pacemaker, 
implantable cardioverter-defibrillator, cardiac resyn-
chronisation therapy).

The baseline median N-terminal brain natriuretic 
peptide (NT-proBNP) was 2810 pg/ml (IQR:1304–7852); 
patients with higher degree of RVD had a higher 
NT-proBNP value (p < 0.01). Patients received the maxi-
mum tolerated guideline-directed medical therapy, 
including renin-angiotensin system inhibitors (63.5%), 
beta-blockers (85.1%) and mineralocorticoid receptor 
antagonists (59.4%). All patients took loop-diuretic ther-
apy (100%) at a median dosage of 75 mg (IQR: 50–125).

Baseline echocardiographic characteristics

Baseline echocardiographic characteristics of the entire 
cohort and by groups of RVD are summarised in Table 1. 
The aetiology of FMR was predominantly ventricular 
(81.0% of patients) of which 50.0% ischaemic and 31.0% 
non-ischaemic, and atrial in the remaining 18.9% of 
patients. Median values of effective regurgitant orifice 
area and regurgitant volume were 0.3 cm2 (IQR: 0.3–0.4) 
and 51 mL (IQR: 40–65), respectively.

There were significant differences between groups in 
terms of LV dilation (for both diameters and volumes) 
and dysfunction (LV ejection fraction (LVEF): No-RVD 36 
(33–49)%, MRVD 36 (30–44)%, SRVD 27 (25–31)%, 
p = 0.01), left atrial dilation (left atrial volume index 
(LAVi): No-RVD 55 (46–76) mL/m2, MRVD 61 (51–72) 
mL/m2, SRVD 75 (68–93) mL/m2, p < 0.01) and estimated 
pulmonary artery systolic pressure (PASP) (No-RVD 
43 ± 14 mmHg, MRVD 48 ± 14 mmHg, SRVD 66 ± 13 mmHg, 
p < 0.01). All the 2D and 3D parameters regarding RV 
dimensions (basal and mid-ventricular diameters, 3D 
end-diastolic and end-systolic volumes), systolic func-
tion (tricuspid annular plane systolic excursion, (TAPSE), 
systolic wave velocity at tissue Doppler imaging (s’ TDI), 
fractional area change (FAC), RV free wall longitudinal 
strain (FWLS), RVEF, RV stroke volume index), and 
RV-pulmonary arterial coupling (TAPSE/PASP) resulted 
significantly different between the groups (TAPSE: 
p = 0.03, all the other parameters: p < 0.01). In particular, 
RV basal and mid-diameters, 3D RV volumes, TAPSE/
PASP, FAC, FWLS, RVEF resulted to be significantly differ-
ent in the group with SRVD compared with the other 
two groups (paired comparisons between groups: SRVD 
vs No-RVD: p value < 0.05; SRVD vs MRVD: p value < 
0.05). No difference in the grade of tricuspid regurgita-
tion was found between groups (p = 0.79).

https://doi.org/10.1080/00015385.2025.2582406
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Procedural results

Acute technical success was achieved in 71 patients 
(96.0%). New-generation MitraClip devices were the 
most frequently used (89.1%). One, two or three 
devices were implanted in 41 (55.4%), 31 (41.9%), and 
2 (2.7%) patients, respectively. No statistically signifi-
cant differences were observed among the three 
groups in terms of procedural and in-hospital out-
comes (Table S3).

Clinical outcomes and survival analysis

During a median follow-up of 12.5 (10.4–17.7) months, 
15 patients died (20.3%), of which 10 (13.5%) for car-
diovascular causes (Table S4). Patients with SRVD 
demonstrated a significant higher rate of all-cause 

mortality compared with the other two groups 
(No-RVD 22.1%, MRVD 11.1%, SRVD 45.4%, p = 0.04). 
The rate of hospitalisation for HF was observed in 12 
patients (16.2%) with no differences between groups 
(p = 0.47).

The Kaplan-Meier curve analysis showed that 
patients with SRVD had a significantly lower survival 
probability compared with the other two groups (Log 
rank p value <0.01) (Figure 1). At univariable Cox 
regression, SRVD, assessed by 3D RVEF (3D RVEF ≤30%: 
HR: 5.91, 95% CI 1.91–18.30, p < 0.01), LVEF (HR: 0.93, 
95% CI 0.86–0.99, p = 0.03) and LAVi (HR: 1.03, 95% CI 
1.00–1.06, p = 0.03) were potential predictor of all-cause 
death. 2D parameters assessing RV systolic function 
(TAPSE, TAPSE/PASP, FWLS) did not show to predict 
mortality in our population (Table 2). At multivariable 
Cox proportional hazard analysis, RVEF ≤ 30% was 

Table 1.  Baseline echocardiographic characteristics of the entire study cohort and of the three groups identified according to 
pre-procedural RV systolic function.

Variables
Total population

(n = 74)
No-RVD
(n = 27)

MRVD
(n = 36)

SRVD
(n = 11) p value

MR aetiology, n (%)
Ischaemic ventricular FMR 37 (50.0) 12 (44.4) 20 (55.6) 5 (45.4) 0.61
Non-ischaemic ventricular FMR 23 (31.0) 8 (29.6) 10 (27.8) 5 (45.4)
Atrial FMR 14 (18.9) 7 (25.9) 6 (16.7) 1 (9.0)
MR degree, n (%) 3+ 20 (27.0) 12 (44.4) 7 (19.4) 1 (9.0) 0.07

4+ 54 (73.0) 15 (55.5) 29 (80.6) 10 (90.9)
VC, mm 7 [6, 8] 7 [7, 8] 7 [6, 9] 7 [6, 8] 0.73
EROA, cm2 0.3 [0.3, 0.4] 0.3 [0.3, 0.4] 0.4 [0.3, 0.4] 0.3 [0.3, 0.4] 0.18
Regurgitant volume, ml 51 [40, 65] 49 [38, 64] 61 [44, 67] 47 [41, 58] 0.26
Mean gradient, mmHg 2.0 [1.0, 2.0] 2.0 [1.0, 2.4] 2.0 [1.0, 2.0] 1.0 [1.0, 1.8] 0.31
LVEDD, mm 61 ± 9 61 ± 10 59 ± 9 68 ± 7⸸ 0.03
LVESD, mm 51 ± 11 49 ± 10 50 ± 11 61 ± 8*⸸ 0.01
LVEDVi, mL/m2 100 ± 37 100 ± 33 92 ± 35 127 ± 44⸸ 0.02
LVESVi, mL/m2 65 ± 31 62 ± 27 59 ± 28 91 ± 37*⸸ 0.01
LVEF, % 35 [30, 43] 36 [33, 49] 36 [30, 44] 27 [25, 31] 0.01
E/e’ 14 [10, 20] 13 [8, 15] 14 [10, 20] 22 [10, 29] 0.09
LAVi, mL/m2 62 [52, 75] 55 [46, 76] 61 [51, 72] 75 [68, 93]*⸸ <0.01
TR degree, n (%) ≤2 34 (46) 13 (48) 17 (47) 4 (36) 0.79

>2 40 (54) 14 (52) 19 (53) 7 (64)
TAPSE, mm 18 ± 4 19 ± 3 18 ± 5 15 ± 3 * 0.03
PASP, mmHg 49 ± 16 43 ± 14 48 ± 14 66 ± 13*⸸ <0.01
TAPSE/PASP, mm/mmHg 0.38[0.28, 0.52] 0.50[0.32, 0.58] 0.38[0.29, 0.48] 0.25[0.18, 0.28]*⸸ <0.01
S’ TDI, cm/s 10 ± 2 11 ± 2 10 ± 2 9 ± 3* <0.01
FAC, % 37 ± 10 44 ± 7 36 ± 7§ 26 ± 8*⸸ <0.01
RV FWLS, % −18 ± 6 −22 ± 6 −17 ± 5§ −11 ± 5*⸸ <0.01
RV basal diameter, mm 42 [38, 49] 39 [36, 46] 41 [38, 47] 58 [51, 62]* ⸸ <0.01
RV mid diameter, mm 34 [29, 39] 31 [26, 35] 34 [30, 39] 45 [39, 53]* ⸸ <0.01
3D RVEDV, mL 135 ± 48 113 ± 31 129 ± 28 209 ± 63*⸸ <0.01
3D RVEDVi, mL/m2 76 ± 28 64 ± 18 72 ± 17 117 ± 37*⸸ <0.01
3D RVESV, mL 81 ± 42 53 ± 19 79 ± 18§ 157 ± 45*⸸ <0.01
3D RVESVi, mL/m2 46 ± 24 30 ± 11 44 ± 11§ 88 ± 27*⸸ <0.01
3D RVEF, % 42 ± 11 54 ± 7 39 ± 4§ 24 ± 4*⸸ <0.01
3D RVSVi, mL/m2 30 ± 9 34 ± 9 28 ± 8§ 29 ± 12 <0.01
3D RVEF/PASP, %/mmHg 0.99 ± 0.49 1.41 ± 0.49 0.88 ± 0.25§ 0.38 ± 0.08*⸸ <0.01
No RVD (No-RVD): 3D RVEF > 45%; Mild-to moderate RVD (MRVD): 30% < 3D RVEF ≤ 45%; Severe RVD (SRVD): 3D RVEF ≤ 30%.
Data are presented as mean ± SD, median [IQR] or n (%).
§Mild-to moderate RVD vs No RVD: p value < 0.05; *Severe RVD vs No RVD: p value < 0.05; ⸸Severe RVD vs Mild-to-moderate RVD: p value < 0.05.
Bold values indicate significance.
3D: three-dimensional; E/e’: early mitral inflow velocity to mitral annular early diastolic velocity at tissue Doppler imaging ratio; EROA: effective regurgitant 
orifice area; FAC: fractional area change; FMR: functional mitral regurgitation; FWLS: free wall longitudinal strain; LAVi: left atrial volume index; LVEDD: left 
ventricular end-diastolic diameter; LVEDVi: left ventricular end-diastolic volume index; LVEF: left ventricular ejection fraction; LVESD: left ventricular 
end-systolic diameter; LVESVi: left ventricular end-systolic volume index; MR: mitral regurgitation; RV: right ventricular; RVD: right ventricular dysfunction, 
RVEDVi: right ventricular end-diastolic volume index; RVEF: right ventricular ejection fraction; RVESVi: right ventricular end-systolic volume index; RVSVi: 
right ventricular stroke volume index; S’ TDI: systolic wave velocity at tissue Doppler imaging; PASP: pulmonary arterial systolic pressure; TAPSE: tricuspid 
annular plane systolic excursion; TR: tricuspid regurgitation; VC: vena contracta.
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associated with all-cause death, independently of LVEF 
and LAVi (HR: 3.72, 95% CI 1.12–12.30, p = 0.03) 
(Table 2).

RVRR after mitral TEER procedure

Paired comparisons between the echocardiographic 
characteristics evaluated before mitral TEER, at dis-
charge, and at 6-month follow-up were available for 
82.4% (n = 61) of the study population and are pre-
sented for the entire population (Table S5) and per 
groups of pre-procedural RVD (Tables 3–5).

Interestingly, only patients with pre-procedural 
MRVD showed a reduction in 3D volumes at 6-month 
follow-up compared to baseline (p < 0.05, Table 4), 
while this did not happen in patients with No-RVD 
and SRVD (Tables 3 and 5). RV diameters (basal and 
mid-ventricular) did not change during the follow-up 
in any RVD group (Tables 3–5). 3D RVEF improved 
after 6-month from mitral TEER procedure only in 
patients with MRVD at baseline (3D RVEF: Baseline 40 
(36–41) %, Discharge 42 (36–46) %, 6-months 44 (38–
47) %, p < 0.01; 6-months vs Baseline: p < 0.05; Table 4, 
Graphic Abstract). All 2D parameters assessing RV 
function (TAPSE, s’ TDI, FAC, RV FWLS) did not change 
during the follow-up, even when they are analysed per 
groups of RVD (Tables 3–5). A significant reduction in 
tricuspid regurgitation degree was observed only in 
patients with No-RVD at baseline (p = 0.02, Table 3). 
Pulmonary pressures (PASP) reduced significantly 
during the follow-up, except in the group with SRVD 
at baseline (Tables 3–5 and Table S5). An acute 
improvement in RV-pulmonary arterial coupling at dis-
charge was observed in the groups with No-RVD and 
MRVD (TAPSE/PASP: Discharge vs Baseline p < 0.05), but 
this was not confirmed at 6-month follow-up (Tables 
3 and 4).

Regarding left chambers, LAVi showed a decrease 
over the 6-months period only in the group with 
MRVD (p < 0.01, Table 4), whereas there was no signifi-
cant change in LV volumes and systolic function in any 
group. Finally, a sustained reduction in mitral regurgi-
tation degree was observed at 6-month follow-up, 
with 86.7% of patients exhibiting residual mitral regur-
gitation ≤2 (Table S5), confirming the high rate of 
good result of the procedure.

Figure 1. T he Kaplan–Meier survival curve analysis of patients 
undergoing mitral transcatheter edge-to-edge repair (TEER) 
according to pre-procedural degree of right ventricular dys-
function (RVD), defined by three-dimensional right ventricular 
ejection fraction (RVEF): No RVD (No-RVD, RVEF >45%), 
mild-to-moderate RVD (MRVD, RVEF >30 ≤ 45%) and severe 
RVD (SRVD, RVEF ≤30%).

Table 2.  Univariable and multivariable cox regression analysis for the baseline predictors of all-cause of death 
after mitral TEER.

Variables

Univariable analysis Multivariable analysis

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

Age (y) 1.05 (0.97, 1.13) 0.23
Female sex (n) 1.24 (0.42, 3.64) 0.69
NYHA III-IV 3.02 (0.68, 13.4) 0.15
Atrial fibrillation 0.91 (0.33, 2.50) 0.85
CKD 2.29 (0.64, 8.19) 0.20
COPD 1.77 (0.60, 5.18) 0.30
TAPSE < 15 mm 0.64 (0.14, 2.83) 0.56
RV FWLS < −18% 1.52 (0.55, 4.21) 0.42
3D RVEF ≤ 30% 5.91 (1.91, 18.3) <0.01 3.72 (1.12, 12.33) 0.03
TAPSE/PASP < 0.36 1.99 (0.71, 5.56) 0.19
PASP, mmHg 1.02 (0.99, 1.05) 0.26
LVEF, % 0.93 (0.86, 0.99) 0.03 0.94 (0.88, 1.01) 0.07
LAVi, ml/m2 1.03 (1.00, 1.06) 0.03 1.02 (0.99, 1.05) 0.17

Bold values indicate significance.
CI: confidence interval; CKD: chronic kidney disease; COPD: chronic obstructive pulmonary disease; HR: hazard ratio; LAVi: left atrial 
volume index; LVEF: left ventricular ejection fraction; NYHA: New York Heart Association; PASP: pulmonary arterial systolic pressure; 
RVEF: right ventricular ejection fraction; RVFWLS: right ventricular free wall longitudinal strain; TAPSE: tricuspid annular plane 
systolic excursion; TEER: transcatheter edge-to-edge repair; 3D: three-dimensional.
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Discussion

In a real-world multicentre registry of symptomatic 
high-risk patients with moderate-to-severe or severe 
FMR undergoing mitral TEER, we found the following:

i.	 pre-procedural RVD, defined as 3D RVEF ≤45%, 
was common, involving 63.5% of patients.

ii.	 significant differences between RVD group in 
terms of LV dilation and dysfunction, left atrial 
dilation, estimated PASP and NT-proBNP 
values.

iii.	 patients with pre-procedural SRVD, defined as 
3D RVEF ≤30%, despite the technical success of 
the procedure, reported a higher rate of 
all-cause mortality during a mid-term follow-up 
when compared with the groups of patients 
with MRVD and No-RVD.

iv.	 3D RVEF ≤30% proved to be a predictor of 
poor mid-term survival after mitral TEER (inde-
pendent of LVEF and LAVi).

v.	 mitral TEER induced a substantial reduction in 
RV volumes and an improvement in RVEF at 
6-month follow-up only in patients with 
pre-procedural MRVD.

vi.	 RV 2D parameters assessing RV systolic function 
(TAPSE, TAPSE/PASP, FWLS) were not predictors 
of mortality in our population and showed no 
significant variability during follow-up.

RVD in patients with FMR underdoing mitral TEER

RVD is recognised as an important determinant of sev-
eral cardiovascular diseases and its prognostic role in 
patients with HF and FMR has been widely demon-
strated [3].

In patients with chronic severe FMR, RV function 
may be reduced due to long-standing pressure-overload 
caused by the increase in left atrial filling pressure and 
the changes in pulmonary vasculature. Post-capillary 
pulmonary hypertension develops first, then chron-
ically increased pressures may eventually lead to a 
combined form as well [14]. This results in RV negative 
remodelling, which includes RV dilatation and conse-
quent increased tricuspid regurgitation. Several studies 
reported that RVD, assessed by 2D parameters (TAPSE, 
s’ TDI, FWLS), and RV-to-pulmonary arterial coupling 
(TAPSE/PASP) are predictors of adverse clinical out-
comes in mitral TEER recipients [12–15,18,23,27,28]. It 

Table 3.  Paired comparison between the echocardiographic characteristics at baseline, discharge and 6-month follow-up for the 
study group without RVD (No-RVD, n = 27).

Variables n (%)a Baseline Discharge 6-months p value

MR degree, n (%) ≤2 22 (81.5) 0 (0.0) 20 (90.9) 20 (90.9) <0.01
>2 22 (100.0) 2 (9.1) 2  (9.1)

VC, mm 13 (48.1) 7 [7, 9] 3 [2, 4] § 3 [3,4]* <0.01
Mean gradient, mmHg 16 (59.3) 1.5 [1.0, 2.9] 3.0 [2.0, 3.8] § 3.0 [2.0, 3.8]* <0.01
LVEDD, mm 20 (74.1) 60 ± 10 60 ± 10 58 ± 9 0.07
LVESD, mm 14 (51.9) 47 ± 11 48 ± 10 46 ± 13 0.47
LVEDVi, mL/m2 20 (74.1) 98 ± 32 98 ± 35 91  ± 29 0.21
LVESVi, mL/m2 18 (66.7) 60 ± 22 60 ± 25 56 ± 24 0.28
LVEF, % 20 (74.1) 38 [33, 47] 40 [33, 61] 42 [36,52] 0.11
LAVi, mL/m2 16 (59.3) 53 [43, 78] 57 [48, 76] 48 [36, 78] 0.79
TR degree, n (%) ≤2 21 (77.8) 11 (52.4) 16 (76.2) 19 (90.5) 0.02

>2 10 (47.6) 5 (23.8) 2 (9.5)
TAPSE, mm 19 (70.4) 19 [17, 21] 18 [17, 23] 17 [16, 21] 0.27
PASP, mmHg 20 (74.1) 43 ± 15 39 ± 11§ 37 ± 13* 0.01
TAPSE/PASP, mm/mmHg 18 (66.7) 0.45 ± 0.17 0.50 ± 0.17§ 0.53 ± 0.25 0.14
S’ TDI, cm/s 17 (63.0) 11 [10, 13] 11 [10, 12] 11 [10, 13] 0.46
FAC, % 15 (55.6) 47 ± 7 45 ± 7 44 ± 8 0.26
RV FWLS, % 18 (66.7) −22.4 ± 5.9 −22.0 ± 4.8 −21.3 ± 5.3 0.35
RV Basal diameter, mm 20 (74.1) 42 ± 7 42 ± 7 41 ± 6 0.37
RV Mid diameter, mm 17 (63.0) 31 ± 5 32 ± 5 32 ± 6 0.37
3D RVEDVi, mL/m2 22 (81.5) 64 ± 19 64 ± 16 60 ± 13 0.28
3D RVESVi, mL/m2 22 (81.5) 29 ± 11 30 ± 11 28 ± 8 0.49
3D RVEF, % 22 (81.5) 55 ± 7 53 ± 9 54 ± 8 0.54
3D RV SVi, mL/m2 22 (81.5) 35 ± 9 34 ± 9 31 ± 8 0.06

Data are presented as mean ± SD, median [IQR] or n (%).
Bold values indicate significance.
3D: three-dimensional; EROA: effective regurgitant orifice area; FAC: fractional area change; FWLS: free wall longitudinal strain; LAVi: left atrial volume 
index; LVEDD: left ventricular end-diastolic diameter; LVEDVi: left ventricular end-diastolic volume index; LVEF: left ventricular ejection fraction; LVESD: left 
ventricular end-systolic diameter; LVESVi: left ventricular end-systolic volume index; MR: mitral regurgitation; RV: right ventricular; RVD: right ventricular 
dysfunction: RVEDVi: right ventricular end-diastolic volume index; RVESVi: right ventricular end-systolic volume index; RVEF: right ventricular ejection 
fraction; RVSVi: right ventricular stroke volume index; S’ TDI: systolic wave velocity at tissue Doppler imaging; PASP: pulmonary arterial systolic pressure; 
TAPSE: tricuspid annular plane systolic excursion; TR: tricuspid regurgitation; VC: vena contracta.
aData availability for paired comparison with respect to the overall numerosity of patients in the No RVD group (27 patients).
§Discharge vs Baseline: p value < 0.05; *6-months vs Baseline: p value < 0.05.
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is well known that RV quantitative assessment by 2D 
echocardiography is challenging due to its complex 
shape, and 3D echocardiography can overcome the 
inherent limitations of 2D analysis [29]. New 3D echo-
cardiographic semi-automated software, adapted for 
RV cavity border detection, have demonstrated good 
correlation with cardiac magnetic resonance for the 
calculation of RV volumes and ejection fraction being 
at the same time more available, less expensive and 
time-consuming [30,31]. Moreover, 3D RVEF was inde-
pendently associated with unfavourable outcomes in 
various cardiovascular diseases (e.g. ischaemic and 
non-ischaemic cardiomyopathies, valvular diseases, pul-
monary hypertension) [32–34]. For these reasons, we 
evaluated RV dimensions and function by adding 3D 
analysis to the conventional 2D evaluation. As described  
in previous literature [12,13], our 3D echocardiographic 
analysis confirmed that RVD is present in more than 
50% of patients with FMR undergoing TEER in clinical 
practice, although patients with moderate or severe 
RVD were excluded from COAPT trial. To assess the 
prognostic impact of pre-procedural RVD, we divided 
our population according to the degree of RVD [26]. 
Significant differences between groups of RVD emerged 
in terms of LV dilation and dysfunction, left atrial 

dilation, estimated PASP and NT-proBNP values. Patients 
with pre-procedural SRVD, defined as RVEF ≤30%, 
showed a significantly lower survival probability com-
pared with patients with MRVD or No-RVD. In a multi-
variable Cox regression model, RVEF ≤30% arose as the 
only parameter of RV systolic function able to predict 
all-cause mortality (independently of LVEF and LAVi) 
after mitral TEER at a mid-term follow-up. On the other 
hand, 2D parameters of RV systolic function, known in 
literature to have a prognostic impact in patients 
undergoing mitral TEER (TAPSE, TAPSE/PASP, FWLS) 
[13,15,35], did not predict mortality in our population.

Although a possible explanation for the lack of cor-
relation between 2D parameters assessing RVD and 
all-cause death in our population was the low number 
of patients included, we can hypothesise that 3D RVEF 
might better stratify patients who can have a prognos-
tic benefit from mitral TEER procedure as compared 
with classical 2D parameters.

The effects of mitral TEER procedure on RVRR

In the literature, there is conflicting evidence about the 
effect of mitral TEER on RV dimensions and systolic 
function. An RV remodelling in terms of reduction of 

Table 4.  Paired comparison between the echocardiographic characteristics at baseline, discharge and 6-month follow-up for the 
study group with mild-to-moderate RVD (MRVD, n = 36).

Variables n (%)a Baseline Discharge 6-months p-value

MR degree, n (%) ≤2 33 (91.7) 0 (0.0) 32 (97.1) 28 (84.8) <0.01
>2 33 (100.0) 1 (2.9) 5  (14.7)

VC, mm 13 (36.1) 8 ± 2 3 ± 1§ 4 ± 2*⸸ <0.01
Mean gradient, mmHg 30 (83.3) 2.0 [1.0, 2.0] 4.0 [3.0, 5.0]§ 3.0 [2.0, 4.0]* <0.01
LVEDD, mm 33 (91.7) 59 ± 9 59 ± 9 59 ± 9 0.81
LVESD, mm 29 (80.6) 50 ± 11 49 ± 11 50 ± 11 0.80
LVEDVi, mL/m2 33 (91.7) 94 ± 35 91 ± 31 93  ± 31 0.58
LVESVi, mL/m2 33 (91.7) 61 ± 28 59 ± 25 60 ± 30 0.82
LVEF, % 33 (91.7) 35 [20, 43] 35 [31, 42] 37 [30,46] 0.58
LAVi, mL/m2 31 (86.1) 61 [50, 73] 55 [47, 66]§ 57 [51, 62] <0.01
TR degree, n (%) ≤2 33 (91.7) 16 (48.5) 19 (57.6) 25 (75.8) 0.07

>2 17 (51.5) 14 (42.4) 8 (24.3)
TAPSE, mm 33 (91.7) 18 [16, 21] 18 [16, 19] 17 [15, 20] 0.28
PASP, mmHg 33 (91.7) 48 ± 14 39 ± 9§ 42 ± 13 <0.01
TAPSE/PASP, mm/mmHg 32 (88.9) 0.38 [0.30, 0,50] 0.49 [0.38, 0.60]§ 0.40 [0.34, 0.54] 0.06
S’ TDI, cm/s 21 (58.3) 10 [9, 11] 10 [10, 12] 10 [9, 11] 0.24
FAC, % 24 (66.7) 35 ± 6 39 ± 8 35 ± 9 0.17
RV FWLS, % 26 (72.2) −18.3 ± 4.1 −18.3 ± 4.3 −18.2 ± 5.1 0.98
RV Basal diameter, mm 33 (91.7) 41 [38, 45] 43 [38, 47] 41 [38, 47] 0.41
RV Mid diameter, mm 23 (63.9) 34 [28, 38] 34 [29, 40] 34 [32, 42] 0.96
3D RVEDVi, mL/m2 29 (80.6) 67 [57, 87] 71 [56, 88] 67 [56, 90]* 0.04
3D RVESVi, mL/m2 29 (80.6) 41 [34, 50] 43 [30, 52] 39 [32, 48]* 0.04
3D RVEF, % 29 (80.6) 40 [36, 41] 42 [36, 46] 44 [38, 47]* <0.01
3D RV SVi, mL/m2 29 (80.6) 28 ± 8 29 ± 8 30 ± 10 0.30

Data are presented as mean ± SD, median [IQR] or n (%).
Bold values indicate significance.
3D: three-dimensional; EROA: effective regurgitant orifice area; FAC: fractional area change; FWLS: free wall longitudinal strain; LAVi: left atrial volume 
index; LVEDD: left ventricular end-diastolic diameter; LVEDVi: left ventricular end-diastolic volume index; LVEF: left ventricular ejection fraction; LVESD: left 
ventricular end-systolic diameter; LVESVi: left ventricular end-systolic volume index; MR: mitral regurgitation; RV: right ventricular; RVD: right ventricular 
dysfunction: RVEDVi: right ventricular end-diastolic volume index; RVESVi: right ventricular end-systolic volume index; RVEF: right ventricular ejection 
fraction; RVSVi: right ventricular stroke volume index; S’ TDI: systolic wave velocity at tissue Doppler imaging; PASP: pulmonary arterial systolic pressure; 
TAPSE: tricuspid annular plane systolic excursion; TR: tricuspid regurgitation; VC: vena contracta.
aData availability for paired comparison with respect to the overall numerosity of patients in the Mild-to-moderate RVD group (36 patients).
§Discharge vs Baseline: p value < 0.05; *6-months vs Baseline: p value < 0.05; ⸸6-months vs Discharge: p value < 0.05.
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diameters [36] and 3D volumes [18,36] after mitral TEER 
procedure has never been described for years. Recently, 
Stolz et  al. described a significant reduction of RV 
end-diastolic volumes at follow-up compared to baseline 
and demonstrated that patients who had a reduction in 
3D RV end-diastolic volume >14% had a trend towards 
improved survival prognosis after mitral TEER [37].

Regarding RV systolic function, observational stud-
ies showed an improvement in RV longitudinal (TAPSE) 
[20] and global (RVEF) [18] systolic function after suc-
cessful mitral TEER. Sauter et at. showed an improve-
ment in RVEF only in patients with pre-procedural 
reduced RVEF (<35%) [18]. In contrast, other reports 
revealed no change in RV function in terms of TAPSE 
[18], s’ TDI [18], FAC [18,20] and RVEF [36].

In our study, only patients with pre-procedural 
MRVD demonstrated a significant reduction in 3D RV 
volumes and an improvement in RVEF after 6 months 
from the mitral TEER as compared to baseline, whereas 
the diameters did not change probably due to their 
lower capability to assess RV complex geometry. 
Moreover, a sustained decrease in pulmonary pres-
sures was observed after mitral TEER, expect for the 
groups with pre-procedural SRVD. This finding is in 
line with previous studies [19,20,37,38] and suggest 

that mitral TEER induces positive hemodynamic 
responses in pulmonary circulation pressures reducing 
consequently RV pressure and volume overload.

Clinical implications

To the best of our knowledge, this is the first study to 
evaluate the prognostic role of RVEF and to demon-
strate the added value of 3D RV echocardiography in 
mitral TEER recipients (Graphical abstract). This 
advanced approach could be useful, in daily clinical 
practice, thanks to the new 3D echocardiographic soft-
ware, which are more available and less time-consuming.

In the COAPT trial, moderate to severe RVD was a cri-
terion of exclusion for mitral TEER [8], but the echocar-
diographic parameters used were not specified. To 
overcome the intrinsic limitations of assessing RV through 
2D parameters and to better define RV role in candidates 
for mitral TEER, we prospectively collected complete 
echocardiographic data adding RV 3D evaluation.

3D RVEF ≤30% was the only RV parameter to pre-
dict all-cause mortality (independently from LVEF and 
LAVi) in our prospective registry. Moreover, patients 
with SRVD did not show a reduction in pulmonary 
pressures and a RVRR after mitral TEER procedure. 

Table 5.  Paired comparison between the echocardiographic characteristics at baseline, discharge and 6-month follow-up for the 
study group with severe RVD (SRVD, n = 11).

Variables n (%)a Baseline Discharge 6-months p-value

MR degree, n (%) ≤2 6 (54.5) 0 (0.0) 6 (100.0) 5 (83.3) <0.01
>2 6 (100.0) 0 (0.0) 1  (16.7)

VC, mm 4 (36.4) 7 [6, 9] 3 [2, 3] § 4 [3,6] <0.01
Mean gradient, mmHg 5 (45.5) 1.0 [1.0, 1.0] 3.0 [2.0, 3.0] 3.0 [2.0, 3.0] 0.03
LVEDD, mm 6 (54.5) 63 [59, 69] 63 [58, 70] 61 [53, 70] 0.88
LVESD, mm 6 (54.5) 56 [52, 61] 56 [53, 65] 51 [46, 65] 0.15
LVEDVi, mL/m2 6 (54.5) 108 [81, 142] 107 [75, 148] 97 [74, 153] 0.71
LVESVi, mL/m2 6 (54.4) 75 [57, 110] 84 [54, 122] 58 [38, 125] 0.20
LVEF, % 6 (54.4) 26 [22, 33] 23 [16, 32] 31 [19, 48] 0.33
LAVi, mL/m2 6 (54.5) 73 [67, 80] 72 [57, 80] 64 [40, 85] 0.64
TR degree, n (%) ≤2 6 (54.5) 3 (50.0) 5 (83.3) 5 (83.3) 0.33

>2 3 (50.0) 1 (16.7) 1 (16.7)
TAPSE, mm 5 (45.5) 14 [10, 16] 13 [10, 16] 14 [12, 17] 0.43
PASP, mmHg 5 (45.5) 55 [53, 73] 34 [25, 59] 45 [23, 78] 0.09
TAPSE/PASP, mm/mmHg 5 (45.5) 0.25 [0.16, 0,28] 0.43 [0.17, 0.63] 0.31 [0.15, 0.74] 0.23
S’ TDI, cm/s 4 (36.4) 9 [7,11] 10 [7, 12] 10 [8, 11] 0.35
FAC, % 5 (45.5) 25 [19, 28] 30 [22, 34] 25 [23, 41] 0.53
RV FWLS, % 4 (36.4) −12.0 [−14.3, −9.0] −11.5 [−12.8, −8.8] −12.5 [−15.8, −10.0] 0.78
RV Basal diameter, mm 5 (45.5) 56 [49, 61] 56 [46, 63] 47 [41, 56] 0.88
RV Mid diameter, mm 5 (45.5) 40 [34, 52] 42 [28, 46] 37 [30, 48] 0.91
3D RVEDVi, mL/m2 5 (45.5) 122 [92, 133] 101 [85, 155] 82 [65, 122] 0.58
3D RVESVi, mL/m2 5 (45.5) 97 [74, 98] 62 [51, 109] 48 [38, 81] 0.12
3D RVEF, % 5 (45.5) 23 [18, 30] 30 [26, 36] 36 [25, 41] 0.40
3D RV SVi, mL/m2 5 (45.5) 25 [19, 36] 35 [25, 47] 30 [20, 39] 0.37

Data are presented as mean ± SD, median [IQR] or n (%).
Bold values indicate significance.
3D: three-dimensional; EROA: effective regurgitant orifice area; FAC: fractional area change; FWLS: free wall longitudinal strain; LAVi: left atrial volume 
index; LVEDD: left ventricular end-diastolic diameter; LVEDVi: left ventricular end-diastolic volume index; LVEF: left ventricular ejection fraction; LVESD: left 
ventricular end-systolic diameter; LVESVi: left ventricular end-systolic volume index; MR: mitral regurgitation; RV: right ventricular; RVD: right ventricular 
dysfunction; RVEDVi: right ventricular end-diastolic volume index; RVESVi: right ventricular end-systolic volume index; RVEF: right ventricular ejection 
fraction; RVSVi: right ventricular stroke volume index; S’ TDI: systolic wave velocity at tissue Doppler imaging; PASP: pulmonary arterial systolic pressure; 
TAPSE: tricuspid annular plane systolic excursion; TR: tricuspid regurgitation; VC: vena contracta.
aData availability for paired comparison with respect to the overall numerosity of patients in the Severe RVD group (11 patients).
§Discharge vs Baseline: p value < 0.05.
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Thus, SRVD is a condition from which it may be diffi-
cult to recover and 3D RVEF ≤30% may represent a 
more reliable criterium to include or exclude candi-
dates for mitral TEER procedure than 2D parameters.

The subgroup of patients with pre-procedural MRVD 
had survival rates comparable to patients with No-RVD 
after mitral TEER procedure. Interestingly, it was the 
only subgroup to demonstrate a RVRR 6-months after 
the procedure, suggesting that these patients may 
derive a benefit from mitral TEER procedure. The prog-
nostic impact of this RV remodelling has been recently 
described [37] and it requires further attention and 
more extensive investigation.

Limitations

The present study has some limitations that should be 
acknowledged.

First, the small sample size of our population. 
However, there are only a few data in literature regard-
ing the role of 3D RV echocardiography in patients 
undergoing mitral TEER.

Second, the number of excluded patients due to inad-
equate echocardiographic window for RV 3D analysis 
was not collected in all the centres. However, the feasibil-
ity rate of 3D RV assessment at IRCCS Policlinico San 
Donato was 86%, which is consistent with the literature 
(feasibility rates ranging from 85% to 96%) [39,40].

Third, an independent core lab to assess the echo-
cardiographic exams was not available, although 3D 
analysis was performed by highly experienced cardiol-
ogist at each participating centre.

Conclusion

In patients undergoing mitral TEER for FMR, the 
occurrence of RVD, defined via 3D-echocardiography, 
was common in daily clinical practice. Patients with 
pre-procedural SRVD, defined as RVEF ≤30%, had 
worse mid-term survival after the procedure com-
pared to patients with MRVD and No-RVD. 
Additionally, patients with SRVD did not show signif-
icant changes in pulmonary pressures, RV volumes, 
and RV function at the 6-month follow-up. Conversely, 
patients with pre-procedural MRVD experienced a 
reduction in RV volumes and an improvement in 
RVEF at the 6-month follow-up suggesting that these 
patients may benefit from the procedure. These find-
ings highlight the importance of incorporating a 
comprehensive 3D echocardiographic assessment of 
RV function into the diagnostic workup before and 
after mitral TEER.
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