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Abstract
Introduction  Transcatheter edge-to-edge mitral valve repair (M-TEER) is an established treatment for secondary mitral 
regurgitation (MR). Forward stroke volume (FSV), reflecting left ventricular forward flow, is a prognostic marker in heart 
failure and valvular disease. However, its clinical relevance in secondary MR has not been clearly defined.
Objective  To assess the impact of M-TEER on FSV in atrial and ventricular secondary MR, identify predictors of FSV 
improvement, and evaluate its association with long-term outcomes.
Methods  In this retrospective single-center study, 103 patients with moderate-to-severe or severe secondary MR (ventricular 
MR: n = 60, atrial MR: n = 43) underwent M-TEER. FSV was quantified using left ventricular outflow tract measurements 
before and 4 weeks post-procedure. Clinical outcomes were assessed over a 2-year follow-up period.
Results  Procedural success (MR grade ≤ II) was high (ventricular MR: 95%, atrial MR: 100%). FSV remained unchanged 
in ventricular MR (49.4 ± 17.3 vs. 49.5 ± 16.5 ml, p = 0.960) but increased significantly in atrial MR (60.5 ± 21.7 vs. 
66.8 ± 19.6 ml, p = 0.037). In multivariable analysis, atrial MR etiology (OR 5.12, p = 0.048) and lower baseline FSV (OR 
0.36 per 10 ml/m2, p = 0.002) independently predicted FSV improvement > 10%. FSV responders and non-responders did 
not differ in functional status or residual MR grade. FSV improvement was not associated with reduced mortality or heart 
failure hospitalization.
Conclusion  M-TEER enhances FSV in atrial but not ventricular secondary MR. Atrial MR etiology and low baseline FSV 
independently predict FSV improvement. Early FSV improvement does not translate into improved clinical outcomes, sug-
gesting that FSV response reflects hemodynamic adaptation rather than serving as a prognostic marker.
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Graphical Abstract

Effects of M-TEER on forward stroke volume in
atrial and ventricular secondary mitral regurgitation
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Introduction

For patients with severe secondary ventricular mitral 
regurgitation (MR) at high surgical risk, transcatheter 
edge-to-edge mitral valve repair (M-TEER) is recom-
mended by current guidelines [1, 2]. Yet, uncertainty 
remains regarding which patients benefit most, as COAPT 
and MITRA-FR reported conflicting results [3, 4]. More 
recently, the RESHAPE-HF2 trial demonstrated positive 
outcomes, further supporting the role of M-TEER [5]. The 
MATTERHORN trial showed that M-TEER is non-inferior 
to conventional mitral valve (MV) surgery in patients with 
severe secondary MR and heart failure (HF) [6]. Despite 
advances in patient selection, rates of HF hospitalization 
and all-cause mortality remain high [7, 8].

Left ventricular ejection fraction (LVEF) is commonly 
used for risk stratification in MR but often underestimates 
left ventricular (LV) dysfunction, as it is influenced by 

regurgitant flow into the left atrium (LA) [9]. Forward 
stroke volume (FSV), representing forward flow through 
the LV outflow tract (LVOT), may serve as a more accu-
rate marker [10]. Non-invasive FSV measurement corre-
lates well with invasive thermodilution [11] and is recom-
mended by guidelines [12]. In HF or severe aortic stenosis, 
FSV predicts survival and HF hospitalization [13, 14] with 
similar findings in primary MR [15]. Notably, a recently 
reported COAPT subgroup analysis demonstrated that 
patients with low baseline FSV derived the greatest abso-
lute benefit from M-TEER, although FSV itself did not 
improve during follow-up [16].

Atrial MR has increasingly been recognized as a distinct 
phenotype. It occurs in patients with preserved LV function 
and results from LA enlargement, annular dilatation, and 
inadequate leaflet adaptation [17–20]. Evidence for M-TEER 
in atrial MR is limited, but recent studies suggest similar 
success and clinical benefit [17–20]. Current guidelines 
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recommend M-TEER in symptomatic patients with atrial 
MR [2].

We investigated the early effect of M-TEER on FSV and 
examined whether FSV changes predict outcomes regard-
ing all-cause mortality and HF hospitalization in patients 
with atrial or ventricular secondary MR.

Methods

Study population

This retrospective, single-center study included consecu-
tive patients who underwent M-TEER at the University 
Heart Center Regensburg, Germany, between August 2017 
and July 2024 (Fig. 1, Flowchart). Eligible patients were 
retrospectively identified from our institutional database. 
Inclusion criteria comprised the presence of symptomatic 
moderate-to-severe or severe secondary MR as defined 
by current recommendations [20], and treatment with 
M-TEER during the study period.

Secondary MR was categorized primarily according to 
LV function. Ventricular MR was defined as secondary 

MR in patients with reduced LVEF (< 50%), whereas atrial 
MR was defined as secondary MR in patients with pre-
served LVEF (≥ 50%) [21]. All procedures were performed 
under general anesthesia by experienced interventional 
cardiologists using  fluoroscopic and three-dimensional 
transesophageal echocardiographic guidance. Depending on 
the anatomical characteristics and procedural strategy, either 
the MitraClip system (NT, NTW, XT, XTW; Abbott Vascu-
lar, Menlo Park, CA, USA) or the PASCAL system (PAS-
CAL P10, PASCAL Ace; Edwards Lifesciences, Irvine, CA, 
USA) was employed, following established techniques [22, 
23]. Patients were excluded in the event of unsuccessful 
device implantation, lack of follow-up data, or inadequate 
echocardiographic image quality precluding reliable FSV 
assessment. For all included patients, relevant clinical, pro-
cedural, and echocardiographic data were retrospectively 
retrieved from our database. The study was approved by the 
local ethics committee of the University of Regensburg. All 
patients had provided written informed consent.

Clinical assessment

The routine evaluation in our clinic includes a comprehen-
sive clinical examination, a six-minute walk test, detailed 

Fig. 1   Flowchart illustrat-
ing patient selection. A total 
of 304 patients undergoing 
transcatheter edge-to-edge 
repair (M-TEER) between 
August 2017 and July 2024 
were screened. After exclusion 
of patients with primary mitral 
regurgitation (MR), unsuccess-
ful device implantation, loss to 
follow-up, or inadequate acous-
tic quality for forward stroke 
volume (FSV) assessment, 
103 patients with secondary 
MR were included in the final 
analysis
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assessment of medical history, laboratory diagnostics, as 
well as the determination of the New York Heart Associa-
tion (NYHA) functional class to evaluate the patient’s func-
tional capacity and symptomatology at baseline and 4 weeks 
after M-TEER procedure. To investigate clinical outcome, 
patients were followed up on the incidence of all-cause mor-
tality or hospitalization for HF. Six-minute walk tests were 
performed according to previously described protocols [24].

Echocardiographic assessment

Echocardiographic assessment was performed at baseline 
and 4 weeks after M-TEER procedure. The assessment 
included the evaluation of left and right ventricular dimen-
sions and function, the diastolic function, as well as the 
dimensions of the atria [25]. MR severity was assessed using 
an integrative, multiparametric approach in accordance with 
current ASE/EACVI guideline recommendations [26, 27]. 
MR grading incorporated qualitative and semiquantitative 
parameters, including color Doppler jet characteristics (jet 
direction, eccentricity, and spatial extent), vena contracta 
width, pulmonary venous flow patterns, and continuous-
wave Doppler signal density and contour. PISA-derived 
parameters (e.g., EROA) were used only as supportive infor-
mation when technically feasible and were not relied upon 
in isolation for MR grading, acknowledging their limitations 
in secondary MR with noncircular and dynamic regurgitant 
orifices.

After M-TEER, residual MR was graded using an integra-
tive post-procedural assessment, emphasizing color Doppler 
evaluation of residual jet number, size, and eccentricity and 
distribution, vena contracta width where feasible, pulmo-
nary venous flow pattern, flow convergence size (qualita-
tively), mitral inflow pattern and continuous-wave Doppler 
characteristics, in line with ASE recommendations for post 
M-TEER assessment, and recognizing the methodological 
limitations of quantitative PISA-based assessment in the 
multijet setting [28]. MR severity was categorized on a 
semiquantitative scale from 1 to 4 (1 = mild, 2 = moderate, 
3 = moderate-to-severe, 4 = severe).

FSV was determined using the LVOT method, with 
the LVOT diameter measured in the parasternal long-axis 
view during systole at baseline. For follow-up examina-
tions, the baseline LVOT diameter was applied for FSV 
calculations to ensure methodological consistency and to 
minimize measurement variability, based on the assump-
tion of an unchanged LVOT geometry over time. The 
cross-sectional area (CSA) was then calculated using the 
formula CSA = π × (LVOT Diameter/2)2. The LVOT veloc-
ity time integral (VTI) was obtained via pulsed-wave 
Doppler in the apical 5-chamber or 3-chamber view, and 
FSV was derived by multiplying the CSA by the VTI 
(FSV = CSA × VTI) [29]. To obtain FSV index (FSVI), the 

calculated FSV was indexed to the body surface area (BSA) 
using the formula FSVI = FSV/BSA [15].

In patients with atrial fibrillation, FSV was determined 
using an index-beat approach. LVOT VTI was measured in a 
beat preceded by two cardiac cycles of similar RR duration, 
in order to reduce beat-to-beat variability related to irregular 
cycle length. This approach is supported by prior studies 
showing that index-beat analysis provides a reproducible and 
time-efficient assessment of echocardiographic parameters 
in atrial fibrillation [30, 31].

Statistical analysis

Continuous variables are reported as mean ± standard devia-
tion when normally distributed, continuous variables with 
skewed distribution as median with interquartile range (first 
quartile-third quartile). Categorical variables are presented 
in numbers and percentages. Differences between groups 
were assessed using Student’s t-test for continuous data, 
Mann–Whitney U test for ordinal data and Pearson’s chi-
squared test for nominal data. Differences in binary variables 
were analyzed applying Fisher’s exact test. Differences in 
paired samples were tested using paired t-tests for normally 
distributed data, Wilcoxon signed-rank tests for skewed or 
ordinal data, and McNemar’s test for dichotomous data. 
The incidence of clinical endpoints during follow-up was 
evaluated using time-to-event analysis with Kaplan–Meier 
curves. Kaplan–Meier estimates were utilized to account for 
varying follow-up durations among participants. Patients 
without events were censored at their last documented 
follow-up. The median follow-up period was determined 
through reverse Kaplan–Meier analysis. Differences in end-
point incidence between groups were assessed via log-rank 
tests. To identify independent predictors of improvement in 
FSV, a binary logistic regression analysis was conducted. 
The dependent variable was defined as improvement in 
FSV > 10% 1 month after M-TEER. Potential influencing 
factors were first examined through univariable analysis; 
variables with a p-value less than 0.10 were subsequently 
included in the multivariable model. Results are reported as 
odds ratios (OR) with 95% confidence intervals. Statistical 
significance was considered at a p-value less than 0.05. All 
statistical analyses were performed using SPSS Statistics 29 
(IBM, Armonk, NY USA).

Results

Patient characteristics

A total of 103 patients, who underwent M-TEER for sec-
ondary MR, had complete echocardiographic and clinical 
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follow-up at 1 month and were included in the analysis 
(Fig. 1, Flowchart). Mean age was 74.9 ± 9.3 years and 
40.8% were female. Sixty patients had ventricular MR, 
while 43 patients had atrial MR. Patients with ventricular 
MR were younger (73.0 ± 9.9 vs. 77.5 ± 7.7 years, p = 0.015) 
and more frequently male (68.3 vs. 46.5%, p = 0.041). 
Coronary artery disease, prior percutaneous coronary 

intervention, myocardial infarction, implantable cardio-
verter-defibrillator, cardiac resynchronization therapy, dila-
tive cardiomyopathy and HF medication were more com-
mon in ventricular MR (all p < 0.01, Table 1). NTproBNP 
levels were higher for ventricular MR compared to atrial 
MR (5875.7 [1710.0–6382.0] vs. 2990.6 [1064.0–3204.0] 
pg/ml, p = 0.024, respectively). Both groups exhibited a high 

Table 1   Baseline patient characteristics

Variables are expressed as n (%), mean ± standard deviation, or median [interquartile range], as appropriate. Bold values indicate statistical sig-
nificance (p < 0.05)
ACEI angiotensin-converting enzyme inhibitor, ARB angiotensin II receptor blocker, ARNI angiotensin receptor-neprilysin inhibitor, BMI body 
mass index, CABG coronary artery bypass graft, COPD chronic obstructive pulmonary disease, GFR glomerular filtration rate, ICD  implant-
able cardioverter-defibrillator,  MRA  mineralocorticoid receptor antagonist,  NYHA  New York Heart Association,  PAD  peripheral artery dis-
ease, PCI percutaneous coronary intervention

All
(n = 103)

Ventricular
(n = 60)

Atrial
(n = 43)

p-value

Age, years 74.9 ± 9.3 73.0 ± 9.9 77.5 ± 7.7 0.015
Female gender 42 (40.8) 19 (31.7) 23 (53.5) 0.041
BMI, kg/m2 26.5 ± 5.0 26.7 ± 4.5 26.3 ± 5.6 0.642
Coronary artery disease 61 (59.2) 43 (71.7) 18 (41.9) 0.004
s/p PCI 51 (49.5) 37 (61.7) 14 (32.6) 0.005
s/p CABG 12 (11.7) 8 (13.3) 4 (9.3) 0.757
Dilative cardiomyopathy 20 (19.4) 20 (33.3) 0  < 0.001
Myocardial infarction 29 (28.2) 23 (38.3) 6 (14.0) 0.008
Atrial fibrillation 65 (63.1) 35 (58.3) 30 (69.8) 0.301
Arterial hypertension 66 (64.1) 36 (60.0) 30 (69.8) 0.405
Diabetes mellitus 30 (29.1) 21 (35.0) 9 (20.9) 0.131
COPD 13 (12.6) 11 (18.3) 2 (4.7) 0.068
Chronic kidney disease 81 (78.6) 48 (80.0) 33 (76.6) 0.808
Chronic hemodialysis 2 (1.9) 2 (3.3) 0 0.509
PAD 12 (11.7) 8 (13.3) 4 (9.3) 0.757
Cardiac resynchronization therapy 9 (8.7) 9 (15.0) 0 0.010
Pacemaker 25 (24.3) 16 (26.7) 9 (20.9) 0.642
ICD 18 (17.5) 17 (28.3) 1 (2.3)  < 0.001
EuroSCORE II, % 5.7 [3.5–9.4] 9.4 [4.3–9.9] 6.4 [2.9–7.6] 0.051
GFR, ml/min 47.9 ± 20.3 47.7 ± 23.1 48.2 ± 15.6 0.898
NTproBNP, pg/ml 2461.5 [1381.8–5028.3] 5875.7 [1710.0–6382.0] 2990.6 [1064.0–3204.0] 0.024
NYHA functional class 0.540
 I 1 (1.0) 0 1 (2.3)
 II 20 (19.4) 11 (18.3) 9 (20.9)
 III 77 (74.8) 46 (76.7) 31 (72.1)
 IV 5 (4.9) 3 (5.0) 2 (4.7)
Six-minute Walk distance, m 259.2 ± 111.4 249.4 ± 101.4 274.1 ± 125.3 0.332
Oral medication
 ASS 36 (35.0) 24 (40.0) 12 (27.9) 0.218
 Oral anticoagulation 62 (60.2) 34 (56.7) 28 (65.1) 0.421
 ACEI 49 (47.6) 23 (38.3) 26 (60.5) 0.030
 ARB 12 (11.7) 6 (10.0) 6 (14.0) 0.550
 ARNI 17 (16.5) 16 (26.3) 1 (2.3) 0.001
 MRA 46 (44.7) 32 (53.3) 14 (32.6) 0.045
 Betablocker 87 (84.5) 54 (90.0) 33 (76.7) 0.097



	 Clinical Research in Cardiology

symptom burden (ventricular MR: NYHA III/IV: 81.7%, 
atrial MR: NYHA III/IV: 76.8%, Table 1).

Baseline echocardiographic characteristics

Moderate-to-severe (grade III) or severe (grade IV) MR was 
present in all patients. Compared with patients with ventric-
ular MR, those with atrial MR showed a trend toward less 
severe MR, with grade III MR being more common in atrial 
MR (32.6% vs. 18.3%, respectively) and grade IV MR less 
frequent (67.4% vs. 81.7%, respectively, p = 0.098). Patients 
with ventricular MR showed significantly reduced LVEF 
(32.8 ± 10.9 vs. 56.7 ± 4.5%, p < 0.001), FSV (49.4 ± 17.3 
vs. 60.5 ± 21.7 ml, p = 0.005), and cardiac output (3.4 ± 1.2 
vs. 4.1 ± 1.4 l/min, p = 0.016), reflecting underlying ven-
tricular dysfunction. Additionally, larger LV dimensions 
could be documented (Supplement Table 1).

Procedural data

A single device was implanted in 63.1% of patients, while 
35.0% received two devices. The MitraClip was used in 
78.6% of cases, whereas the remaining 21.4% were treated 
with the PASCAL device (Supplement Table 2), with no 
significant differences observed between ventricular and 
atrial MR. Complication rates were low, including one 
single-leaflet detachment, three major bleedings, and one 
cardiogenic shock (Supplement Table 3).

Echocardiographic and functional follow‑up

In patients with ventricular and atrial MR, MR severity was 
significantly reduced at follow-up (Table 2). In ventricular 
MR, LVEF (32.8 ± 10.9 vs. 34.8 ± 10.9%, p = 0.006) and right 
ventricular function (TAPSE and TAPSE/PASP) improved, 
while LA volume index, pulmonary artery pressure (PASP), 
and tricuspid regurgitation (TR) grade significantly decreased 
(Table 2). However, FSV did not improve from baseline to 
1-month follow-up (49.4 ± 17.3 vs. 49.5 ± 16.5 ml, p = 0.960). 
Functional outcomes improved, including NYHA class and 
six-minute walk distance (Table 2).

In atrial MR, LVEF (56.7 ± 4.5 vs 56.0 ± 5.3%, p = 0.464) 
and TAPSE remained unchanged, while LA volume index, 
PASP, and TR grade significantly decreased. FSV increased 
significantly (60.5 ± 21.7 vs. 66.8 ± 19.6 ml, p = 0.037). This 
was accompanied by a numerically higher cardiac output 
(4.1 ± 1.4 vs. 4.5 ± 1.4 l/min, p = 0.082), although statistical 
significance was not reached, possibly reflecting the limited 
sample size. Heart rate remained unchanged between base-
line and follow-up. Additionally, functional improvement 
in NYHA class was observed (Table 2).

Functional and clinical outcomes according to FSV 
improvement

Patients were stratified according to the presence of FSV 
improvement of ≤ 10% (n = 51) or > 10% (n = 52) 1 month 
after M-TEER (Table 3). Clinical status was comparable 
between groups. NT‑proBNP levels, NYHA functional 
class distribution, and six-minute walk distance did not dif-
fer between patients with and without relevant FSV improve-
ment. Similarly, echocardiographic assessment demonstrated 
effective MR reduction in both groups without differences 
in residual MR grade. Patients with an FSV improve-
ment > 10% exhibited higher LVEF compared with those 
with ≤ 10% improvement (47.3 ± 14.4% vs. 39.9 ± 12.3%, 
p = 0.006). FSV was substantially higher in the > 10% 
improvement group, accompanied by a higher cardiac output 
(FSVI 33.6 ± 10.8 vs. 26.7 ± 8.3 ml/m2, p < 0.001; cardiac 
output 4.3 ± 1.5 vs. 3.4 ± 1.1 l/min, p = 0.001). In contrast, 
LV dimensions, LA volume index, right ventricular function, 
and TR severity did not differ between groups (Table 3).

Clinical outcomes after M-TEER were evaluated by 
monitoring patients for the occurrence of a composite end-
point comprising hospitalization due to HF or all-cause 
mortality. The median follow-up duration was 24 months 
(interquartile range, 12–24 months). During this period, 
31 patients (30.1%) reached the combined endpoint of all-
cause mortality or hospitalization for HF. In both patients 
with atrial or ventricular MR, an improvement in FSV 
exceeding 10% following M-TEER was not associated 
with a reduction in the incidence of the composite end-
point (Fig. 2). Furthermore, rates of all-cause mortality and 
HF hospitalization as individual endpoints did not differ 
between groups (Supplementary Fig. 1). Details on tem-
poral distribution of clinical events across subgroups are 
provided in Supplementary Table 4.

Baseline predictors of FSV improvement 
after M‑TEER

Baseline predictors of an FSV improvement > 10% after 
M-TEER were assessed using logistic regression analysis 
(Table 4). In univariable analysis, atrial MR, severe TR, 
higher LVEF, absence of coronary artery disease, absence 
of diabetes mellitus, and lower baseline FSV were associ-
ated with a higher likelihood of relevant FSV improvement.

In multivariable analysis, atrial MR remained indepen-
dently associated with FSV improvement > 10%, conferring 
a more than fivefold increase in odds compared with ven-
tricular MR (OR 5.12 [1.04–25.90], p = 0.048). In addition, 
a lower baseline FSV independently predicted significant 
FSV improvement (OR 0.36 [0.19–0.69] per 10 ml/m2, 
p = 0.002). Other variables, including age, sex, LVEF, coro-
nary artery disease, diabetes mellitus, severe TR, MR grade, 
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and atrial fibrillation, were not independently associated 
with FSV improvement in the adjusted model (see Table 4).

Discussion

Our study provides novel insights into the differential 
impact of M-TEER on FSV in secondary MR of atrial 
versus ventricular etiology. While patients with atrial MR 

exhibited a significant increase in FSV, no overall improve-
ment was observed in those with ventricular MR. Notably, 
lower baseline FSV emerged as a strong and independent 
predictor of relevant FSV improvement after M-TEER, 
suggesting that patients with more advanced hemody-
namic compromise have the greatest capacity for hemo-
dynamic recovery. However, FSV improvement did not 
translate into lower mortality or fewer HF-related hospi-
talizations in either group. FSV and its dynamic response 

Table 2   Functional and echocardiographic characteristics before and 1 month after M-TEER

Variables are expressed as n (%), mean ± standard deviation, or median [interquartile range], as appropriate. Bold values indicate statistical 
significance (p < 0.05)
EROA  effective regurgitation orifice area,  LA  left atrial,  LV  left ventricular,  MR mitral regurgitation,  NYHA  New York Heart Associa-
tion, PASP pulmonary artery systolic pressure, RV right ventricular, TAPSE  tricuspid annular plane systolic excursion, TR  tricuspid regurgita-
tion, VCI inferior vena cava

Ventricular MR (n = 60) Atrial MR (n = 43)

Preprocedural Follow-up P Preprocedural Follow-up P

NTproBNP, pg/ml 5875.7
[1710.0–6382.0]

5185.1
[1812.25–6175.75]

0.273 2990.6
[1064.0–3204.0]

3079.1
[1200.0–3750.0]

0.850

Six-minute walk distance, m 250.1 ± 102.3 285.1 ± 112.6 0.006 274.1 ± 125.3 296.3 ± 114.5 0.147
NYHA functional class  < 0.001  < 0.001
  I 0 11 (18.3) 1 (2.3) 10 (23.3)
  II 11 (18.3) 41 (68.3) 9 (20.9) 22 (51.2)
  III 46 (76.7) 8 (13.3) 31 (72.1) 11 (25.6)
  IV 3 (5.0) 0 2 (4.7) 0

Echocardiography
  MR grade  < 0.001  < 0.001
    I 0 39 (65.0) 0 30 (69.8)
    II 0 18 (30.0) 0 13 (30.2)
    III 11 (18.3) 2 (3.3) 14 (32.6) 0
    IV 49 (81.7) 1 (1.7) 29 (67.4) 0
  LV ejection fraction, % 32.8 ± 10.9 34.8 ± 10.9 0.006 56.7 ± 4.5 56.0 ± 5.3 0.464
  LV end diastolic diameter, mm 63.3 ± 8.4 62.8 ± 8.4 0.331 51.1 ± 7.7 50.1 ± 7.0 0.249
  LV end systolic diameter, mm 54.7 ± 10.3 54.6 ± 9.6 0.886 37.5 ± 6.5 36.7 ± 6.6 0.419
  LV mass index, g/m2 147.4 ± 35.8 150.5 ± 37.5 0.409 129.7 ± 31.8 128.1 ± 27.8 0.702
  LA volume index, ml/m2 80.8 ± 32.8 68.9 ± 25.0  < 0.001 79.2 ± 33.4 66.6 ± 23.0 0.002
  E/e’ 15.8 ± 5.6 22.4 ± 7.6  < 0.001 12.9 ± 5.7 20.3 ± 7.3  < 0.001
  RV basal diameter, mm 38.7 ± 6.7 37.9 ± 6.6 0.388 40.0 ± 7.6 38.2 ± 7.1 0.041
  Right atrial area, cm2 27.8 ± 9.9 25.1 ± 9.3  < 0.001 28.4 ± 10.0 26.8 ± 9.2 0.042
  TAPSE, mm 17.1 ± 4.0 18.9 ± 3.7 0.001 18.2 ± 4.0 18.5 ± 3.8 0.484
  PASP, mmHg 48.2 ± 14.6 43.4 ± 13.6 0.017 51.5 ± 16.2 44.4 ± 13.5 0.003
  TAPSE/PASP, mm/mmHg 0.47 ± 0.19 0.58 ± 0.23 0.001 0.46 ± 0.19 0.55 ± 0.23 0.004
  VCI, mm 2.59 ± 3.46 2.01 ± 1.62 0.261 2.01 ± 0.59 1.73 ± 0.52 0.006
  Forward stroke volume, ml 49.4 ± 17.3 49.5 ± 16.5 0.960 60.5 ± 21.7 66.8 ± 19.6 0.037
  Forward stroke volume index, ml/m2 25.8 ± 8.2 25.9 ± 8.3 0.898 32.8 ± 11.1 36.2 ± 9.7 0.035
  Heart rate,/min 71.2 ± 12.2 70.4 ± 14.0 0.614 68.9 ± 16.2 68.2 ± 13.4 0.782
  Cardiac output, l/min 3.4 ± 1.2 3.4 ± 1.2 0.872 4.1 ± 1.4 4.5 ± 1.4 0.082
  TR grade 0.003 0.025
    Mild 20 (34.5) 30 (50.0) 10 (24.4) 18 (41.9)
    Moderate 17 (29.3) 18 (30.0) 13 (31.7) 11 (25.6)
    Severe 21 (36.2) 12 (20.0) 18 (43.9) 14 (32.6)
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may therefore serve as complementary echocardiographic 
markers for characterizing the hemodynamic response to 
M-TEER, while underscoring that atrial and ventricular 
MR represent two distinct pathophysiological phenotypes 
of secondary MR requiring individualized assessment.

Patient characteristics and procedural success

Significant baseline differences were observed between the 
two groups. Patients with ventricular MR had more severe 
LV dysfunction, lower FSV, and higher NTproBNP levels, 
whereas patients with atrial MR were older, predominantly 
female, and had preserved LV function. Consistent with 

existing literature, these characteristics reflect the differ-
ing pathophysiological mechanisms underlying these MR 
subtypes [17, 19, 20]. Despite these differences, procedural 
success and safety were comparable for both groups and to 
current studies [32].

Differential FSV response

M-TEER induces abrupt changes in LV loading. In both 
primary and secondary MR, total stroke volume (derived 
from LV end diastolic and LV end systolic volume) and 
LVEF decrease immediately after the procedure, while end 
systolic volume increases—reflecting the sudden reduction 

Table 3   Functional and 
echocardiographic results 
1 month after M-TEER, 
stratified by FSV improvement

Variables are expressed as n (%), mean ± standard deviation, or median [interquartile range], as appropriate. Bold 
values indicate statistical significance (p < 0.05)
FSV  forward stroke volume,  LA  left atrial,  LV  left ventricular,  MR  mitral regurgitation,  MV  mitral 
valve, NYHA New York Heart Association, PASP  pulmonary artery systolic pressure, RV  right ventricu-
lar, TAPSE tricuspid annular plane systolic excursion

FSV improvement p

 ≤ 10%
(n = 51)

 > 10%
(n = 52)

NTproBNP, pg/ml 2908 [1810–5470] 2491[1632–4761] 0.827
NYHA functional class 0.994
  I 9 (17.6) 12 (23.1)
  II 34 (66.7) 29 (55.8)
  III 8 (15.7) 11 (21.2)
  IV 0 0

Six-minute walk distance, m 283.6 ± 106.1 302.1 ± 116.8 0.414
Echocardiography
  MR grade 0.109 
    I 38 (74.5) 31 (59.6)
    II 12 (23.5) 19 (36.5)
    III 0 2 (3.8)
    IV 1 (2.0) 0
  MV pmean, mmHg 3.4 ± 1.5 3.5 ± 1.7 0.897
  LV ejection fraction, % 39.9 ± 12.3 47.3 ± 14.4 0.006
  LV end diastolic diameter, mm 58.4 ± 9.2 56.4 ± 10.8 0.325
  LV end systolic diameter, mm 48.6 ± 10.2 44.5 ± 14.1 0.111
  LA volume index, ml/m2 62.8 ± 21.2 71.6 ± 26.1 0.063
  RV basal diameter, mm 36.8 ± 5.4 39.3 ± 7.7 0.188
  TAPSE, mm 18.3 ± 3.8 19.4 ± 3.7 0.134
  PASP, mmHg 41.0 ± 12.6 45.8 ± 13.6 0.561
  Forward stroke volume, ml 49.9 ± 16.2 63.4 ± 20.7  < 0.001
  Forwards stroke volume index, ml/m2 26.7 ± 8.3 33.6 ± 10.8  < 0.001
  Heart rate,/min 69.9 ± 14.9 69.1 ± 12.7 0.766
  Cardiac output, l/min 3.4 ± 1.1 4.3 ± 1.5 0.001
  Tricuspid regurgitation grade 0.055
    Mild 28 (54.9) 20 (38.5)
    Moderate 14 (27.5) 15 (28.8)
    Severe 9 (17.6) 17 (32.7)
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of regurgitant flow into the low-pressure LA [33]. This 
decrease in total stroke volume and LVEF is mainly driven by 
decreased LV preload and increased LV afterload conditions 
after M-TEER, but not due to changes in LV contractility as 
demonstrated by Nagueh et al. with invasive measurements 
[34]. These findings are consistent with the landmark pres-
sure–volume loop study by Gaemperli et al., who showed that 
M-TEER results in an acute increase in LV afterload (end-sys-
tolic wall stress) and a reduction in preload (end-diastolic wall 
stress), while LV contractility (end-systolic pressure–volume 

relationship) remains unchanged [35]. Importantly, this reduc-
tion in LVEF should not be interpreted as deterioration of LV 
function but rather as a physiological adaptation to altered 
loading conditions. Despite the reduction in LVEF, forward 
cardiac output increases and pulmonary pressures decrease, 
indicating that the hemodynamic benefit of MR reduction out-
weighs the increase in afterload [36]. This concept has been 
further supported by Melisurgo et al., who demonstrated that 
afterload mismatch after MitraClip is a transient phenomenon 
without long-term prognostic implications [37].

Fig. 2   Clinical outcomes after M-TEER stratified by forward stroke 
volume improvement in patients with atrial and ventricular second-
ary mitral regurgitation. Kaplan–Meier time-to-event analysis for the 
composite endpoint of all-cause mortality or hospitalization for heart 
failure in patients with ventricular (left) and atrial (right) secondary 
mitral regurgitation (MR) following transcatheter edge-to-edge repair 

(M-TEER), stratified by forward stroke volume (FSV) improvement. 
Patients with an FSV improvement > 10% (red) were compared to 
those without FSV improvement (black). Patients were censored 
at the time of last available follow-up. No significant differences in 
event-free survival were observed between groups

Table 4   Baseline predictors of 
FSV improvement > 10% after 
M-TEER

CAD  coronary artery disease,  FSVI  forward stroke volume index,  LVEF  left ventricular ejection frac-
tion,  MR  mitral regurgitation,  TR  tricuspid regurgitation. Bold values indicate statistical significance 
(p < 0.05)

Univariable Multivariable

OR 95% CI p OR 95% CI p

Age (per year) 1.01 0.97–1.05 0.653
Female gender (vs. male) 1.14 0.52–2.50 0.750
Atrial MR (vs. ventricular) 3.33 1.46–7.59 0.004 5.12 1.04–25.90 0.048
MR grade IV (vs. III) 0.92 0.38–2.27 0.862
Severe TR 2.92 1.27–6.72 0.012 2.31 0.89–6.01 0.086
LVEF (per 10%) 1.33 1.01–1.75 0.043 1.12 0.64–1.96 0.684
CAD 0.32 0.14–0.74 0.007 0.57 0.22–1.5 0.267
Diabetes mellitus 0.37 0.15–0.90 0.028 0.52 0.19–1.45 0.211
Atrial fibrillation 1.03 0.46–2.30 0.940
Baseline FSVI (per 10 ml/m2) 0.56 0.35–0.88 0.012 0.36 0.19–0.69 0.002
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Within the first 48 h after M-TEER, early hemodynamic 
improvements can be observed, initiating the process of 
subsequent ventricular remodeling. A study in patients with 
cardiogenic shock and severe MR, predominantly of second-
ary origin, demonstrated that M-TEER leads to an improve-
ment in FSVI and cardiac index within this early period 
[38]. An improvement in LV global longitudinal strain pre-
cedes the increase in FSV in both atrial and ventricular MR 
[39]. Six months after M-TEER for secondary MR, some 
patients exhibited LV reverse remodeling, as reflected by 
an increase in FSV and cardiac index, while LVEF and LV 
strain remained unchanged [40].

In our study, FSV improvement > 10% after M-TEER was 
not associated with better functional status at follow-up, nor 
with improved clinical outcomes including all-cause mortal-
ity and HF hospitalization. This finding contrasts with the 
landmark study by Kubo et al., who showed that an FSV 
increase > 9% was associated with significantly lower 3-year 
all-cause mortality (17.6% vs. 42.3%, p = 0.002), LV reverse 
remodeling, and improved functional status [41]. This dis-
crepancy is most likely explained by fundamental differences 
in MR etiology between the study populations. The Kubo 
analysis was derived from the EVEREST II randomized trial 
and the REALISM continued access registry, which pre-
dominantly enrolled patients with primary (degenerative) 
MR and preserved LVEF. The EVEREST II trial explicitly 
excluded patients with LVEF ≤ 25% and LV end-systolic 
diameter > 55 mm, thereby excluding patients with severely 
impaired ventricular function and advanced LV remodeling. 
Furthermore, atrial MR—characterized by preserved LV 
function, LA enlargement, and annular dilatation—was not 
recognized as a distinct phenotype at the time of these stud-
ies and was therefore not specifically addressed. In contrast, 
our cohort exclusively comprised patients with secondary 
MR, including both ventricular MR (with reduced LVEF 
and LV remodeling) and atrial MR (with preserved LVEF 
and LA-driven pathology). These entities represent funda-
mentally different pathophysiological substrates compared to 
primary MR, and therefore the findings of Kubo et al. cannot 
be directly extrapolated to our cohort.

The differential FSV response patterns observed in our 
study—with significant FSV improvement in atrial MR 
but not in ventricular MR—likely reflect these distinct 
pathophysiological mechanisms. In atrial MR, where MR 
originates primarily from atrial dilation and mitral annulus 
changes with preserved LV geometry [20], addressing the 
regurgitant lesion may more effectively enhance forward 
flow without the confounding influence of significant ven-
tricular dysfunction [17, 18]. In contrast, ventricular MR 
is characterized by advanced LV remodeling and reduced 
contractility and the underlying LV dysfunction appears 
to impose limitations on the degree of hemodynamic 
improvement achievable after M-TEER [3, 4, 40, 42]. 

These observations underscore the importance of stratifying 
patients by MR etiology when evaluating hemodynamic out-
comes and interpreting the prognostic significance of FSV 
response.

Impact of FSV response on LV function

At follow-up, patients with an FSV improvement > 10% 
exhibited higher LVEF and substantially higher FSV 
and cardiac output compared with those without relevant 
improvement, while clinical status, residual MR grade, LV 
dimensions, and right ventricular function did not differ 
between groups. Logistic regression identified two inde-
pendent predictors of > 10% FSV improvement: atrial MR 
etiology (OR 5.12, p = 0.048) and lower baseline FSVI 
(OR 0.36 per 10 ml/m2, p = 0.002). Variables such as age, 
sex, LVEF, coronary artery disease, diabetes, severe TR, 
MR grade, and atrial fibrillation showed no significant 
association.

These findings have important pathophysiological 
implications. The strong independent association between 
atrial MR and FSV improvement reflects the preserved LV 
geometry and contractility characteristic of this pheno-
type. In atrial MR, regurgitation originates primarily from 
LA dilation and mitral annular changes rather than ven-
tricular dysfunction. Consequently, addressing the regur-
gitant lesion effectively enhances forward flow without 
the confounding influence of impaired LV contractility. 
The reduction in MR results in LV unloading, leading to 
a decrease in LV preload. Since LV function and dimen-
sions are preserved in atrial MR, this unloading effect can 
enhance forward flow, as studies have shown that LV con-
tractility remains stable [32, 43, 44].

The independent predictive value of low baseline FSV 
indicates that patients with more advanced hemodynamic 
compromise have greater capacity for improvement after 
successful MR reduction. This observation is strongly 
supported by the recent COAPT subgroup analysis by 
Gertz et al., who stratified patients by baseline FSV ter-
tiles (low < 40 ml, intermediate 40–55 ml, high > 55 ml). 
Patients in the lowest FSV tertile experienced the greatest 
absolute benefit from M-TEER, with a significant reduc-
tion in the composite of death or HF hospitalization com-
pared to medical therapy alone. Importantly, while FSV did 
not significantly improve after M-TEER across the overall 
cohort, patients with low baseline FSV demonstrated the 
largest relative gains in forward flow. The treatment effect of 
M-TEER was consistent across all FSV tertiles, but the abso-
lute risk reduction was most pronounced in patients with the 
lowest baseline FSV, highlighting the prognostic relevance 
of baseline hemodynamic status for patient selection [16].

In contrast to our study, these hemodynamic improve-
ments were accompanied by favorable clinical outcomes and 
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reverse remodeling, underscoring important differences in 
patient selection, baseline ventricular function, and follow-
up duration.

Furthermore, Yedidya et al. showed that FSVI was the 
only echocardiographic parameter that consistently improved 
after M-TEER in patients with secondary MR, and that non-
improvers demonstrated worsening of LVEF compared with 
improvers, in whom LVEF remained stable [45].

Notably, the absence of an independent association 
between baseline LVEF and FSV improvement underscores 
that LVEF alone may not adequately capture the hemody-
namic substrate that determines response to M-TEER. FSV, 
as a direct measure of forward flow, appears to provide com-
plementary information beyond traditional measures of LV 
systolic function.

Kamperidis et al. demonstrated that mitral valve repair 
for secondary MR in non-ischemic cardiomyopathy signifi-
cantly improved FSVI (FSVI: from 20 ± 7 to 29 ± 8 ml/m2, 
p < 0.001) and induced LV reverse remodeling, while LVEF 
remained unchanged [46]. This aligns with findings from 
a cardiac magnetic resonance study, where only one-third 
of patients with secondary MR demonstrated LV reverse 
remodeling after M-TEER after 6 months at mid-term fol-
low-up [40].

Taken together, these results suggest that both—MR eti-
ology and baseline hemodynamic status—should be con-
sidered when predicting the likelihood of hemodynamic 
improvement after M-TEER. Patients with atrial MR and 
those with low baseline FSV represent subgroups with the 
greatest potential for FSV response, which may have impli-
cations for patient selection and procedural counseling.

Impact of MR reduction on FSV response

In all patients, both with atrial and ventricular MR, a sig-
nificant reduction in MR was achieved, aligning with cur-
rent evidence [3, 4].

Importantly, while patients with ventricular MR did not 
demonstrate a significant increase in FSV at 1-month follow-
up, FSV also did not decrease despite effective MR reduc-
tion. This finding is reassuring, as it suggests that M-TEER 
with maximal MR reduction does not compromise forward 
flow even in patients with reduced LVEF.

The current evidence clearly demonstrates that greater 
MR reduction is associated with improved outcomes. In the 
STS/ACC TVT Registry analysis by Makkar et al., MR suc-
cess was associated with significantly lower 1-year mortality 
(14.0% vs. 26.7%; adjusted HR 0.49, 95% CI 0.42–0.56, 
p < 0.001) and HF readmission compared with unsuccessful 
procedures, with the lowest mortality observed in patients 
achieving mild or less residual MR [47]. Similarly, Ben-
Shoshan et al. demonstrated that residual MR ≥ 2 + fol-
lowing M-TEER independently predicts device failure, HF 

rehospitalization, and mortality [48]. Our observation that 
FSV remained stable supports the concept that concerns 
about excessive preload reduction should not deter clinicians 
from achieving optimal MR reduction.

The concept of afterload mismatch—where acute elimi-
nation of the low-resistance regurgitant pathway leads to 
increased LV afterload and potentially reduced forward 
output—has been described in patients with functional MR 
undergoing M-TEER.

Melisurgo et al. demonstrated that afterload mismatch 
occurs in approximately 26% of patients with functional MR 
and is more common in patients with larger LV dimensions 
and more severe RV dysfunction. Importantly, this phe-
nomenon was shown to be transient and without long-term 
prognostic implications, as LVEF normalized before hospital 
discharge [37].

More recently, Angelini et al. specifically investigated 
afterload mismatch in patients with LVEF ≤ 35% undergo-
ing M-TEER and found that proportionate MR (where MR 
severity is proportional to LV dysfunction) was associated 
with a higher risk of afterload mismatch. While afterload 
mismatch was associated with higher in-hospital mortality, 
2-year mortality rates were similar between groups, sug-
gesting that this early hemodynamic phenomenon does not 
adversely affect long-term prognosis [49].

Our observation that FSV remained stable in patients 
with ventricular MR suggests that the feared hemodynamic 
deterioration due to afterload mismatch did not manifest 
at 1-month follow-up in our cohort, further supporting 
the safety of maximal MR reduction even in patients with 
advanced ventricular dysfunction.

It should be taken into account that our follow-up was 
performed after only 4 weeks following M-TEER, and there-
fore different hemodynamic changes may be observed com-
pared to longer term follow-up.

Prior studies have characterized the acute hemodynamic 
shifts following MR correction. Historical surgical data indi-
cate that MR reduction is associated with a decrease in LV end 
diastolic volume and an increase in LV end systolic volume, 
leading to an apparent drop in LVEF [50]. Similarly, an analy-
sis of the EVEREST I and II trials by Siegel et al. confirmed 
that while M-TEER effectively reduces MR and improves 
cardiac output, it also lowers LV end diastolic volume and 
LVEF, highlighting the impact of acute hemodynamic shifts 
post-procedure [36]. A more recent study by Galli et al. fur-
ther supports these findings, demonstrating a decline in global 
longitudinal strain in patients with primary MR after M-TEER, 
reinforcing the concept that abrupt preload reduction can tran-
siently impair LV function parameters [51].

However, these changes in LVEF and strain parameters 
should not be interpreted as deterioration of intrinsic LV 
function, but rather as physiological adaptation to altered 
loading conditions, as LV contractility remains preserved.
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Clinical implications

FSV improvement was not associated with lower rates of 
HF hospitalization or all-cause mortality, indicating that 
FSV improvement alone may not be a sufficient surrogate 
for clinical outcome in this population. This apparent lack of 
prognostic impact, however, requires careful interpretation. 
Notably, patients with low-baseline FSV—a well-established 
marker of poor prognosis—demonstrated the greatest abso-
lute FSV gains after M-TEER, whereas patients with higher 
baseline FSV showed little or no improvement. This differ-
ential response pattern suggests that FSV improvement in 
the low-baseline group may elevate their hemodynamic and 
prognostic status to a level comparable to that of patients 
with preserved baseline FSV. Consequently, when compar-
ing responders versus non-responders, the prognostic benefit 
of FSV improvement may be obscured, as responders “catch 
up” to the level of non-responders who already had favora-
ble baseline hemodynamics. This interpretation is consist-
ent with the COAPT subgroup analysis by Gertz et al. [16] 
and the findings of Kubo et al. [41], who identified higher 
baseline FSV as an independent predictor of non-response. 
Thus, baseline FSV appears to identify patients with greater 
capacity for hemodynamic improvement, and FSV response 
after M-TEER may represent a mechanism by which high-
risk patients achieve prognostic alignment with lower-risk 
patients, rather than a simple surrogate marker of outcome.

Despite the lack of prognostic impact, functional improve-
ments were evident in both MR etiologies. In ventricular MR, 
a significant improvement in both NYHA functional class and 
6-min walk distance was observed from baseline to follow-up. 
In atrial MR, NYHA functional class improved significantly, 
while the increase in 6-min walk distance did not reach statis-
tical significance. Of note, FSV responders and non-respond-
ers did not differ in their functional status at 1 month after 
M-TEER, suggesting that FSV response alone does not fully 
capture the functional benefit of the procedure. These findings 
underscore that FSV response should not be used as an iso-
lated marker of procedural success in ventricular MR. Instead, 
baseline hemodynamics and patient selection are likely more 
relevant when evaluating procedural success.

In contrast, patients with atrial MR exhibited a significant 
increase in FSV, likely reflecting their distinct pathophysi-
ological profile characterized by preserved LV function. 
However, this hemodynamic improvement did not translate 
into improved hard clinical endpoints, as no reduction in 
adverse outcomes was observed. This dissociation empha-
sizes the need to stratify patients by MR etiology to better 
predict therapeutic response and tailor procedural strategies. 
The differential FSV response patterns between atrial and 
ventricular MR further support the concept that these rep-
resent two distinct pathophysiological phenotypes requiring 
individualized management approaches.

Finally, FSV improvement may still serve as a surrogate 
marker for favorable ventricular remodeling, even in the 
absence of a direct association with hard clinical endpoints. 
Our findings support the concept of a hemodynamic–structural 
interplay, whereby unloading MR-induced volume excess can 
trigger reverse remodeling and improve ventricular function. 
Importantly, patients with low baseline FSV—who carry the 
highest risk—demonstrated the greatest capacity for hemody-
namic recovery after M-TEER. As outlined above, this FSV 
response may enable high-risk patients to achieve prognostic 
alignment with those who had preserved baseline hemodynam-
ics, thereby attenuating the apparent prognostic impact of FSV 
improvement when comparing responders versus non-respond-
ers. This mechanistic link warrants further investigation in 
larger cohorts with longer follow-up, as it may have prognostic 
value and refine patient selection for M-TEER. Future studies 
should specifically evaluate whether baseline FSV can serve 
as a selection criterion to identify patients with the greatest 
potential for hemodynamic and clinical benefit from M-TEER.

Limitations

This study has several limitations. First, it was a retrospective, 
single-center analysis with a limited sample size, which may 
restrict generalizability. Larger multicenter studies are war-
ranted to confirm these findings. Although echocardiographic 
measurements followed standardized protocols, FSV estima-
tion using the LVOT method remains subject to potential 
measurement variability. In patients with atrial fibrillation, 
Doppler-derived LVOT VTI is inherently subject to beat-to-
beat variability because ventricular filling and subsequent FSV 
depend on both the preceding and pre-preceding RR intervals 
[52]. Although an index-beat approach was used to improve 
reproducibility, some measurement variability cannot be fully 
excluded. Alternative strategies have been described, including 
averaging multiple consecutive beats or selecting a single long 
cycle. Averaging multiple beats is widely applied but remains 
time-consuming and may still be affected by substantial cycle-
length heterogeneity. Likewise, single long-cycle approaches 
may be appropriate for selected Doppler applications, but they 
can systematically yield larger stroke volume values and may 
therefore not fully reflect average hemodynamics in atrial 
fibrillation. These methodological considerations should be 
taken into account when interpreting Doppler-derived FSV 
in this rhythm [53, 54]. Furthermore, invasive hemodynamic 
data, including invasively measured FSV, were not routinely 
available in this study population, precluding a direct compari-
son with echocardiographic FSV measurements.

Echocardiographic follow-up was performed 1 month 
after M-TEER, focusing on short-term hemodynamic 
changes; longer-term effects related to reverse remodeling 
require further investigation. MR severity was assessed using 
an integrative, multiparametric approach in accordance with 
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guideline recommendations. Fully quantitative assessment 
using continuity equation or volumetry was not performed. 
However, these methods frequently necessitate contrast or 
three-dimensional echocardiography or cardiac magnetic 
resonance imaging to provide sufficient accuracy, which 
fell outside the scope of this study. Blinding of echocardio-
graphic assessment was not feasible because the implanted 
devices are visible in the LVOT view. Finally, while the 
study provides new insights into differential FSV responses 
in atrial and ventricular MR, the underlying mechanisms 
remain incompletely understood.

Conclusion

Our study underscores the distinct hemodynamic response 
patterns to M-TEER in atrial versus ventricular secondary 
MR. FSV increased significantly in atrial MR but remained 
unchanged in ventricular MR. Low FSV at baseline was an 
independent predictor of relevant FSV improvement, sug-
gesting that patients with more advanced hemodynamic 
compromise have the greatest capacity for hemodynamic 
recovery after M-TEER. Importantly, FSV remained stable 
in ventricular MR despite effective MR reduction, indicating 
that maximal MR correction does not compromise forward 
flow even in patients with reduced LVEF. Although FSV 
improvement was not associated with reduced mortality 
or fewer HF hospitalizations, this may reflect prognostic 
alignment—whereby high-risk patients with low baseline 
FSV achieve hemodynamic status comparable to lower-
risk patients through FSV improvement. FSV response 
may therefore serve as a complementary echocardiographic 
marker to characterize the hemodynamic adaptation to 
M-TEER and to differentiate these two phenotypes. These 
findings support the concept that atrial and ventricular 
MR represent distinct pathophysiological entities requir-
ing individualized assessment when evaluating procedural 
outcomes.

Abbreviations  BSA: Body surface area; CSA: Cross-sectional area; 
FSV: Forward stroke volume; FSVI: Forward stroke volume index; 
HF: Heart failure; LA: Left atrial; LV: Left ventricular; LVEF: Left 
ventricular ejection fraction; LVOT: Left ventricular outflow tract; 
MR: Mitral regurgitation; M-TEER: Mitral valve transcatheter edge-
to-edge repair; MV: Mitral valve; NYHA: New York Heart Association; 
PASP: Pulmonary artery pressure; VTI: Velocity time integral

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00392-​026-​02950-2.

Author contribution  Conceptualization: Michael Paulus, Kurt Debl, 
Christine Meindl.  Methodology: Franziska Grewe, Michael Pau-
lus. Data curation: Franziska Grewe, Luise Ulrich, Moritz Haus, 
Philippe Felfeli. Formal analysis and investigation: Franziska Gewe, 
Michael Paulus, Luise Ulrich, Moritz Haus, Philippe Felfeli, Christian 

Schach, Christine Meindl. Writing—originaldraft preparation: Fran-
ziska Grewe. Resources: Lars Maier, Kurt Debl, Bernhard Unsöld.
Supervision: Lars Maier, Bernhard Unsöld, Christoph Birner, Andreas 
Luchner.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.

Data availability  The data underlying this article will be shared on 
reasonable request to the corresponding author.

Declarations 

Ethical approval  This study has been reviewed by the local ethics com-
mittee. All study-related procedures were performed in accordance 
with the Declaration of Helsinki.

Consent to participate  All patients had provided written informed 
consent.

Consent for publication  Patients signed informed consent regarding 
publishing their data.

ICMJE and CRediT author statement  All named authors meet the Inter-
national Committee of Medical Journal Editors (ICMJE) criteria for 
authorship for this article, take responsibility for the integrity of the 
work as a whole, and have given their approval for this version to be 
published.

Competing interests  The authors declare no competing interests.

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.	 Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP, 
Gentile F, Jneid H, Krieger EV, Mack M, McLeod C, O'Gara 
PT, Rigolin VH, Sundt TM, Thompson A, Toly C and Members 
WC (2021) 2020 ACC/AHA guideline for the management of 
patients with valvular heart disease: a report of the American 
College of Cardiology/American Heart Association Joint Com-
mittee on Clinical Practice Guidelines. J Am Coll Cardiol 77(4): 
e25–e197. https://​doi.​org/​10.​1016/j.​jacc.​2020.​11.​018

	 2.	 Praz F, Borger MA, Lanz J, Marin-Cuartas M, Abreu A, Adamo 
M, Ajmone Marsan N, Barili F, Bonaros N, Cosyns B, De Paulis 
R, Gamra H, Jahangiri M, Jeppsson A, Klautz RJM, Mores B, 
Perez-David E, Poss J, Prendergast BD, Rocca B, Rossello X, 
Suzuki M, Thiele H, Tribouilloy CM, Wojakowski W and E. E. 
S. D. Group (2025) 2025 ESC/EACTS Guidelines for the man-
agement of valvular heart disease. Eur Heart J. https://​doi.​org/​10.​
1093/​eurhe​artj/​ehaf1​94

https://doi.org/10.1007/s00392-026-02950-2
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jacc.2020.11.018
https://doi.org/10.1093/eurheartj/ehaf194
https://doi.org/10.1093/eurheartj/ehaf194


	 Clinical Research in Cardiology

	 3.	 Obadia JF, Messika-Zeitoun D, Leurent G, Iung B, Bonnet G, 
Piriou N, Lefèvre T, Piot C, Rouleau F, Carrié D, Nejjari M, 
Ohlmann P, Leclercq F, Saint Etienne C, Teiger E, Leroux L, 
Karam N, Michel N, Gilard M, Donal E, Trochu JN, Cormier B, 
Armoiry X, Boutitie F, Maucort-Boulch D, Barnel C, Samson G, 
Guerin P, Vahanian A, Mewton N and M.-F. Investigators (2018) 
Percutaneous repair or medical treatment for secondary mitral 
regurgitation. N Engl J Med 379(24):2297–2306. https://​doi.​org/​
10.​1056/​NEJMo​a1805​374

	 4.	 Stone GW, Lindenfeld J, Abraham WT, Kar S, Lim DS, 
Mishell JM, Whisenant B, Grayburn PA, Rinaldi M, Kapadia 
SR, Rajagopal V, Sarembock IJ, Brieke A, Marx SO, Cohen 
DJ, Weissman NJ, Mack MJ and C. Investigators (2018) Tran-
scatheter mitral-valve repair in patients with heart failure. N 
Engl J Med 379(24):2307–2318. https://​doi.​org/​10.​1056/​
NEJMo​a1806​640

	 5.	 Ponikowski P, Friede T, von Bardeleben RS, Butler J, Shahzeb 
Khan M, Diek M, Heinrich J, Geyer M, Placzek M, Ferrari R, 
Abraham WT, Alfieri O, Auricchio A, Bayes-Genis A, Cleland 
JGF, Filippatos G, Gustafsson F, Haverkamp W, Kelm M, Kuck 
KH, Landmesser U, Maggioni AP, Metra M, Ninios V, Petrie MC, 
Rassaf T, Ruschitzka F, Schafer U, Schulze PC, Spargias K, Vaha-
nian A, Zamorano JL, Zeiher A, Karakas M, Koehler F, Lainscak 
M, Oner A, Mezilis N, Theofilogiannakos EK, Ninios I, Chrissoh-
eris M, Kourkoveli P, Papadopoulos K, Smolka G, Wojakowski W, 
Reczuch K, Pinto FJ, Wiewiorka L, Streb W, Adamo M, Santiago-
Vacas E, Friedrich Ruf T, Gross M, Tongers J, Hasenfuss G, Schil-
linger W and S. D. Anker (2024) Hospitalization of symptomatic 
patients with heart failure and moderate to severe functional mitral 
regurgitation treated with MitraClip: insights from RESHAPE-
HF2. J Am Coll Cardiol 84(24):2347–2363. https://​doi.​org/​10.​
1016/j.​jacc.​2024.​08.​027

	 6.	 Baldus S, Doenst T, Pfister R, Gummert J, Kessler M, Boekstegers 
P, Lubos E, Schroder J, Thiele H, Walther T, Kelm M,Hausleiter 
J, Eitel I, Fischer-Rasokat U, Bufe A, Schmeisser A, Ince H, Lurz 
P, von Bardeleben RS, Hagl C, Noack T, Reith S, Beucher H, 
Reichenspurner H, Rottbauer W, Schulze PC, Muller W, Frank J, 
Hellmich M, Wahlers T, Rudolph V and M Investigators (2024) 
Transcatheter repair versus mitral-valve surgery for secondary 
mitral regurgitation. N Engl J Med 391(19): 1787–1798. https://​
doi.​org/​10.​1056/​NEJMo​a2408​739

	 7.	 Asch FM, Grayburn PA, Siegel RJ, Kar S, Lim DS, Zaroff JG, 
Mishell JM, Whisenant B, Mack MJ, Lindenfeld J, Abraham WT, 
Stone GW, Weissman NJ and C. Investigators (2019) Echocar-
diographic outcomes after transcatheter leaflet approximation in 
patients with secondary mitral regurgitation: the COAPT Trial. J 
Am Coll Cardiol 74(24):2969–2979. https://​doi.​org/​10.​1016/j.​
jacc.​2019.​09.​017

	 8.	 Pio SM, Medvedofsky D, Stassen J, Delgado V, Namazi F, Weiss-
man NJ, Grayburn P, Kar S, Lim D.S, Zhou Z, Alu MC, Redfors 
B, Kapadia S, Lindenfeld J, Abraham WT, Mack MJ, Asch FM, 
Stone GW and Bax JJ (2023) Changes in left ventricular global 
longitudinal strain in patients with heart failure and second-
ary mitral regurgitation: the COAPT Trial. J Am Heart Assoc 
12(17):e029956. https://​doi.​org/​10.​1161/​JAHA.​122.​029956

	 9.	 Kamperidis V, Marsan NA, Delgado V and Bax JJ (2016) Left 
ventricular systolic function assessment in secondary mitral 
regurgitation: left ventricular ejection fraction vs. speckle track-
ing global longitudinal strain. Eur Heart J 37(10):811–816. https://​
doi.​org/​10.​1093/​eurhe​artj/​ehv680

	10.	 Magne J and Pibarot P (2013) Left ventricular systolic function in 
ischemic mitral regurgitation: time to look beyond ejection frac-
tion. J Am Soc Echocardiogr 26(10):1130–1134. https://​doi.​org/​
10.​1016/j.​echo.​2013.​08.​011

	11.	 Dericbourg C, Tribouilloy C, Kugener H, Avinee P, Rey JL, Les-
bre JP (1990) [Noninvasive measurement of cardiac output by 

pulsed Doppler echocardiography. Correlation with thermodilu-
tion]. Arch Mal Coeur Vaiss 83(2):237–244

	12.	 Baumgartner H, Hung J, Bermejo J, Chambers JB, Edvardsen T, 
Goldstein S, Lancellotti P, LeFevre M, Miller F, Otto CM (2017) 
Recommendations on the echocardiographic assessment of aortic 
valve stenosis: a focused update from the European Association of 
Cardiovascular Imaging and the American Society of Echocardi-
ography. J Am Soc Echocardiogr 30(4):372–392. https://​doi.​org/​
10.​1016/j.​echo.​2017.​02.​009

	13.	 Mele D, Pestelli G, Molin DD, Trevisan F, Smarrazzo V, Luisi 
GA, Fucili A, Ferrari R (2020) Echocardiographic evaluation of 
left ventricular output in patients with heart failure: a per-beat 
or per-minute approach. J Am Soc Echocardiogr 33(2):135-147.
e133. https://​doi.​org/​10.​1016/j.​echo.​2019.​09.​009

	14.	 Rusinaru D, Bohbot Y, Ringle A, Maréchaux S, Diouf M, Tri-
bouilloy C (2018) Impact of low stroke volume on mortality in 
patients with severe aortic stenosis and preserved left ventricular 
ejection fraction. Eur Heart J 39(21):1992–1999. https://​doi.​org/​
10.​1093/​eurhe​artj/​ehy123

	15.	 Granot Y, Gefen S, Karlsberg D, Sapir OR, Perl ML, Zahler D, 
Viskin D, Banai S, Topilsky Y, Havakuk O (2025) Prognostic 
value of echocardiographic-derived stroke volume in severe 
primary mitral regurgitation. Eur Heart J Cardiovasc Imaging 
26(2):307–312. https://​doi.​org/​10.​1093/​ehjci/​jeae2​49

	16.	 Gertz ZM, Pibarot P, Zhou Z, Schonning MJ, Redfors B, Li Y, Kar 
S, Lim DS, Weissman NJ, Cohen DJ, Lindenfeld J, Abraham WT, 
Mack MJ, Asch FM, Stone GW (2025) Forward flow in patients 
with heart failure and functional mitral regurgitation: the COAPT 
Trial. J Soc Cardiovasc Angiogr Interv 4(5). https://​doi.​org/​10.​
1016/j.​jscai.​2025.​102609

	17.	 Masiero G, Montonati C, Rubbio AP, Adamo M, Grasso C, Denti 
P, Giordano A, Godino C, Bartorelli AL, De Felice F, Mongiardo 
A, Monteforte I, Villa E, Giannini C, Tamburino C, Petroni AS, 
Montorfano M, Giulia L, Dario G, Bedogni F, Giuseppe T (2024) 
Impact of transcatheter edge-to-edge mitral valve repair on atrial 
functional mitral regurgitation from the GIOTTO Registry. Am J 
Cardiol 211:219–227. https://​doi.​org/​10.​1016/j.​amjca​rd.​2023.​11.​
007

	18.	 Iliakis P, Dimitriadis K, Pyrpyris N, Beneki E, Theofilis P, Tsiou-
fis P, Kamperidis V, Aznaouridis K, Aggeli K, Tsioufis K (2024) 
Atrial functional mitral regurgitation: from diagnosis to current 
interventional therapies. J Clin Med. https://​doi.​org/​10.​3390/​
jcm13​175035

	19.	 Simard T, Reddy YNV, Thaden JJ, Padang R, Michelena HI, 
Nkomo VT, Lloyd JW, El Sabbagh A, Nishimura RA, Reeder 
GS, Guerrero M, Alkhouli M, Rihal CS, Eleid MF (2022) Atrial 
mitral regurgitation: characteristics and outcomes of transcath-
eter mitral valve edge-to-edge repair. Catheter Cardiovasc Interv 
100(1):133–142. https://​doi.​org/​10.​1002/​ccd.​30224

	20.	 Abe Y, Takahashi Y, Shibata T (2020) Functional mitral regur-
gitation, updated: ventricular or atrial. J Echocardiogr 18(1):1–8. 
https://​doi.​org/​10.​1007/​s12574-​019-​00453-w

	21.	 Farhan S, Silbiger JJ, Halperin JL, Zhang L, Dukkipati SR, Vogel 
B, Kini A, Sharma S, Lerakis S (2022) Pathophysiology, echo-
cardiographic diagnosis, and treatment of atrial functional mitral 
regurgitation: JACC state-of-the-art review. J Am Coll Cardiol 
80(24):2314–2330. https://​doi.​org/​10.​1016/j.​jacc.​2022.​09.​046

	22.	 Feldman T, Foster E, Glower DD, Kar S, Rinaldi MJ, Fail PS, 
Smalling RW, Siegel R, Rose GA, Engeron E, Loghin C, Trento 
A, Skipper ER, Fudge T, Letsou GV, Massaro JM, Mauri L, E. 
I. Investigators (2011) Percutaneous repair or surgery for mitral 
regurgitation. N Engl J Med 364(15):1395–1406. https://​doi.​org/​
10.​1056/​NEJMo​a1009​355

	23.	 Lim DS, Kar S, Spargias K, Kipperman RM, O’Neill WW, Ng 
MKC, Fam NP, Walters DL, Webb JG, Smith RL, Rinaldi MJ, 
Latib A, Cohen GN, Schäfer U, Marcoff L, Vandrangi P, Verta P, 

https://doi.org/10.1056/NEJMoa1805374
https://doi.org/10.1056/NEJMoa1805374
https://doi.org/10.1056/NEJMoa1806640
https://doi.org/10.1056/NEJMoa1806640
https://doi.org/10.1016/j.jacc.2024.08.027
https://doi.org/10.1016/j.jacc.2024.08.027
https://doi.org/10.1056/NEJMoa2408739
https://doi.org/10.1056/NEJMoa2408739
https://doi.org/10.1016/j.jacc.2019.09.017
https://doi.org/10.1016/j.jacc.2019.09.017
https://doi.org/10.1161/JAHA.122.029956
https://doi.org/10.1093/eurheartj/ehv680
https://doi.org/10.1093/eurheartj/ehv680
https://doi.org/10.1016/j.echo.2013.08.011
https://doi.org/10.1016/j.echo.2013.08.011
https://doi.org/10.1016/j.echo.2017.02.009
https://doi.org/10.1016/j.echo.2017.02.009
https://doi.org/10.1016/j.echo.2019.09.009
https://doi.org/10.1093/eurheartj/ehy123
https://doi.org/10.1093/eurheartj/ehy123
https://doi.org/10.1093/ehjci/jeae249
https://doi.org/10.1016/j.jscai.2025.102609
https://doi.org/10.1016/j.jscai.2025.102609
https://doi.org/10.1016/j.amjcard.2023.11.007
https://doi.org/10.1016/j.amjcard.2023.11.007
https://doi.org/10.3390/jcm13175035
https://doi.org/10.3390/jcm13175035
https://doi.org/10.1002/ccd.30224
https://doi.org/10.1007/s12574-019-00453-w
https://doi.org/10.1016/j.jacc.2022.09.046
https://doi.org/10.1056/NEJMoa1009355
https://doi.org/10.1056/NEJMoa1009355


Clinical Research in Cardiology	

Feldman TE (2019) Transcatheter valve repair for patients with 
mitral regurgitation: 30-day results of the CLASP study. JACC 
Cardiovasc Interv 12(14):1369–1378. https://​doi.​org/​10.​1016/j.​
jcin.​2019.​04.​034

	24.	 Laboratories, A. C. o. P. S. f. C. P. F. (2002) ATS statement: 
guidelines for the six-minute walk test. Am J Respir Crit Care 
Med 166(1):111–117. https://​doi.​org/​10.​1164/​ajrccm.​166.1.​
at1102

	25.	 Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande 
L, Flachskampf FA, Foster E, Goldstein SA, Kuznetsova T, Lan-
cellotti P, Muraru D, Picard MH, Rietzschel ER, Rudski L, Spen-
cer KT, Tsang W, Voigt JU (2015) Recommendations for cardiac 
chamber quantification by echocardiography in adults: an update 
from the American Society of Echocardiography and the European 
Association of Cardiovascular Imaging. Eur Heart J Cardiovasc 
Imaging 16(3):233–270. https://​doi.​org/​10.​1093/​ehjci/​jev014

	26.	 Zoghbi WA, Adams D, Bonow RO, Enriquez-Sarano M, Foster 
E, Grayburn PA, Hahn RT, Han Y, Hung J, Lang RM, Little SH, 
Shah DJ, Shernan S, Thavendiranathan P, Thomas JD, Weiss-
man NJ (2017) Recommendations for noninvasive evaluation of 
native valvular regurgitation: a report from the American Society 
of Echocardiography developed in collaboration with the Society 
for Cardiovascular Magnetic Resonance. J Am Soc Echocardiogr 
30(4):303–371. https://​doi.​org/​10.​1016/j.​echo.​2017.​01.​007

	27.	 Lancellotti P, Tribouilloy C, Hagendorff A, Popescu BA, Edvard-
sen T, Pierard LA, Badano L, Zamorano JL, S. D. C. o. t. E. A. o. 
C. Imaging (2013) Recommendations for the echocardiographic 
assessment of native valvular regurgitation: an executive sum-
mary from the European Association of Cardiovascular Imaging. 
Eur Heart J Cardiovasc Imaging 14(7):611–644. https://​doi.​org/​
10.​1093/​ehjci/​jet105

	28.	 Zoghbi WA, Asch FM, Bruce C, Gillam LD, Grayburn PA, Hahn 
RT, Inglessis I, Islam AM, Lerakis S, Little SH, Siegel RJ, Skubas 
N, Slesnick TC, Stewart WJ, Thavendiranathan P, Weissman NJ, 
Yasukochi S, Zimmerman KG (2019) Guidelines for the evalua-
tion of valvular regurgitation after percutaneous valve repair or 
replacement: a report from the American Society of Echocar-
diography developed in collaboration with the Society for Car-
diovascular Angiography and Interventions, Japanese Society 
of Echocardiography, and Society for Cardiovascular Magnetic 
Resonance. J Am Soc Echocardiogr 32(4):431–475. https://​doi.​
org/​10.​1016/j.​echo.​2019.​01.​003

	29.	 Sattin M, Burhani Z, Jaidka A, Millington SJ, Arntfield RT 
(2022) Stroke volume determination by echocardiography. Chest 
161(6):1598–1605. https://​doi.​org/​10.​1016/j.​chest.​2022.​01.​022

	30.	 Sumida T, Tanabe K, Yagi T, Kawai J, Konda T, Fujii Y, Okada 
M, Yamaguchi K, Tani T, Morioka S (2003) Single-beat deter-
mination of Doppler-derived aortic flow measurement in patients 
with atrial fibrillation. J Am Soc Echocardiogr 16(7):712–715. 
https://​doi.​org/​10.​1016/​S0894-​7317(03)​00275-X

	31.	 Kusunose K, Yamada H, Nishio S, Tomita N, Hotchi J, Bando M, 
Niki T, Yamaguchi K, Taketani Y, Iwase T, Soeki T, Wakatsuki T, 
Sata M (2012) Index-beat assessment of left ventricular systolic 
and diastolic function during atrial fibrillation using myocardial 
strain and strain rate. J Am Soc Echocardiogr 25(9):953–959. 
https://​doi.​org/​10.​1016/j.​echo.​2012.​06.​009

	32.	 Yoon SH, Makar M, Kar S, Chakravarty T, Oakley L, Sekhon N, 
Koseki K, Nakamura M, Hamilton M, Patel JK, Singh S, Skaf S, 
Siegel RJ, Bax JJ, Makkar RR (2022) Outcomes after transcath-
eter edge-to-edge mitral valve repair according to mitral regurgi-
tation etiology and cardiac remodeling. JACC Cardiovasc Interv 
15(17):1711–1722. https://​doi.​org/​10.​1016/j.​jcin.​2022.​07.​004

	33.	 Kassar M, Ovsenik A, Madhkour R, Corpataux N, Papadis A, 
Siontis G, Hunziker L, Windecker S, Praz F, Brugger N (2025) 
Hyperacute effects of mitral transcatheter edge-to-edge repair on 

left ventricular volumes and functions. Am J Cardiol 241:9–16. 
https://​doi.​org/​10.​1016/j.​amjca​rd.​2024.​12.​038

	34.	 Nagueh SF, Pournazari P, Wessly P, Hatab T, Bhimaraj A, Faza 
NN, Little SH, Goel SS (2025) Understanding the effects of mitral 
transcatheter edge-to-edge repair on left ventricular function using 
pressure-volume loops. JACC Adv 4(3). https://​doi.​org/​10.​1016/j.​
jacadv.​2025.​101627

	35.	 Gaemperli O, Biaggi P, Gugelmann R, Osranek M, Schreuder 
JJ, Buhler I, Surder D, Luscher TF, Felix C, Bettex D, Grunen-
felder J, Corti R (2013) Real-time left ventricular pressure-volume 
loops during percutaneous mitral valve repair with the MitraClip 
system. Circulation 127(9):1018–1027. https://​doi.​org/​10.​1161/​
CIRCU​LATIO​NAHA.​112.​135061

	36.	 Siegel RJ, Biner S, Rafique AM, Rinaldi M, Lim S, Fail P, Her-
miller J, Smalling R, Whitlow PL, Herrmann HC, Foster E, 
Feldman T, Glower D, Kar S, Investigators E (2011) The acute 
hemodynamic effects of MitraClip therapy. J Am Coll Cardiol 
57(16):1658–1665. https://​doi.​org/​10.​1016/j.​jacc.​2010.​11.​043

	37.	 Melisurgo G, Ajello S, Pappalardo F, Guidotti A, Agricola E, 
Kawaguchi M, Latib A, Covello RD, Denti P, Zangrillo A, Alfieri 
O, Maisano F (2014) Afterload mismatch after MitraClip insertion 
for functional mitral regurgitation. Am J Cardiol 113(11):1844–
1850. https://​doi.​org/​10.​1016/j.​amjca​rd.​2014.​03.​015

	38.	 Droppa M, Rath D, Jaeger P, Toskas I, Zdanyte M, Goldschmied 
A, Schreieck J, Gawaz M, Geisler T (2025) Impact of mitral valve 
transcatheter edge-to-edge repair on haemodynamic parameters in 
cardiogenic shock. ESC Heart Fail. https://​doi.​org/​10.​1002/​ehf2.​
15306

	39.	 Linder T, Sudarsky D, Grosman-Rimon L, Rimon J, Shuvy M, 
Carasso S (2024) Left ventricular and atrial function analysis fol-
lowing transcatheter edge-to-edge mitral valve repair. J Clin Med 
13(23). https://​doi.​org/​10.​3390/​jcm13​237282

	40.	 Spieker M, Marpert J, Afzal S, Scheiber D, Bönner F, Horn P, 
Kelm M, Westenfeld R (2021) Extent and determinants of left 
ventricular reverse remodeling in patients with secondary mitral 
regurgitation undergoing MitraClip implantation. IJC Heart Vasc 
34. https://​doi.​org/​10.​1016/j.​ijcha.​2021.​100804

	41.	 Kubo S, Nakamura M, Shiota T, Itabashi Y, Mizutani Y, Naka-
jima Y, Meemook K, Hussaini A, Makar M, Siegel RJ, Kar S 
(2017) Impact of forward stroke volume response on clinical and 
structural outcomes after percutaneous mitral valve repair with 
MitraClip. Circ Cardiovasc Interv. https://​doi.​org/​10.​1161/​CIRCI​
NTERV​ENTIO​NS.​116.​004909

	42.	 Lindman BR, Asch FM, Grayburn PA, Mack MJ, Bax JJ, Gonzales 
H, Goel K, Barker CM, Zalawadiya SK, Zhou Z, Alu MC, Weiss-
man NJ, Abraham WT, Lindenfeld J, Stone GW (2023) Ventricu-
lar remodeling and outcomes after mitral transcatheter edge-to-
edge repair in heart failure: the COAPT Trial. JACC Cardiovasc 
Interv 16(10):1160–1172. https://​doi.​org/​10.​1016/j.​jcin.​2023.​02.​
031

	43.	 Lavall D, Reil JC, Segura Schmitz L, Mehrer M, Schirmer SH, 
Böhm M, Laufs U (2016) Early hemodynamic improvement 
after percutaneous mitral valve repair evaluated by noninvasive 
pressure-volume analysis. J Am Soc Echocardiogr 29(9):888–898. 
https://​doi.​org/​10.​1016/j.​echo.​2016.​05.​012

	44.	 von Stein P, Hausleiter J, Horn P, Kessler M, Rudolph V, Unsold 
B, Lurz P, Weber M, Schofer N, Konstandin MH, Granada JF, 
Mollmann H, Mahabadi AA, Kister T, Mauri V, R. Investigators 
(2025) Pulmonary artery systolic pressure trajectories after tran-
scatheter edge-to-edge repair in atrial and ventricular secondary 
mitral regurgitation. Circ Cardiovasc Interv 18(12). https://​doi.​
org/​10.​1161/​CIRCI​NTERV​ENTIO​NS.​125.​016067

	45.	 Yedidya I, Stassen J, Butcher SC, Pio SM, Lustosa RP, van 
der Bijl P, Vo NM, Namazi F, Marsan NA, Delgado V, Bax JJ 
(2022) Relation of myocardial work indexes and forward flow 
reserve in patients with significant secondary mitral regurgitation 

https://doi.org/10.1016/j.jcin.2019.04.034
https://doi.org/10.1016/j.jcin.2019.04.034
https://doi.org/10.1164/ajrccm.166.1.at1102
https://doi.org/10.1164/ajrccm.166.1.at1102
https://doi.org/10.1093/ehjci/jev014
https://doi.org/10.1016/j.echo.2017.01.007
https://doi.org/10.1093/ehjci/jet105
https://doi.org/10.1093/ehjci/jet105
https://doi.org/10.1016/j.echo.2019.01.003
https://doi.org/10.1016/j.echo.2019.01.003
https://doi.org/10.1016/j.chest.2022.01.022
https://doi.org/10.1016/S0894-7317(03)00275-X
https://doi.org/10.1016/j.echo.2012.06.009
https://doi.org/10.1016/j.jcin.2022.07.004
https://doi.org/10.1016/j.amjcard.2024.12.038
https://doi.org/10.1016/j.jacadv.2025.101627
https://doi.org/10.1016/j.jacadv.2025.101627
https://doi.org/10.1161/CIRCULATIONAHA.112.135061
https://doi.org/10.1161/CIRCULATIONAHA.112.135061
https://doi.org/10.1016/j.jacc.2010.11.043
https://doi.org/10.1016/j.amjcard.2014.03.015
https://doi.org/10.1002/ehf2.15306
https://doi.org/10.1002/ehf2.15306
https://doi.org/10.3390/jcm13237282
https://doi.org/10.1016/j.ijcha.2021.100804
https://doi.org/10.1161/CIRCINTERVENTIONS.116.004909
https://doi.org/10.1161/CIRCINTERVENTIONS.116.004909
https://doi.org/10.1016/j.jcin.2023.02.031
https://doi.org/10.1016/j.jcin.2023.02.031
https://doi.org/10.1016/j.echo.2016.05.012
https://doi.org/10.1161/CIRCINTERVENTIONS.125.016067
https://doi.org/10.1161/CIRCINTERVENTIONS.125.016067


	 Clinical Research in Cardiology

undergoing transcatheter mitral valve repair. Am J Cardiol 
178:106–111. https://​doi.​org/​10.​1016/j.​amjca​rd.​2022.​05.​013

	46.	 Kamperidis V, van Wijngaarden SE, van Rosendael PJ, Kong 
WKF, Regeer MV, van der Kley F, Sianos G, Ajmone Marsan 
N, Bax JJ, Delgado V (2018) Mitral valve repair for secondary 
mitral regurgitation in non-ischaemic dilated cardiomyopathy is 
associated with left ventricular reverse remodelling and increase 
of forward flow. Eur Heart J Cardiovasc Imaging 19(2):208–215. 
https://​doi.​org/​10.​1093/​ehjci/​jex011

	47.	 Makkar RR, Chikwe J, Chakravarty T, Chen Q, O’Gara PT, Gil-
linov M, Mack MJ, Vekstein A, Patel D, Stebbins AL, Gelijns 
AC, Makar M, Bhatt DL, Kapadia S, Vemulapalli S, Leon MB 
(2023) Transcatheter mitral valve repair for degenerative mitral 
regurgitation. JAMA 329(20):1778–1788. https://​doi.​org/​10.​1001/​
jama.​2023.​7089

	48.	 Ben-Shoshan J, Overtchook P, Buithieu J, Mousavi N, Martucci 
G, Spaziano M, de Varennes B, Lachapelle K, Brophy J, Modine 
T, Baumbach A, Maisano F, Prendergast B, Tamburino C, Wind-
ecker S, Piazza N (2020) Predictors of outcomes following tran-
scatheter edge-to-edge mitral valve repair. JACC Cardiovasc Interv 
13(15):1733–1748. https://​doi.​org/​10.​1016/j.​jcin.​2020.​03.​025

	49.	 Angelini F, Pidello S, Frea S, Bocchino PP, Mandurino Mirizzi A, 
Pavon AG, Montonati C, Giannini F, Giovannini D, Mangieri A, 
Reimers B, Boretto P, Gallone G, Dusi V, Cavallone E, De Filippo 
O, Crimi G, Tarantini G, Raineri C, Pedrazzini G, D’Ascenzo F, 
Biasco L, De Ferrari GM (2025) Afterload mismatch after tran-
scatheter edge-to-edge repair in functional mitral regurgitation: a 
propensity-score matched analysis. Eur J Clin Invest 55(8). https://​
doi.​org/​10.​1111/​eci.​70040

	50.	 Witkowski TG, Thomas JD, Delgado V, van Rijnsoever E, Ng 
AC, Hoke U, Ewe SH, Auger D, Yiu KH, Holman ER, Klautz RJ, 
Schalij MJ, Bax JJ, Marsan NA (2012) Changes in left ventricular 
function after mitral valve repair for severe organic mitral regurgi-
tation. Ann Thorac Surg 93(3):754–760. https://​doi.​org/​10.​1016/j.​
athor​acsur.​2011.​11.​034

	51.	 Galli, E., P. Hubert, G. Leurent, V. Auffret, V. Panis, G. L'Official 
and E. Donal. 2023. Acute and chronic changes in myocardial work 
parameters in patients with severe primary mitral regurgitation 
undergoing transcatheter edge-to-edge repair." J Cardiovasc Dev 
Dis 10(3).https://doi.org/^https://​doi.​org/​10.​3390/​jcdd1​00301​00

	52.	 Iwase M, Aoki T, Maeda M, Yokota M, Hayashi H (1988) 
Relationship between beat to beat interval and left ventricular 
function in patients with atrial fibrillation. Int J Card Imaging 
3(4):217–226

	53.	 Bunting KV, Gill SK, Sitch A, Mehta S, O’Connor K, Lip GY, 
Kirchhof P, Strauss VY, Rahimi K, Camm AJ, Stanbury M, Grif-
fith M, Townend JN, Gkoutos GV, Karwath A, Steeds RP, Kote-
cha D, R. A. c. T. E. i. p. A. F. t. group (2021) Improving the 
diagnosis of heart failure in patients with atrial fibrillation. Heart 
107(11):902–908

	54.	 Esquitin KA, Khalique OK, Liu Q, Kodali SK, Marcoff L, Nazif 
TM, George I, Vahl TP, Leon MB, Hahn RT (2019) Accuracy of 
the single cycle length method for calculation of aortic effective 
orifice area in irregular heart rhythms. J Am Soc Echocardiogr 
32(3):344–350

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.amjcard.2022.05.013
https://doi.org/10.1093/ehjci/jex011
https://doi.org/10.1001/jama.2023.7089
https://doi.org/10.1001/jama.2023.7089
https://doi.org/10.1016/j.jcin.2020.03.025
https://doi.org/10.1111/eci.70040
https://doi.org/10.1111/eci.70040
https://doi.org/10.1016/j.athoracsur.2011.11.034
https://doi.org/10.1016/j.athoracsur.2011.11.034
https://doi.org/10.3390/jcdd10030100

	Differential effects of transcatheter edge-to-edge repair on forward stroke volume in atrial and ventricular secondary mitral regurgitation
	Abstract
	Introduction 
	Objective 
	Methods 
	Results 
	Conclusion 
	Graphical Abstract

	Introduction
	Methods
	Study population
	Clinical assessment
	Echocardiographic assessment
	Statistical analysis

	Results
	Patient characteristics
	Baseline echocardiographic characteristics
	Procedural data
	Echocardiographic and functional follow-up
	Functional and clinical outcomes according to FSV improvement
	Baseline predictors of FSV improvement after M-TEER

	Discussion
	Patient characteristics and procedural success
	Differential FSV response
	Impact of FSV response on LV function
	Impact of MR reduction on FSV response
	Clinical implications
	Limitations

	Conclusion
	References


