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Background and Objective: Surgery for mitral valve disease is a developing area with a wide range of 
surgical options. There is growing evidence on the best approach for secondary ischemic mitral regurgitation 
(SIMR) when the pathology is within the ventricle. The goal of this literature review is to provide a 
comprehensive comparison of surgical treatments for SIMR. 
Methods: The initial screening process included PubMed, Medline and Embase to identify randomized 
controlled trials, propensity-matched observational series, meta-analyses and unmatched observational series. 
The terms used were ‘mitral valve disease’, ‘secondary mitral regurgitation’, ‘secondary ischemic mitral 
regurgitation’, ‘functional mitral regurgitation’, ‘restrictive mitral annuloplasty’, ‘subvalvular repair’, ‘Trans 
Catheter Edge to Edge Repair and echocardiography coupled with secondary mitral regurgitation’, ‘secondary 
ischemic mitral regurgitation’, and ‘functional mitral regurgitation’. Six strategies have been identified for 
treating SIMR. These include mitral valve replacement (MVR), restrictive mitral annuloplasty, surgical 
revascularisation (with and without mitral annuloplasty), subvalvular procedures [papillary muscle (PM) 
approximation, PM relocation, ring and string procedure], procedures directly targeting the mitral valve 
(edge-to-edge repair and anterior leaflet enlargement), and transcatheter heart valve therapy. 
Key Content and Findings: There is a deficiency of robust empirical data to enable meaningful 
comparisons between MVR, mitral valve repair (including subvalvular repair), and transcatheter mitral valve 
procedure. This review will definitively analyze the current outcomes of transcatheter mitral valve procedure 
using the edge-to-edge mitral valve repair technique and standard surgical mitral valve procedures in patients 
with secondary mitral regurgitation (MR). In addition, the seminar highlights the role of left ventricular 
assist devices in managing SIMR. It discusses the advantages and limitations of each intervention. 
Conclusions: Currently, there is no consensus on the optimal management strategy for patients with 
SIMR. Therefore, a multidisciplinary cardiac team should manage patients with secondary MR to ensure the 
best outcome by matching the ideal intervention with the patient.
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Introduction

Following current guidelines, the surgical community 
largely endorses the use of mitral valve replacement (MVR) 
for secondary ischemic mitral regurgitation (SIMR), with 
most patients undergoing chord-sparing surgery to replace 
the ischemic mitral valve (1,2). The use of restrictive mitral 
annuloplasty (RMA) has progressively decreased over the 
past 8 years. RMA was introduced in the 1980s following the 
recommendations of the French correction (3). However, its 
use has declined because the randomized clinical trial (RCT) 
by the Cardiothoracic Surgical Trials Network (CTSNet) 
reported poor outcomes (4). However, the use of the MitraClip 
device to perform edge-to-edge transcatheter repair, which 
has expanded the range of mechanical interventions available, 
remains controversial due to conflicting evidence regarding 
the benefits in terms of efficacy and safety (5,6). 

Surgeons may be hesitant to use two-stage mitral valve 
repair, combining subvalvular repair (SVR) with RMA, 
due to limited evidence of clinical benefits. This is based 
on observational studies (OS) (7-9) and only a few RCTs 
(10,11). Although two-stage mitral valve repair has been 
shown to be safe and effective in randomized trials, with 
low rates of recurrent mitral regurgitation (MR) and 
reoperation, this combined procedure based on papillary 
muscle (PM) surgery has been performed in trials that were 
individually underpowered to detect differences in the 
frequency of clinical events. It is currently unclear whether 
SVR can improve clinical outcomes over time. Additionally, 
there is a contradiction between the proven benefits of 
handling PMs and their limited use in clinical practice. I 
present this article in accordance with the Narrative Review 
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-24-39/rc) (Figure 1).

Methods

Search strategy and selection criteria

This seminar presents a narrative review based on 
the author’s knowledge. The literature search was 
conducted using PubMed, Medline, and Embase with the 
following terms: ‘mitral valve disease’, ‘secondary mitral 
regurgitation’, ‘secondary ischemic mitral regurgitation’, 
‘functional mitral regurgitation’, ‘restrictive mitral 
annuloplasty’, ‘subvalvular repair’, ‘Trans Catheter Edge 
to Edge Repair and echocardiography coupled with 
secondary mitral regurgitation’, ‘secondary ischemic 
mitral regurgitation’, and ‘functional mitral regurgitation’. 

To complete the task, the following terms were added: 
‘subvalvular repair, papillary muscle approximation, 
papillary muscle relocation, and papillary muscle sling’. 
The literature reviewed comprised full articles of RCTs, 
propensity-matched observational series, meta-analyses, 
and unmatched OS published in the past 10 years up to the 
end of March 2024. However, some frequently referenced 
and widely cited earlier publications, including reviews, 
were not excluded. Key international guidelines and expert 
consensus reports were reviewed to categorize documents 
based on their relevance to clinical and echocardiographic 
diagnosis, classification and management, treatment 
strategies, long-term follow-up and risk factors. SIMR is a 
complex disorder with limited randomized studies available 
on optimal treatment. In some cases, urgent treatment may 
be necessary due to the rapid deterioration of ventricular 
function. This can limit the possibility of designing RCTs.

Patients must be at least 18 years of age. Patients must 
have undergone any surgical procedure, including MVR, 
mitral valve repair, or transcatheter mitral valve therapy. 
Exclusions apply to animal or pediatric studies, as well as 
non-primary studies like letters and editorials. Manuscripts 
were also excluded if a translation was unavailable or if they 
were only published as abstracts (Table 1).

Assessment of different procedures

The literature currently uses the terms ‘functional mitral 
regurgitation’ or ’secondary mitral regurgitation’. The 
condition may be caused by either ischemic or non-ischemic 
factors. In this seminar, the term used to describe the 
pathology involving the mitral valve is ’secondary ischemic 
mitral regurgitation’. However, some reports also describe 
patients affected by non-ischemic secondary MR, which 
were compared with those who had SIMR.

The presented evidence is from the most comprehensive 
reported data series on MVR and repair, which evaluates 
different mitral valve repair techniques, their reported 
outcomes, indications, procedural use in clinical practice, 
clinical proofs and limitations. The report also includes 
follow-up of patients with severe left ventricular ejection 
function (LVEF) dysfunction who were indicated to receive 
a left ventricular assist device (LVAD) (Tables 2,3).

MVR

General knowledge and indications
In recent years, mitral valve repair has become more popular 

https://atm.amegroups.com/article/view/10.21037/atm-24-39/rc
https://atm.amegroups.com/article/view/10.21037/atm-24-39/rc
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than replacement. However, a recent randomized trial from 
CTSNet suggested that replacement is superior for patients 
with severe ischemic mitral regurgitation (IMR). The rate of 
recurrent moderate or severe MR over 2 years was higher in 
the repair group than in the replacement group, resulting in 
a higher incidence of heart failure (HF) and repeat hospital 
admissions. Valve replacement may be more beneficial than 
valve repair in cases of secondary MR, as repairs are less 
durable in these cases. It is important to note that this study 
highlights the difference between primary and secondary 
MR as two distinct diseases (4). Importantly, RMA was 
confidently performed using an approved complete rigid 
or semi-rigid annuloplasty ring that was downsized (1 or  
2 size) to correct for annular dilatation. As pointed out by the 
investigators the recurrence of MV regurgitation in recipients 

of RMA requires further investigation to understand the 
underlying mechanism. MR may persist or recur after RMA 
due to augmented leaflet tethering caused by the anterior 
displacement of the posterior leaflet, as well as progressive 
adverse global and localized LV remodeling (4). 

Chordal-sparing MVR may be a superior alternative to 
downsized annuloplasty repair for patients with coronary 
artery disease (CAD) and chronic severe secondary MR due 
to LV systolic dysfunction <50% (Stage D) who require 
mitral valve surgery because of severe symptoms [New 
York Heart Association (NYHA) class III or IV] that persist 
despite best medical therapy for HF (2,4). The American 
College of Cardiology/American Heart Association classifies 
the recommendation for surgical valve replacement as Class 
of Recommendation (COR) 2b and Level of Evidence 

Treatment Option For Secondary Mitral Regurgitation

CABG not needed 
CABG needed

Mild MR → CABG only
Moderate MR → CABG+RMA or RMA + SVR
Severe MR → CABG + MVSR or RMA + SVR 

Ia
Lower risk of recurrent MR after 

surgery with MV repair

IIa
High risk of recurrent MR after surgery 

with MV repair

Ib
Ineligible for 

surgery of MV 

Ic
Severe LV dysfunction

• Optimal medical therapy
• CRT 

• CAD therapy 

Periodic monitoring

Referral to comprehensive HF 
and valve disease center 

RMA
• Downsized by 1/2 ringsize

• Complete semi-rigide/rigid Ring
• Leaflet coaptation </=8 mm

Mitraclip 
Assess for Disproportionate 

inclusion criteria
COAPT RCT

LVAD/HTx 
Palliative Surgery

(severe comorbidity and life 
expectancy <1 year) 

MVR Chordal-sparing 
RMA plus SVR

 (PMA/PMR/String)

• LVEF >30%
Chordal-sparing MVR

• LVEF <30% 
Heart transplantation

LAVD
MitraClip

Persistent Moderate to Severe 
MR

Mild or asymptomatic MR 

Consider Timing for surgery
When indicated

In case clinical and echocardiographic 
worsening

Indicated Recommended

Consider
Consider

Figure 1 Treatment options for ischaemic secondary mitral regurgitation. Based on the most recent and relevant literature, this flowchart 
summarises the current management options for ischaemic secondary mitral regurgitation (4-7,10-21). LVEF, left ventricular ejection 
fraction; MVR, mitral valve replacement; LVAD, left ventricular assist device; CABG, coronary artery bypass grafting, MR, mitral 
regurgitation; RMA, restrictive mitral repair; SVR, subvalvular repair; MVSR, mitral valve surgery; CRT, cardiac resynchronization therapy; 
CAD, coronary artery disease; HF, heart failure; MV, mitral valve; PMA, papillary muscle approximation; PMR, papillary muscle relocation; 
COAPT, Cardiovascular Outcomes Assessment of the MitraClip Percutaneous Therapy; RCT, randomized clinical trial; LV, left ventricle; 
HTx, heartmate. 

https://dictionary.cambridge.org/fr/dictionnaire/anglais/cardiac-resynchronization-therapy
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Table 1 Narrative review searching strategies

Items Specification

Date of search January 1, 2024 to March 31, 2024

Databases and other 
sources searched

PubMed, Medline and Embase

Search terms used ‘mitral valve disease’, ‘secondary mitral regurgitation’, ‘secondary ischemic mitral regurgitation’, ‘functional mitral 
regurgitation’, ‘restrictive mitral annuloplasty’, ‘subvalvular repair’, ‘Trans Catheter Edge to Edge Repair and 
echocardiography coupled with secondary mitral regurgitation’, ‘secondary ischemic mitral regurgitation’, and 
‘functional mitral regurgitation’

Timeframe Up to March 2024

Inclusion and exclusion 
criteria

Inclusion criteria:

•	Age 18 years or older

•	Chronic severe ischemic and non-ischemic mitral regurgitation (ERO ≥0.4 cm echocardiogram) with tethering as 
a major mechanism

•	Symptomatic secondary mitral regurgitation (3+ or 4+ by echocardiographic laboratory assessment) due to 
cardiomyopathy of either ischaemic or non-ischaemic etiology

•	The subject has been adequately managed according to applicable guidelines, including for coronary artery 
disease, LV dysfunction, mitral regurgitation and heart failure

•	English language

Exclusion criteria: 

•	Pediatric

•	Any echocardiographic evidence of structural (chordal or leaflet) mitral-valve disease

•	Papillary muscle rupture

•	Infective endocarditis

Selection process One author selected articles after screening for duplicates

ERO, effective regurgitant orifice; LV, left ventricle. 

(LOE) B–R (2). Nearly four decades ago, a seminal paper 
by David et al. (30) demonstrated that integrity with 
continuity between the mitral annulus, the LV wall through 
the leaflets, the chordae tendineae, and the PM is essential 
for LV function after mitral valve surgery. 

Procedural use in clinical practice
The use of complete chordal preservation surgery, as 
opposed to posterior leaflet only, results in a superior long-
term reduction in LV chamber dimensions and systolic 
afterload (31). Several individual studies have documented 
various drawbacks in patients who received partial chordal 
preservation compared to those who underwent mitral 
valve repair. These disadvantages included higher operative 
mortality, worse LV function, and poorer long-term survival 
(32-34). The unique morphological characteristics likely 
account for the superior effectiveness of complete chordal 
sparing preservation in improving wall motion in the apical 

and diaphragmatic regions of the left ventricle (35). 
The Khonsari I procedure, as described by the Stanford 

group (36), involves dividing the anterior mitral leaflet 
into two or four segments. These segments are then 
repositioned using valve sutures to their normal anatomical 
position. In an RCT, Yun et al. (31) demonstrated that both 
complete and partial chordal sparing MVR led to a decrease 
in left ventricular end diastolic volume (LVEDV). The 
mean change from baseline was −58±12 (P<0.0001) for total 
replacement and −31±5 (P<0.0001) for partial replacement. 
Preserving the entire subvalvular apparatus may lead to a 
sustained and incremental decline LVEDV at postoperative 
discharge. After one year, the decrease was seen to be 
more significant compared to partial preservation (112±41 
vs. 107±28; mean change from baseline −69±8 vs. 33±16; 
P=0.63). Furthermore, in comparison to partial preservation, 
patients who underwent complete chordal preservation had 
a further decrease in left ventricular end systolic volume 
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Table 2 Characteristics of patients in randomized and propensity-matched studies of secondary mitral regurgitation

Author, year Treatment total number Age (years), mean ± SD Male Diabetes Previous MI NYHA class I/II preop NYHA class I/II postop LVEF preop (mm), mean ± SD LVEF postop (mm), mean ± SD LV dimension preop, mean ± SD LV dimension postop, mean ± SD

Iung (6), 2019 OMT 152; OMT + Mitraclip 152 70.6±9.9; 70.6±9.9 107; 120 39; 50 52; 75 40; 35 84; 80 32.9±6.7; 33.3±6.5 34±6; 30±6 LVEDV: 134.5±33.1 mL;  
LVEDV: 136.2±37.4 mL

LVEDV: 141.5±42.5 mL;  
LVEDV: 134.2±37 mL

Stone (5), 2023 OMT 312; OMT + Mitraclip 302 72.8±10.5; 72.8±10.5 192; 201 123; 106 160; 156 110; 130 115; 171 31.3±9.6; 31.3±9.1 NR; NR LVEDV: 191.0±72.9 mL;  
LVEDV: 194.4 ±69.2 mL

LVEDV: 211.4 ±94.2 mL;  
LVEDV: 192.2±76.5 mL

Michler (14), 2016 CABG 151; CABG + RMA 150 65.2±11.3; 65.2±11.3 99; 106 66; 76 97; 103 84; 95 98; 107 41.2±11.6; 39.3±10.9 46.1±10.5; 45.6±10.0 LVESV: 54.8±24.9 mL;  
LVESV: 59.6±25.7 mL

LVESV: 41.2±20.0 mL;  
LVESV: 43.2±20.6 mL

Bouchard (22), 2014 CABG 16; CABG + RMA 15 65±12; 65±12 14; 12 8; 4 12; 9 8; 8 15; 14 41.5±17.4; 45.7±11.4 52±2; 48±2 LVEDD: 59±8 mm;  
LVEDD: 54±7 mm

LVEDD: 53±1 mm;  
LVEDD: 54±1 mm

Chan (23), 2012 CABG 39; CABG + RMA 34 70.4±7.9; 70.4±7.9 29; 25 15; 12 28; 27 26; 23 30; 32 40.3±16.1; 40.0±17.3 NR; NR LVEDD: 56.5±12 mm;  
LVEDD: 56.5±12.6 mm

LVEDD: NR;  
LVEDD: NR

Fattouch (24), 2022 CABG 54; CABG + RMA 48 66±7; 66±7 35; 30 32; 28 54; 48 15; 13 27; 38 43±9; 42±10 45±7; 48±8 LVEDD: 58±7 mm;  
LVEDD: 59±2 mm

LVEDD: 56±8 mm;  
LVEDD: 52±7 mm

Mihaljevic (25), 2007 CABG 54; CABG + RMA 54 66±9.2; 66±9.2 32; 37 54; 53 31; 34 NR; NR NR; NR NR; NR NR; NR LVEDD: 56±6 mm;  
LVEDD: 58±7 mm

LVEDD: NR;  
LVEDD: NR

Goldstein (4), 2016 MVRpl 125; RMA 126 68±9; 68±9 78; 77 41; 48 88; 99 48; 54 93; 100 40.0±11.0; 42.4±12.0 37.6±11.8; 42.5±11.8 LVESV: 65.7±27.4 mL;  
LVESV: 61.1±26.2 mL

LVESV: 60.6±39.0 mL;  
LVESV: 52.6±27.7 mL

Lorusso (26), 2013 MVRpl 244; RMA 244 66.1±8; 66.1±8 169; 178 86; 89 244; 244 48; 57 159; 159 34.9±2.9; 35±3.2 37.7±2.7; 41.2±2.9 LVEDV: 108±18.7 mL;  
LVEDV: 108±16.6 mL

LVEDV: NR;  
LVEDV: NR

Magne (27), 2009 MVRpl 184; RMA 186 66±10; 66±10 110; 128 53; 61 NR; NR 44; 80 NR; NR 40±14; 45±15 NR; NR LVEDD: 56±6 mm;  
LVEDD: 58±7 mm

LVEDD: NR;  
LVEDD: NR

Pausch (11), 2023 RMA + S-repair 47; RMA 47 61.0±14.5; 61.0±14.5 30; 27 12; 8 29; 28 8; 12 35; 35 38.1±8.4; 38.4±9.8 33.4±11.4; 40.4±10.9 LVEDD: 59.8±10.2 mm;  
LVEDD: 58.7±9.4 mm

LVEDD: 57.3±5.3 mm;  
LVEDD: 57.3±5.3 mm

Nappi (10), 2016 RMA + S-repair 48; RMA 48 62.9±7; 62.9±7 28; 30 18; 20 48; 48 0; 0 29; 26 35.0±5.3; 35.0±3.7 44.1±6; 39.9±3.9 LVEDD: 62.7±3.4 mm;  
LVEDD: 61.4±3.7 mm

LVEDD: 56.5±5.7 mm;  
LVEDD: 60.6±4.6 mm

Fattouch (28), 2012 RMA + S-repair 55; RMA 55 62±12; 62±12 32; 34 15; 14 55; 55 38; 39 46; 43 42±8; 42±5 46±5; 45±4 LVEDD: 58±8 mm;  
LVEDD: 58±2 mm

LVEDD: 50±7 mm;  
LVEDD: 54±8 mm

Adapted with permission from Nappi et al. (29). SD, standard deviation; MI, myocardial infarction; NYHA, New York Heart Association; LVEF, left ventricular ejection fraction; LV, left ventricle; OMT, optimal medial therapy; LVEDV, left ventricular end diastolic volume; NR, not report; CABG, coronary artery 
bypass grafting; RMA, restrictive mitral annuloplasty; LVESV, left ventricular end systolic volume; LVEDD, left ventricular end diastolic dimension; MVRpl, mitral valve replacement. 

Table 3 Summary of the outcomes of the meta-analysis (29)

Procedure
Long-term mortality Hospital mortality Reoperation Readmission Composite endpoint

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

MitraClip (N=454) vs. optimal medical therapy (N=464)† 0.77 (0.40–1.49) 0.44 2.87 (0.97–8.51) 0.06 0.38 (0.23–0.61) <0.001 0.35 (0.04–3.06) 0.34 0.39 (0.09–1.73) 0.21

CABG alone (N=314) vs. CABG associated with MV procedure (N=301)‡ 1.06 (0.65–1.71) 0.82 0.83 (0.32–2.12) 0.69 3.07 (0.68–13.89) 0.14 0.53 (0.05–5.07) 0.58 0.66 (0.22–2.01) 0.47

MV replacement (N=553) vs. MV repair (N=556)§ 1.12 (0.85–1.48) 0.43 1.92 (1.18–3.12) 0.009 0.59 (0.35–0.98) 0.04 0.45 (0.31–0.65) <0.001 0.95 (0.74–1.21) 0.68

Restrictive annuloplasty alone (N=103) vs. restrictive annuloplasty with subvalvular repair (N=103)¶ 0.78 (0.35–1.73) 0.55 0.70 (0.21–2.28) 0.55 0.39 (0.09–1.61) 0.19 0.49 (0.24–1.01) 0.05 0.30 (0.15–0.62) 0.001

Adapted with permission from Nappi et al. (29). †, an OR >1 favors optimal medical therapy, an OR <1 favors optimal medical therapy plus MitraClip; ‡, an OR >1 favors CABG alone, an OR <1 favors CABG associated with MV procedure; §, an OR >1 favors MV repair, an OR <1 favors MV replacement; ¶, an 
OR >1 favors restrictive annuloplasty alone, an OR <1 favors restrictive annuloplasty with subvalvular repair. OR, odds ratio; CI, confidence interval; CABG, coronary artery bypass grafting; MV, mitral valve.
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Figure 2 This illustration shows how to achieve complete chordal preservation when replacing a mitral valve. (A) Detach the AML from one 
commissure to the other, spanning the entire anterior anulus. (B) Translocate the AML and reattach it to the posterior leaflet and annulus in 
the corresponding location with the valve sutures. (C) The stented bioprosthesis is inserted. AML, anterior mitral leaflet. 

(LVESV) over time (60±13 vs. 40±11 mL; mean change 
from baseline −20±2 mL; P=0.0001), whereas no significant 
differences were noted in patients who underwent 
partial chordal preservation (46±24  vs. 50±20 mL;  
mean change from baseline 4±4 mL; P=0.9) (Figure 2).

Clinical proofs
Only one RCT has been published to assess the outcomes 
of complete chordal preservation vs. mitral valve repair. The 
trial, known as the CTSNet RCT, enrolled 251 patients in 
23 countries. LV reverse remodeling, defined as LVESV at 
one year after randomization, was the primary endpoint. At 
the 2-year interim analysis, there was no meaningful group 
difference in LV reverse remodeling (LVESV 60.6±39.0 mL  
with chordal-sparing MVR vs. 52.6±27.7 mL with MV 
repair; mean change from baseline, −6.5 and −9.0 mL, 
respectively) (4). The outcome of the CTSNet trial beyond  
2 years will not be published due to the study design’s limited 
follow-up period, which did not exceed 2 years. Currently, 
there is a considerable body of comprehensive data available 
to advocate the use of chordal-preserving MVR surgery, as 
it has been shown to provide an additional benefit on MR 
recurrence over mitral valve repair (37,38). However, nearly 
a decade ago, a systematic review of matched cohorts of  
600 patients who underwent MV repair (n=416) or MVR 
(n=184) showed that the long-term risk of death was 
35% greater in the replacement arm vs. the repair arm 
[hazard ratio (HR) =1.352; 95% confidence interval (CI):  

1.131–1.618] (39). 
Two largely independent studies in the past 20 years 

have failed to provide definitive conclusions about 
the relative effects of the two surgical procedures 
on survival (27,40). One study, which included 370 
patients, reported an overall 6-year survival rate that 
was not statistically different between MV repair and 
MVR (73%±4% vs. 67%±4%; P=0.17; HR =1.2; 95% 
CI: 0.7–1.9; P=0.52) (39). Another study involved  
1,250 patients with a mean follow-up duration of over  
5 years. The study reported a 10-year survival rate of 36% 
for patients who underwent MVR and 33% for those 
who received restrictive mitral valve repair. There was no 
significant difference between the two groups for patients 
over 60 years old (P=0.34). However, the survival benefit 
of chordal sparing operations was less evident in patients 
under 60 years of age. For those who received mitral repair, 
the survival rate was 81%, whereas it was 55% for those 
who received valve replacement (P=0.0001) (27). 

Limitation
The main concern regarding the surgical procedure of MVR 
is the potential for increased risk of impaired postoperative 
ejection performance when a replacement is performed 
without sparing the valve apparatus at the time of IMR 
surgery. This pathophysiology is related to the sudden increase 
in systolic wall stress resulting in the loss of the low impedance 
pathway for ejection into the left atrium and ventricular 
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dysfunction due to fracture of the mitral valve apparatus.
Rozich et al. (41) demonstrated that mitral chordal 

preservation at the time of replacement resulted in a 
substantial reduction in the incidence of LV end-diastolic 
and end-systolic volume reduction, and a marked decrease 
in LV end-diastolic wall stress in the chordal preservation 
group (P<0.05). In the chordal sparring group, end-systolic 
wall stress declined from 95±6 to 66±6 g/cm2 (P<0.05) and 
in the chordal transection group, it increased from 89±9 
to 111±12 g/cm2 (P<0.05). The ejection fraction remained 
constant before and after mitral valve surgery (from 
0.63±0.01 to 0.61±0.02 g/cm2) in patients who underwent 
chordal-sparing surgery, but was significantly reduced in 
patients who did not undergo chordal-sparing surgery (from 
0.60±0.02 to 36±0.02 g/cm2). However, the occurrence 
of severe ventricular dysfunction can be considerably 
lowered by careful patient eligibility and by selection 
of the appropriate surgical technique for IMR repair. 
In young patients, it may be advisable to opt for RMA 
with SVR instead of total chordal sparing MVR if they 
exhibit preoperative echocardiographic asymmetric leaflet 
tethering, a posterior leaflet tethering angle of less than 
45 degrees, tenting height (TH) of less than 11 mm, the 

absence of a basal aneurysm/dyskinesis, no greater degree 
of LV dilation [left ventricular end diastolic dimension 
(LVEDD) less than 60 mmHg], and an LV sphericity  
index (42). Michler also found that an MV tenting area 
of more than 3.1 cm2, but not an LVEDD of more than  
64 mm or a left ventricular end systolic dimension 
(LVESD) of more than 54 mm, greatly decreased the risk of 
sustained or repeated MR when chordal-sparing MVR was  
performed (25).

Mitral valve repair procedures 

RMA 
General knowledge and indications
RMA was pioneered in mitral valve surgery in the 1980s (3)  
and has been extensively applied by the surgical world 
treating patients with moderate to severe ischemic and non-
IMR. SIMR is typically associated with regional inferior 
wall motion abnormalities, resulting in posterior leaflet 
tethering and posteriorly directed MR (Carpentier type 
IIIb) (Figure 3).

The results of a large series of patients with end-stage 
cardiomyopathy undergoing mitral valve repair were 

Figure 3 This illustrate the pathophysiology of SMR and its echocardiographic findings. Left panel: the pathophysiology of SMR highlights 
an eccentric jet and mitral leaflets that are tethered. Right panel: (A) typical Carpentier IIIb echocardiographic image that indicates reduced 
leaflet motion in systole. (B-F) Multimodal echocardiographic imaging for diagnosis of IMR: (B) transthoracic echocardiography parasternal 
long-axis view and (C) TEE left ventricular outflow tract view show an eccentric jet of MR due to asymmetric tethering (white arrows). (D) 
The 3D TEE (en face view from the left atrium) reveals significant indentations between P2–P3 and P2–P1 (white arrow) caused by left 
ventricular remodeling. (E) The 3D TEE (en face view from the left ventricle) displays a secondary apical and posterior displacement of the 
posterior papillary muscle. (F) The reconstruction and model of the mitral valve demonstrate the malcoaptation of the mitral leaflets due 
to tethering of the posterior valve. SMR, secondary mitral regurgitation; PM, papillary muscle; AL, anterior leaflet; IMR, ischemic mitral 
regurgitation; TEE, transesophageal echocardiography; MR, mitral regurgitation; 3D, three-dimensional. 

SMR due to ischemic cardiomyopathy
II1
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pioneered by Bolling and Bach (43,44). The purpose 
of RMA is to decrease the anteroposterior diameter by 
tightening the leaflets, thereby minimising the tenting 
area and favouring the restoration of normal coaptation 
length. In addition to adequate annular correction in the 
setting of mitral annular undersizing (i.e., RMA), it may 
also be helpful in reducing LVESD or LVESV. Hence, 
removing MR and reducing the size of the left ventricle 
can lead to a decrease in stress on the LV wall, resulting in 
an enhancement of LV reverse remodeling (45). The use 
of RMA combined with coronary artery bypass grafting 
(CABG) in patients with moderate secondary IMR is still a 
topic of ongoing controversy. 

Penicka et al. (12) showed that viable myocardium can 
be indicated by improvements in global and regional wall 
motion, as well as reverse LV remodeling after CABG 
alone. The researchers found that postoperative relief of 
MR was correlated with more viable segments and less LV 
dyssynchrony at baseline in their study of patients with 
moderate SIMR who received CABG alone. The results 
of the CTSNet study reinforce the importance of CABG 
and the presence of viable myocardium, as patients who did 
not receive CABG had no improvement in regional wall 
motion. Thus, the RMA proved to be ineffective, hindering 
the leaflets from achieving the necessary coaptation zone to 
reduce TH and area (3). 
Procedural use in clinical practice
The commonly accepted practice in RMA is to downsize by 
two ring sizes, for example, using size 28 when measuring 
size 32. The choice between rigid or partial bands, or 
flexible complete rings, as well as overcorrection by 
undersizing, can impact MR recurrence rates. Although 
there is some evidence to support a higher incidence of 
recurrent MR in patients undergoing partial band or flexible 
full ring repair (46), recurrent MR rates remain high even 
in patients undergoing full rigid ring repair (13,39,47). 
Generally, RMA involves downsizing the ring by 2 sizes 
if LVEDD is less than 60 mm and the LVESD is less than  
55 mm. In a small  RCT, the use of a double row 
overlapping suture was described. This technique has been 
shown to be effective in preventing MR recurrence at the 
2-year follow-up, compared to the single row technique (48). 
In this population of patients with IMR, all were completely 
revascularized. 

The majority of surgeons have conventionally favoured 
tight overcorrection using RMA (3,10,13,33,42,47,48). 
However, recent research has shown that this approach 
may not be appropriate due to the impact of RMA on 

the spatial relationship between the left ventricle and the 
mitral annulus (4,49). The use of RMA can exacerbate the 
tethering of the posterior leaflet and further disrupt this 
ischaemia-induced abnormal geometric spatial relationship. 
The persistent displacement of the lateral and posterior PM 
relative to the mitral annulus supports this phenomenon. 
From an anatomical point of view, the anterior leaflet (AL) 
is connected to the fibrous trigones, so that the posterior 
leaflet is predominantly involved in RMA, with a reduction 
of the mitral annular area and a lowering of the anterior-
posterior dimension. Overcorrection may exacerbate 
the geometric mismatch between the left ventricle and 
the mitral annulus in the setting of sustained posterior-
inferior-lateral LV wall displacement. This may worsen 
posterior leaflet tethering. Based on these findings, the 
CTSNet investigators suggested that the ratio of LVESD to 
prosthetic annuloplasty ring size may be useful in assessing 
the risk of persistent or recurrent MR. It has been shown 
that a ratio of LV end-systolic dimension to ring size of 2 or 
greater is linked to an elevated risk of sustained or recurrent 
MR. Overcorrection of the annular dimension may result 
in increased tethering between the PM and the leaflet edge. 
The authors stated that although RMA is a mandatory 
procedure, it is a weak approach to the management of 
severe SIMR (4,49). Understanding the pathophysiology of 
SIMR allows surgeons to conduct a thorough preoperative 
evaluation and make informed decisions in the operating 
room (50-54). 
Clinical proofs
According to the most comprehensive echocardiographic 
studies, recurrence of moderate or more MR in patients 
ranges from 32.6% at 6 months to 56.8% at 24 months (4) 
and 55.9% at 5 years (10,42). A critical factor in predicting 
MR recurrence is the severity of preoperative MR. It is 
commonly accepted that the recurrence of MR should be 
observed in patients with centrally directed or multiple 
jets, a higher degree of LV enlargement, symmetric AL 
tethering, the presence of a basal aneurysm/dyskinesis, a 
coaptation height of 11 mm or more, and a posterior leaflet 
angle greater than 45° (44,50-55). 

Kwon et al. (47) found that patients with severe SIMR 
who had recurrent MR after undersized MV repair had 
worse LVESV at 2-year follow-up than those without 
recurrent MR (45±10 vs. 42±10; P=0.97; mean change 
from baseline, −16.1 vs. −19.1 mL, respectively). Similarly, 
Nappi et al. (10,42) definitively demonstrated that patients 
with moderate to severe MR recurrence exhibited a 
significant worsening of LVEDD at 5-year follow-up, with 
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a mean change from baseline of −0.2 mm. The RA group 
demonstrated a significant reduction in LVEDD of −2.3±4.1 
compared to the papillary muscle approximation (PMA) 
group (−5.8±4.1, P<0.001) (10).

RMA is the valve repair procedure with the most evidence 
from isolated trials. There have been a number of reports of 
comparisons between RMA and MVR. Trials with follow-
up periods longer than 5 years have consistently reported a 
substantially higher rate of MR recurrence for undersized 
mitral valve repairs compared to MVRs. However, the 
survival rates were substantially equivalent at longer follow-
up. Two studies, an RCT (4) and a propensity-matched 
study (26), suggest a tendency for an observed increase in the 
incidence of clinical adverse events in RMA patients.

According to the data from Bishawi et al. (56), the number 
of surgical patients undergoing restrictive mitral valve 
repair (n=416) vs. partial or total chordal sparing surgery 
(n=106) shifted in the later years (from 2000 to 2006) over a  
20-year period (from 1986 to 2006). The choice between MV 
repair and replacement appears to be primarily determined 
by the operating surgeon’s judgment and preference. This is 
highlighted by the fact that Wald’s χ2 test showed that surgeon 
choice was by far the most important factor in this decision 
(χ2=58.9, P=0.0001). However, the severity of MR significantly 
predicted the decision to undergo MVR [Wald χ2=19.9, odds 
ratio (OR) =3.377, 95% CI: 1.977 to 5.766, P=0.0001], with 
a greater proportion of patients with moderate-to-severe MR 
undergoing MVR compared to RMA. In addition, patients 
who were screened for replacement were more likely to have 
a better ejection fraction (Wald χ2=11.4, OR =1.277, 95% CI: 
1.108 to 1.472, P=0.0007) (33). 

Recently, Bishawi et al. (56) performed a propensity-
matched analysis of patients with SIMR vs. non-ischemic 
secondary mitral regurgitation (NI-SMR). Survival was 
worse with SIMR vs. NI-SMR, although similar repair 
durability was observed. In addition, the cumulative 
moderate regurgitation rate was 27% at 10 years with rare 
severe regurgitation or mitral reoperation. Mitral repair for 
SIMR or NI-SMR can improve symptoms with persistent 
mild regurgitation in most patients up to 10 years in selected 
patients with relatively preserved function. The excellent 
outcome described in the latest publication from the Duke 
group appears to be related to lower preoperative LVEDD 
(4.3±1.1 cm) and preserved LV ejection fraction (40%±13%). 
These findings are consistent with those reported in 
the CTSNet study for patients who received RMA with 
lower preoperative LVESV (3). At the 2-year follow-up,  
74 patients who were enrolled in the CTSNet trial and had 

severe IMR but no MR recurrence had left ventricles that 
were significantly smaller (43±26 mL/m2) compared to those 
who had recurrent MR post-RMA alone (63±27 mL/m2).  
The LVESV measures remained lower than those who 
underwent surgical MVR (61±39 mL/m2) (4).
Limitation
One limitation of RMA is the significant geometric 
deformation of the left ventricle and the associated increased 
leaflet tethering with adverse mitral leaflet remodeling 
(Figure 4). Some studies have consistently demonstrated 
that RMA is inadvisable whether performed with 1 or  
2 sizes (4,10,11,42). The Osaka group (13,57,58) made a 
significant contribution to understanding the limitations 
of RMA. RMA transiently alleviates MR when LVEDD is 
under 60 mm and LVESD is under 55 mm. At a median 
follow-up of 66 months, LV size was smaller in subjects 
with severe IMR without sustained or relapsing MR after 
RMA compared to subjects with relapsing MR after RMA 
alone. Furthermore, 33 patients had improved LV function 
with decreased anterior-posterior PM tethering distance, 
AL angle, and interpapillary muscle distance (IPMD) (58).

CABG and moderate SIMR 

General knowledge and indications
At present, there is no widely accepted surgical standard of 
care for moderate IMR at the time of CABG, and there is 
no consensus on a single approach. Two contrasting views 
exist: some experts believe that revascularization alone can 
lead to lower rates of MR in patients with moderate IMR. 
This is based on the observation that regional and global 
LV function and geometry are significantly enhanced after 
CABG (24,59). The opponents of this approach argue that 
revascularization alone can reduce the rate of MR. In this 
way, additional adverse remodeling may be prevented and 
the subsequent HF is likely to be reduced (59) (Figure 5).

Procedural use in clinical practice
This section discusses OS examining the differences in MR 
recurrence between the 2 surgical strategies. The results of 
studies comparing CABG with or without RMA are often 
inconsistent and limited by methodological or sample size 
limitations. Although some studies suggest that RMA may 
improve event-free survival, the evidence is not conclusive. 
Retrospective cohort studies, even if improved by statistical 
analysis based on the propensity score, are limited by 
confounding factors that are often unmeasurable. The surgeon’s 
decision to include a safe reserve to allow for restoration of 
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Figure 4 This illustrates apoptotic and fibrotic changes in mitral leaflets in patients with secondary mitral regurgitation. (A) The deleterious 
effect is caused by leaflet tethering mediated by TGF-β, secondary PM displacement and traction. (B) The integrity of the mitral leaflet 
structure is ensured by the absence of leaflet thickening without profibrotic changes in tethered MV leaflets. (C) Following a myocardial 
infarction, fibrosis of the mitral valve leaflet is associated with excessive endothelial-to-mesenchymal transition driven by TGF-β 
overexpression. The evidence suggests that this leads to profibrotic changes due to tethering of the mitral valve leaflet post-MI. The arrows 
indicate the different structural changes involving the two leaflets. TGF, transforming growth factor; PM, papillary muscle; MV, mitral 
valve; MI, myocardial infarction. 
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If single-vessel or double-vessel disease, consider first PCI and reassess SIMR after 
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Figure 5 This is a decision-making algorithm for the surgical treatment of moderate to severe SIMR, with or without the use of CABG. 
CAD, coronary artery disease; CABG, coronary artery bypass grafting; MR, mitral regurgitation; EROA, effective regurgitant orifice 
area; Rvol, regurgitant volume; RF, regurgitant fraction; ESC, European Society of Cardiology; RA, right atrium; LV, left ventricle; PMA, 
papillary muscle approximation; MVR, mitral valve replacement; LVEF, left ventricular ejection fraction; PCI, percutaneous coronary 
intervention; SIMR, secondary ischemic mitral regurgitation; GDMT, guideline-directed medical therapy; CRT, cardiac resynchronization 
therapy; ICD, implantable cardioverter defibrillator. 



Annals of Translational Medicine, Vol 12, No 5 October 2024 Page 11 of 30

© AME Publishing Company.   Ann Transl Med 2024;12(5):91 | https://dx.doi.org/10.21037/atm-24-39

SIMR after myocardial revascularization that results in favorable 
LV remodeling is the most important (12,25,59).

Clinical proofs
CABG alone vs. CABG plus RMA in moderate IMR 
with well-defined MR measurement criteria has been 
compared in four recent RCTs (14,22-24). Bouchard  
et al. (22) found that adding a ring did not affect the clinical 
outcome after CABG operation. At 12 months, there were 
no significant changes in echocardiographic measures of 
residual MR (P=0.316), LVESV (P=0.427), or LV function 
(P=0.204). In addition, there was no significant difference 
in improvement between CABG alone and the combined 
strategy as evaluated by the Minnesota quality of life (QOL) 
score and brain natriuretic peptide (BNP) measurements. 

A study sponsored by the National Heart, Lung, and 
Blood Institute’s CTSNet (14) compared CABG alone with 
CABG and RMA in 301 consecutive patients. The patients 
were observed for a maximum of 2 years. Patients receiving 
the combination procedure (RMA group) had substantially 
lower MR recurrence rates at 1 and 2 years compared to 
CABG alone, with no worsening to severe MR in the RMA 
group [31.0% (moderate, 25.9%; severe, 5.2%) vs. 11.2% 
(moderate, 10.4%; severe, 0.8%); P<0.001]. No substantial 
improvement in 2-year mortality was observed in patients 
who received the combination of CABG and RMA over 
those who received CABG alone (survival, 10% vs. 10.6%; 
HR in the combined group, 0.90; 95% CI: 0.45 to 1.83; 
P=0.78). NYHA functional class, LV ejection fraction, 
survival, and major adverse cardiac and cerebrovascular 
events at 2 years were also similar between the two groups. 
The researchers found that patients in the RMA group had 
a prolonged hospital stay after the operation, a high number 
of postoperative supraventricular arrhythmias during the  
first year (24 vs. 11 events, P=0.04), and an increased 
occurrence of postoperative neurological events (14 vs. 4 
events, P=0.02), which comprised metabolic encephalopathy, 
convulsions, transient ischemic attacks, and stroke (14).

Long-term follow-up results from the randomised trials 
POINT and RIME have demonstrated the benefits of RMA 
at the time of CABG in preventing further progression of 
SIMR, mitral re-intervention, and LV remodelling. Untreated 
SIMR was associated with a significantly higher NYHA class 
and rehospitalization. However, both POINT and RIME 
investigators reported that the association of RMA with CABG 
did not result in superior rates of improved death (24,59). 

The RIME trial (23) enrolled 73 patients with moderate 
IMR, of whom 39 were assigned to CABG alone and 

34 to CABG plus RMA. Over a median follow-up of 
12 months, subjects who underwent the combination 
procedure had a 28% decline in LVESV index (LVESVI) 
from baseline (78.4±26.5 vs. 56.2±14.9 mL; mean baseline  
−22.2±25.6 mL, and 71.8±16.1 vs. 67.4 ± 20.1 mL; mean 
baseline −4.4±17.4 mL).

In the POINT RCT (24), 102 patients randomized to 
CABG alone or CABG plus RMA were evaluated for the 
effect of surgery on long-term outcomes. At 15-year follow-
up (mean follow-up 160.4±45.5 months), the 48 patients 
who underwent combined RMA plus CABG showed a 
significant reduction in LVEDD compared with those 
who underwent CABG alone (54.7±6.9 vs. 51.6±6 mm; 
P=0.03) for the treatment of moderate MR. At 15 years, 
the probability of survival was 72% in the CABG-alone 
group and 80% in the CABG plus RMA group (P=0.18). 
CABG plus RMA also resulted in greater freedom from 
at least moderate IMR or reintervention at final follow-up 
(P<0.001). CABG with RMA also resulted in a lower NYHA 
class (P<0.001) and a lower readmission rate (P=0.002) (24). 

Two meta-analyses combined results from RCTs, and 
large OS have evaluated the use of RMA plus CABG 
vs. CABG alone (22,60). Significant advantages in the 
prevention of MR relapse with RMA were observed in all 
studies with a mean follow-up of more than one year. A 
meta-analysis pooled nine retrospective studies, involving 
a total of 2,479 patients with moderate IMR (grades 2.2 
to 3.9) undergoing CABG (n=1,515) or CABG plus mitral 
valve surgery (n=964). The study found no significant 
difference in long-term survival rates between patients 
who underwent RMA and those who received CABG 
alone (risk ratio =1.02; 95% CI: 0.90 to 1.14; P=0.73). 
However, patients who underwent RMA had a greater 
reduction in MR grade than those who underwent CABG 
alone [standardized mean difference (SMD) =−0.9; 95% 
CI: −1.250 to −0.559; P<0.0001]. There was no statistically 
significant improvement in NYHA class (SMD =−0.26; 95% 
CI: −0.766 to −0.24; P=0.30) (60). 

The unique pooled meta-analysis of four RCTs and 15 
OS with clinical and echocardiographic endpoints evaluated 
patients with moderate-to-severe IMR who underwent 
CABG alone vs. CABG combined with mitral valve surgery 
[18 RMA and five mitral valve surgery (MVS)] (61). CABG/
MVS was not associated with increased perioperative 
mortality [RCT, relative risk (RR) =0.89, 95% CI: 0.26–3.02; 
OS, RR =1.40, 95% CI: 0.88–2.23] but was associated with 
fewer cardiac events (MI, HF, ischemic stroke) in restrictive 
annuloplasty (RA) (RR =0.49; 95% CI: 0.28–0.87; P=0.014). 
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Patients who underwent combined CABG and MV surgery 
had a significantly lower incidence of moderate-to-severe 
MR at follow-up (RCTs, RR =0.16, 95% CI: 0.04–0.75; 
OS, RR =0.20, 95% CI: 0.09–0.48). Late mortality was 
similar between surgical approaches in RCTs (HR =1.20; 
95% CI: 0.57–2.53) and OS (RR =0.99; 95% CI: 0.81–
1.21). Echocardiographic findings were not substantially  
affected (61).

Limitation
It is worth noting that while there is no conclusive evidence 
to suggest MV surgery alters the natural course of dilated 
ischemic cardiomyopathy or improves survival rates, the 
use of RMA during MV surgery may result in severe 
complications due to increased posterior leaflet tethering 
(34,62). Following evidence of increasingly severe leaflet 
tethering due to anterior displacement of the posterior 
leaflet and ongoing adverse global and localised LV 
remodelling, concerns have been raised about the risk of 
re-escalation of MR associated with overcorrected RMA 
repair (15,63-65). This result is most likely the anatomical 
basis for the proven limited benefit of long-term surgical 
management in patients with restrictive MV repair 
(10,15,29,42,49-54,63-68), although such a procedure in 
combination with CABG in a patient with moderate IMR 
is still widely used in the surgical community (22,59). The 

majority of scientific literature relies on pairwise meta-
analysis (26,29,39,60), and the absence of network meta-
analysis is the primary obstacle to definitively assessing 
differences between groups (Figure 5).

Subvalvular procedures 

General knowledge and indications
In order to restore the function and configuration of the 
subvalvular apparatus, subvalvular procedures are often 
used in addition to annuloplasty (Figures 6,7). The primary 
impact of SVR is to relieve the tethering forces applied 
to both leaflets of the MV due to lateral and posterior 
displacement of the PMs. In contrast to RMA, which may 
have an indirect effect on restoring LV geometry through 
conducive reverse remodelling, SVR provides a direct effect 
on improving LV geometry. There are several surgical 
procedures for dealing with the subvalvular apparatus, based 
on specific principles. Each approach should be chosen 
according to the direction of MV tethering (apical, lateral 
or posterior). Three techniques with possible variants are 
reviewed here: the PM approximation, the PM relocation, 
and the ring + string procedure (7,8,69,70) (Figure 6B,6C).

Procedural use in clinical practice
The ability to restore the correct spatial configuration of 
the left ventricle, which has been impaired by the vectorial 
displacement of the PMs (Figure 6B,6C), is the principle 
that underpins the three main surgical approaches to 
PM management. In fact, three main dimensions, the 
anteroposterior diameter of the annulus, the tenting area 
and the IPMD, are affected by IMR as a disorder that 
causes changes in the spatial configuration of the MV. The 
aim of performing SVR in conjunction with RMA is not 
only to ensure direct improvement of the IPMD, but also to 
monitor for overcorrection of the annuloplasty to prevent 
the complication of mitral valve stenosis (16,71,72). The 
importance of the movement of the PMs in three directions 
(apical, lateral and posterior) has been widely recognised by 
the community of cardiologists and cardiac surgeons, with 
the result that it guides both the indication for surgery and 
the choice of treatment (16,73,74). As suggested by Bothe 
et al. (17), posterolateral PM displacement is the prevailing 
pathology leading to apical leaflet tethering in SIMR.

PM approximation 
Procedural use in clinical practice
As originally reported by Hvass et al. (8), the rapprochement 
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PM tip relocation
• Chordal cutting
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LV Restoration
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Figure 6 This demonstrates the use of valvular and subvalvular 
repair to correct the geometric alteration of the MV apparatus. 
PM relocation at the subvalvular stage can achieve this by 
fixing the PM to the posterior and/or anterior trigone, and 
cutting secondary chordae at the valvular stage to reduce 
tension on the AL (A). The distance between the PMs (B) can 
be reduced with PM approximation. Subvalvular repair is an 
effective method for restoring correct ventricular geometry 
(C). PM, papillary muscle; LV, left ventricle; MV, mitral valve; 
AL, anterior leaflet. 
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Figure 7 This shows different surgical techniques for managing the subvalvular apparatus. The anatomy of the papillary muscles and 
corresponding surgical techniques are shown. Type I is a single uniform unit, while type II has a groove with two apexes (blue arrow). 
Type III has fenestrations with muscular bridges; type IV has complete separation in two adjacent heads; and type V has complete 
separation with two distant heads (red arrow). The procedure for PMA involves using a Goretex 4-0 stitch for type 1 and 2 (A), and a 
Goretex 4-0 prosthetic for type 3–5, resulting in the sling of PM (B,D). (C) PM relocation is achieved using a Goretex 4-0 stitch (red 
arrow and green arrow). The APM (green arrow) and PPM (red arrow) are fixed to the trigone. The white arrows indicate the sutures 
outside the two trigones. To prevent the Seagull sign in PMs type 2–5, two sutures were used to fix both tips of PMPM to the posterior 
trigone. A, anterior leaflet; C, commissure; P, posterior leaflet; PMA, papillary muscle approximation; PM, papillary muscle; APM, 
anterolateral papillary muscle; PPM, posterior papillary muscle; PMPM, papillary muscle position monitoring. 

of the PM was carried out by means of a 4 mm Goretex 
prosthesis. The PMs were fully approximated by guiding 
the prosthesis through the ventricular trabeculae. The effect 
of the increased chamber size of the left ventricle on the 
overcorrection of the PMs and the different morphology of 
the PM, which can have a profound effect on the surgical 
procedure, are not considered in the authors’ description of 
the technique. Instead, two key aspects were highlighted: 
the anatomical relevance of the PMs and the degree of 
approximation based on the type of tethering and the extent 
of ventricular enlargement. Taking into account the different 
anatomy of the PM, Rama et al. (70) simplified the technique. 
They first applied a single suture using a pledgeted piece of 
autologous pericardium (Figure 7A) as an optimal alternative 
to the 4 mm Goretex prosthesis (Figure 7D).

Our group performed SVR using 4-0 Goretex suture 
with pledget in cases classified as PM I, II and III and 
4-0 Goretex prosthesis for types IV and V (10,42). In 
patients with transmural anterior LV wall scar, Wakasa 
et al. reported complete side-by-side PMA through an 

anterior LV incision. SVR and reconstruction of the LV 
wall was accompanied by annuloplasty of the MV (75)  
(Figures 6B,6C,7A,7B,7D).
Clinical proofs
The PMA RCT included 96 patients with moderate to 
severe MR and evaluated the effect of PMA on long-
term outcomes (10,42). The 48 patients treated with a 
combination of SVR and RMA did not have a markedly 
better 5-year survival rate than those (n=48) whose IMR 
was treated with RMA alone (22.9% vs. 29.2%; HR =0.76; 
95% CI: 0.35 to 1.68, P=0.502). At 2 years (RMA 13.2% vs. 
PMA 15.0%), there was no statistically significant difference 
between the two groups in terms of moderate to severe MR 
recurrence. The data shows a slightly higher percentage 
of surviving patients with relapsed severe MR in the RMA 
group compared to the PMA group at the 5-year follow-
up (23.5% vs. 10.8%, P=0.153). These results demonstrate 
the effectiveness of RMA plus PMA in improving patient 
outcomes and suggest that it may be a preferable treatment 
option. Additionally, patients who underwent RMA in 
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addition to SVR had a lower rate of hospital readmission for 
HF compared to those who underwent RMA alone at the 
5-year post-operative follow-up (23.8% vs. 38%, P=0.136). 
However, research is needed to confirm these findings. 
The effect of the combined procedure on the proportion 
of patients with a higher number of events for MACCE 
at both the valvular and subvalvular levels was surprising. 
Over 5 years, MACCE in the last year was considerably 
attenuated in the PMA group (HR =0.10; 95% CI: 0.02 to 
0.49; P=0.004) (10,42).

Ninety patients with SIMR were studied in another 
report by Wakasa et al. (75). Thirty patients underwent 
isolated RMA, while 60 patients underwent combined SVR 
without (n=26) or with (n=34) left ventriculoplasty. The 
linearised mortality rate including all-cause mortality and 
cardiac-related mortality was similar (P=0.61 and P=0.92) 
in patients with two-stage valvular and SVR vs. single stage 
valvular repair during a median follow-up of 3.4 years. In  
26 patients ,  SVR without LV reconstruction was 
undertaken. This surgical approach appears to have a 
lower risk of grade ≥2 + MR relapse when compared to 
SVR combined with left ventriculoplasty or a single RMA 
procedure (P=0.09).

Roshanali et al. (18) compared two-stage MV repair with 
isolated RMA in 100 consecutive patients [74% ischaemic 
dilated cardiomyopathy (DCM) and 26 non-ischaemic 
DCM]. They were followed for a mean of 40.8 months. 
There appears to be a trend towards a lower relapse rate 
of 3+ to 4+ MR in patients who underwent two-stage 
MV repair with SVR/PMs compared to isolated RMA in 
both ischemic and non-ischemic dilated cardiomyopathy 
(PMA 3.4% vs. RMA ischaemic DMC 8% vs. RMA non-
ischaemic DMC 11%, P=0.428). NYHA functional class 
at final follow-up was 1.57%±0.62% in the RMA group 
and 1.45%±0.57% in the combination group; there was no 
significant difference in NYHA functional class between 
baseline and final follow-up (P>0.05). 

Pausch et al. (76) confirmed improved results with 
the use of SVR in patients with non-ischemic dilated 
cardiomyopathy. Relocating both PM in a standardized 
manner to correct SMR resulted in satisfactory in-
hospital and 1-year outcomes for both SIMR-induced 
cardiomyopathy and NI-SMR. Patients with dilated 
cardiomyopathy showed a similar improvement in 
symptoms of HF and in LV remodelling compared to 
patients with SIMR.

A recent publication from Osaka Rosai Hospital (13)  
highlights the key relevance of IPMD (Figures 6B,6C,7A,7B,7D). 

The authors demonstrated the relationship between LV 
function, severity of MR and leaflet tethering measures 
after RMA. A study was conducted on 44 patients who 
received a stand-alone primary operation with the use of 
RMA between 2004 and 2015. LV function, anterior and 
posterior PM tethering distance, AL angle and IPMD 
were found to significantly decrease in 33 patients during 
a median follow-up of 66 months. The study found that a 
reduction in IPMD (from 31±6 to 25±5 mm) and posterior 
PM tethering (from 37±4 to 32±4 mm) was independently 
associated with a reduced risk of MR relapse (parameter 
estimate of 0.299 with a standard error of 0.110; P=0.013 
and parameter estimate of −0.104 with a standard error of 
0.045; P=0.035). Furthermore, the variation in IPMD was 
assessed independently of the difference in LV end-systolic 
dimension (parameter estimate of 0.299 with standard 
error of 0.110; P=0.013), leading to greater improvement 
in IPMD which is linked to more conducive reverse 
remodelling (13). 
Limitation
The controversy surrounding the use of the two-stage 
MV repair, consisting of the PMA and RMA procedures, 
are warranted when the outcomes are examined in 
detail. Indeed, at 5-year follow-up, we observed a rate of 
rehospitalization for HF of 23.8% and a rate of moderate 
to severe MR of 27% [preoperative effective regurgitant 
orifice area (EROA) 41.0±5.3 mm2 vs. a postoperative 
EROA 41.1±1.1 mm2]. Part of the explanation for this 
negative finding is that the clinical usefulness of adding PM 
approximation has multiple factors. Two-stage MV repair 
surgery, including SVR procedure, is recommended to 
address adverse LV remodelling in patients with a dilated 
left ventricle, extensive scar tissue formation, dyskinesia, 
or basal aneurysm. However, there are currently no 
prospective studies on the use of two-stage MV repair to 
demonstrate whether adding SVR results in improvements 
in LV remodelling. Postoperative tethering was not found 
in patients with LV lateral wall dysfunction, persistent LV 
dyskinesis, and severe alteration of LV sphericity, as well 
as predominant lateral displacement of both leaflets due to 
symmetric tethering (10,42,51,66). 

Surgery may not directly improve prognosis in patients 
who have undergone a two-stage MV repair with RMA and 
SVR and have severe and proportionate MV regurgitation, 
characterized by a severely enlarged LV chamber and 
moderate MV regurgitation. Ischemic cardiomyopathy is 
the leading disease in 23.8% of patients, often irrespective 
of the severity of MR. At the 5-year follow-up, there was 
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adverse global and localized LV reverse remodeling. The 
LVEDD was 62.7±3.4 mm compared to 63.5±2.4 mm at 
baseline, with a mean change of −6.4±0.49 mm. The EROA 
was 41.0±5.3 mm2 compared to 41.1±1.11 mm2 at baseline, 
with a mean change of −6.4±0.49 mm2. The results were 
consistent with adverse global and localized LV reverse 
remodeling (5,6,10,42,77). Lastly, 2 women (5%) who 
underwent combined surgery with two-stage MV repair 
required further surgical intervention between 30 days and 
5 years, although there was some improvement in adverse 
LV reverse remodelling (mean compared with baseline 
−6.5±0.7 mm at 5 years). The mortality rate was higher for 
women with SIMR who underwent two-stage MV repair 
with combined SVR procedure compared to men, despite 
no significant differences in the degree of reverse LV 
remodeling between the sexes. This finding is consistent 
with the analysis of female participants in the CTSNet 
RCT (10,42,77). 

PM relocation 
Procedural use in clinical practice
In 2000, Liel-Cohen conducted an initial experiment (78). 
Kron et al. (7) were the first to describe the widespread use of 
posteromedial PM relocation in 18 patients with transmural 
infarction of the inferior wall and moderate to severe SIMR. 
Since then, the relocation of the PM has been used in clinical 
routine. The procedure requires suturing the fibrous portion 
of the posterior PM tip twice using 3-0 Prolene suture. To 
bring the posteromedial PM tip closer to the annulus, bring 
the suture down to the mitral annulus just posterior to the 
right fibrous trigone. Identify the final position of the tip of 
the posterior PM by locating the point at which the leaflets 
coaptation in the plane of the mitral annulus. 

Pausch et al. (11) recently employed an innovative 
approach to posteromedial PM relocation consisting of 
the following key stages: (I) both PM are realigned apico-
laterally in a standardized manner; (II) their sutures are fixed 
on the posterior side of the annuloplasty ring; and (III) the 
procedure is systematically applied in a three-dimensional 
endoscopic mini-thoracotomy setting (Figures 6A,7C).
Clinical proofs
The landmark trials showed no short-term mortality at  
2 months and no need for reintervention with the 
subvalvular PM relocation procedure (11,28). In a study of 
110 patients with over 48 months of follow-up, there was 
no difference in the overall 5-year freedom from cardiac-
related death between the PM relocation arm and the 
isolated RMA arm (90.9%±1.8% and 89%±1.6% (P=0.82). 

Compared to RMA, SVR has a higher 5-year freedom from 
cardiac-related events rate (83%±2.1% vs. 65.4%±1.2%, 
P<0.001).

A total of 101 patients were studied in a single RCT. 
It compared two-stage MV repair using combined PM 
relocation and RMA with isolated RMA procedure. During 
a maximum follow-up period of one year, the 51 patients 
who underwent a two-stage mitral valve repair with PM 
relocation procedure achieved a significantly better 1-year 
survival rate than those whose IMR was treated with single-
stage MV repair including isolated RMA (0% vs. 1.0%, 
P=0.025). Additionally, they showed a significant trend 
towards better event-free MR recurrence (98% vs. 86.7%, 
P=0.045) (11). 

There are few candidates with a postero-basal myocardial 
infarction and asymmetric tethering who are unable to 
undergo a two-stage MV repair with relocation of the 
PM. The technique has a reduced incidence of severe 
complications and effectively preserves the normal three-
dimensional relationship between the posterior medial PM 
tip, leaflets, and the annulus. To reduce mitral valve tenting, 
it is important to relocate both tips of the posterior PM, as 
suggested by Kron et al. and Fattouch et al. (7,28). Although 
it is possible to relocate one head of the anterolateral PM, 
it is important to consider the anatomical features of the 
posteromedial PM and the different anatomy related to 
types III, IV, and V. Therefore, it is crucial to relocate both 
heads of the papillary muscle position monitoring (PMPM). 
The chordae responsible for determining the seagull sign 
and the tenting are derived from the anterior head of the 
PM and are destined for the AL, whereas the chordae for 
the P2 and P3 scallops are derived from the posterior head 
of the PMPM, as shown in Figures 6A,7C. The results of 
the REFORM-MR (Reform-Mitral Regurgitation) registry 
are promising for establishing a standard approach to two-
stage valve and subvalve repair. In a multicentre setting, 
this study defined the outcomes of treating SIMR with 
combined PM relocation and ring annuloplasty. It aims to 
enhance comprehension of the limitations of subannular 
repair procedures in treating patients with type III  
SIMR (79). 
Limitation
There have been extensive studies of the biomechanical 
profile of SVR and the use of PM approximation 
or relocation has been shown to have no additional 
perioperative risk. However, PM relocation may have 
potential adverse biomechanical effects, unlike PM 
approximation. The previous statement does not address 
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the fact that the PM can move in multiple directions, 
causing increased tension in the posterior tri-gone and PM  
(19,50-54,80-86). Watanabe et al. (81) demonstrated that 
relocating the PM may restrict the mitral valve if it is 
directed only towards the posterior leaflet, causing a tilting 
effect on the posterior annulus and increasing its posterior 
tethering. In the largest series by Fattouch et al. and 
Pausch et al., it was found that PM relocation was effective 
only when combined with a non-restrictive annuloplasty 
(11,28,76,79).

Ring plus string procedure
Procedural use in clinical practice
The ring and string procedure, which has been adopted in 
mitral valve surgery since the 2009 by Langer et al. (69), 
consists of the use of an RMA ring (RING) combined with 
papillary muscle repositioning (STRING). The concerns 
about the extent of occurrence of recurrent MR due to 
LV remodelling, for which TH is one of the more easily 
determined quantitative parameters, have been alleviated by 
the evidence of TH exceeding 10 mm. In these conditions, 
nearly all patients experience a recurrence of MR in the 
context of an unsuccessful reverse remodelling. It has been 
suggested that complementing RMA with PM repositioning 
may offer potential benefits for patients with secondary 
MR greater than grade 3 and TH greater than 10 mm 
(29,50,51,66,68).

An undersized ring, 1–2 sizes smaller than the 
intertrigonal distance, is used in RMA. The procedure 
begins with a  horizontal  aortotomy,  fol lowed by 
passing a double-armed Teflon pledgeted 4-0 expanded 
polytetrafluoroethylene (e-PTFE-Goretex) suture 
(STRING) through the head of the PM. Next, the suture 
is threaded from the LV cavity through the aorto-mitral 
continuity below the commissure between the noncoronary 
and left coronary aortic cusps and then exteriorised.
Clinical proofs
For patients with SIMR caused by uneven tethering and 
local LV remodeling (infero-basal scar tissue formation), 
a single string for the PMPM is sufficient. However, 
for patients with nonischemic cardiomyopathy or IMR 
characterized by global LV remodeling, it is more 
appropriate to use two strings, one for each PM (69). 
Limitation
The main problem with these procedures is that the 
mitral subvalvular apparatus is not fully exposed with the 
transverse aortotomy, which can be a limiting factor. For 
type IV or V anatomy, the procedure aims to correct both 

tips of the posteromedial PM. It is recommended to add 
a second stitch in this case to prevent the occurrence of a 
Segul sign by fixing the PMPM (19,28). Although Langer 
et al. have published results indicating that this technique 
is useful and safe, it is important to note that this type 
of approach may not be representative for a large series 
of controlled patients with long-term follow-up. While 
Langer et al. have reported positive results regarding the 
efficacy and safety of this technique, it is important to note 
that these findings may not be representative of a larger, 
controlled group of patients followed over time (69).

Mitral valve leaflet repair procedures

Edge-to-edge repair

General knowledge and indications
Alfieri et al. outlined the rationale for the surgical procedure 
of edge-to-edge leaflet coaptation. They demonstrated that 
creating a double-orifice mitral valve immediately reduces 
the degree of MR (87). The advantage of the edge-to-
edge procedure in combination with RMA is that it allows 
the MV to be targeted directly at the level of the jet of 
regurgitant flow. The durability of the mitral valve repair 
can be enhanced and recurrent MR can be avoided by 
suturing the edges of the mitral valve leaflets close together 
in the area of the regurgitant flow. The Alfieri procedure 
improves results by ensuring early closure of the MV. This 
is likely to be achieved by decreasing the closing forces to 
lower systolic tension (88). During systole, the subvalvular 
apparatus usually applies vertical tension to avoid leaflet 
prolapse, which is disturbed by the remodeling of the LV. 
Thus, the chordae tendineae, the PMs and the adjacent LV 
wall could be subjected to upward stress when the leaflets 
are anchored together. This action has the potential to 
reverse the course of adverse LV remodelling (19,82,83). 
For patients with MR caused by ventricular disease, 
whether non-ischemic or ischaemic remodelling, the edge-
to-edge technique is appropriate. The procedure is valid for 
either disease, considering the degree of coaptation depth 
or TH, as there are pathophysiological analogies between 
the conformational spatial changes in the two phenotypes. 
The Alfieri procedure’s best results are achieved through 
careful patient choice. Therefore, when dealing with the 
mitral valve, the assessment of the gap between the annular 
plane of the MV and the point of leaflet coaptation needs 
to be taken into account. As a matter of fact, this parameter 
reflects the extent of mitral leaflet tethering, independent 
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of LV function and tethering shape (15,64,65,89,90). For 
patients with TH >10 mm, some recommend using edge-
to-edge surgery in addition to RMA (50,51,66,67).

Procedural use in clinical practice
Before undergoing the edge-to-edge operation, patients 
should have a transthoracic echocardiogram to determine 
the degree and mechanism of MR and to select the location 
of the approximating suture. Symmetric tethering is 
identified by a central jet located between the A2 and P2 
scallops of the mitral valve, which can be treated with a 
central edge-to-edge procedure that results in a double-
orifice MV shape. In cases of IMR where the regurgitant 
flow is positioned at the posterior commissure, a 
commissural edge-to-edge suture is used to produce a single 
hole MV with a proportionally lower surface area. The 
length of the suture is always limited to the shortest possible 
length to reduce the risk of postoperative MV stenosis: 
between a few millimetres and 1 cm in most patients. An 
implanted prosthetic ring, which is typically 1 or 2 sizes 
smaller than the AL surface (87,91-93), must be complete 
and either rigid or semi-rigid.

Clinical proofs
Almost 15 years ago, a pioneering study from the San 
Raffaele University Hospital demonstrated the survival 
advantage of performing concomitant RMA with edge-to-
edge suturing over isolated RMA (94). The better long-
term freedom from MR relapse with the edge-to-edge 
suture is most likely due to its superiority. While some 
studies have reported poor outcomes with the use of the 
Alfieri technique, the focus of these reports has been on 
the edge-to-edge procedure in the absence of simultaneous 
RMA. The pioneer series assessed the impact of MV repair 
on 77 patients with moderate to severe functional MR, 
either idiopathic (n=26) or ischemic (n=51), with a follow-
up duration of at least 18.4 months. In 54 patients (TH 
>10 mm), RMA was used in combination with the edge-to-
edge procedure, while 23 patients (TH <10 mm) received 
isolated RMA. At 2.7 years, survival was markedly better 
(91.4%±4.1% vs. 89.2%±7.2%, P=0.9) in the 54 patients 
who underwent associated edge-to-edge conservative MR 
repair compared to those who underwent stand-alone 
RMA. For patients with MR relapse ≥3+/4+, the rate of 
patients receiving a simultaneous edge-to-edge repair was 
3.7%, while the rate of patients undergoing an individual 
RMA was 21.7% (P=0.03). Freedom from repair failure 
was 95%±3.4% and 77%±12.1%, respectively (P=0.04). In 

the two groups, LV end-diastolic dimensions were reduced 
(67 to 58 mm after RMA and 68 to 62 mm after RMA with 
edge-to-edge procedure) and NYHA functional class was 
enhanced after repair. In patients receiving simultaneous 
RMA and edge-to-edge repair, the use of larger rings was 
noted in order to avoid stenosis at the time of edge-to-edge 
suturing (94).

Fifty-four patients with moderate to severe functional 
MR due to non-ischemic idiopathic dilated cardiomyopathy 
were evaluated in another study. The edge-to-edge technique 
was used, but despite favoring reverse LV remodeling, it 
was not associated with a reduced risk of death at a median 
follow-up of 4.2 years [77.7%±9.9% associated edge-to-edge 
technique to RMA and 87.7%±5.8% isolated RMA (P=0.5)]. 
The univariate HR was 2.3; 95% CI: 0.9 to 6.1; P=0.01; 
multivariate HR was 1.8; 95% CI: 0.6 to 4.8; P=0.2) (95).

Limitation
Follow-up studies using echocardiography have shown 
that the edge-to-edge procedure can result in a significant 
decrease in MV area, which can cause clinically important 
mitral valve stenosis. This approach has been applied 
in patients with a ring size >36 mm and a TH >10 mm. 
Anterior commissure measurements were taken using an 
18 mm Hegar probe, while posterior measurements used a 
17 mm probe (92,93). Careful selection of the annuloplasty 
ring size, downsizing by one measure, is imperative to 
avoid significant MV stenosis (87,93-95). In cases of 
severe dilation of the left ventricle (LVEDD >65 mm) 
characterised by highly progressive LV remodelling, we did 
not use the edge-to-edge approach (66).

AL enlargement and cutting secondary chordae procedure

General knowledge and indications
AL augmentation was first introduced in the French 
correction to alleviate restricted systolic and diastolic leaflet 
motion in patients with rheumatic mitral valve disease 
(Carpentier type IIIa) (3). Since then, its use has been 
extended to address the leaflet coaptation defect caused by 
the tethering of the posterior PM (96-98). To enlarge the 
AL, either an autologous or bovine pericardial patch can be 
used. The autologous pericardial patch is typically treated 
with glutaraldehyde fixation prior to implantation.

Procedural use in clinical practice
Autologous pericardial patches have been used to treat 
Carpentier type IIIa and IIIb mitral valve pathology. This 
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treatment has been proven effective and safe, allowing 
patients to lead an excellent lifestyle without the need 
for long-term anticoagulant treatment (98-101). A total 
of 90 patients (70 females, 20 males) were recorded, in 
which the use of anterior mitral leaflet augmentation 
with autologous pericardium fixed with glutaraldehyde 
was adjusted according to the aetiology of the patients. In  
71 cases (78.9%), the dysfunction was isolated MR, and 
in 19 cases (21.1%), the dysfunction was combined with 
stenosis. Our experience has shown that even with an 
undersized annuloplasty, without augmentation of the 
AL, MR may still persist or recur due to the degree of 
tissue retraction that impedes leaflet coaptation (98-101). 
The size of the AL was assessed with the ring sizer. If the 
degree of leaflet retraction did not warrant reduction of 
the annuloplasty ring by two sizes (i.e., risk of stenosis), the 
AL augmentation technique was selected (48). All sutures 
for prosthetic ring annuloplasty (using 2-0 Ethibond from 
Ethicon Inc., Piscataway, NJ, USA) are placed prior to 
AL augmentation to minimise the risk of injury to the 
pericardial patch. RMA was undertaken with a flexible ring 
in 65 cases, a rigid ring in 16 cases, and 9 patients were 
managed without annuloplasty (98-102).

AL augmentation is a reproducible procedure that can 
be performed on both the AL (Carpentier types IIIa and 
IIIb) and commissural areas (Carpentier type IIIa). In order 
to mitigate the impact of leaflet tethering resulting from 
displacement of the PMs, the procedure may be combined 
with cutting of the secondary chordae (96,98,99,102). AL 
augmentation is useful when TH does not rise above 8 mm 
and when the LV chambers are not very dilated (LVESD 
<50 mm and LVEDD <60 mm). In these cases, favourable 
ventricular remodelling has been achieved by optimal 
CABG surgery. If ongoing tethering is likely, the procedure 
should not be performed (48,51,66).

Chordal cutting is a surgical technique that has been 
advocated to reduce leaflet tethering and MR in patients 
with ischaemic involvement of the mitral valve (96-101). 
Studies have shown that chordal cutting, when combined 
with RMA, can be beneficial for patients with chronic 
secondary MR caused by apical displacement and resulting 
in increased leaflet tethering. The procedure, which may 
also be performed via aortotomy (102), was aimed at 
achieving central coaptation during systole (96,98,99,102) 
(Figure 6A).

Borger et al. (102) found an echocardiographic and 
clinical superiority in patients who underwent chordal-
cutting mitral valve repair (n=43) compared to those who 

underwent the use of a standard restrictive mitral valve 
repair. The authors observed a higher rate of tent area 
reduction in patients who underwent the chordal cutting 
procedure than in those who were treated with isolated 
RMA (53%±3% vs. 41%±3%; P=0.01). There was certainly 
greater AL mobility in the chordal cutting group which 
resulted in a narrowing of the gap between the free edge 
of the anterior mitral leaflet and the posterior LV wall 
(24%±3% vs. 11.4%; P=0.01). During the 2-year follow-up 
period, RMA alone had a higher incidence of relapsed MR, 
as shown by both univariate (37% vs. 15%; P=0.03) and 
multivariate Cox regression analysis (P=0.03). Furthermore, 
the use of chordal cutting did not have a negative impact 
on postoperative left ventricular ejection fraction (10%±5% 
relative increase in left ventricular ejection fraction vs. 
11%±6% in the control group; P=0.9). For patients 
who exhibit a highly enlarged LV cavity, chordal cutting 
combined with AL enlargement is recommended (96).

Transcatheter edge-to-edge mitral valve repair

Studies have proven the safety and efficacy of transcatheter 
edge-to-edge repair (TEER) in patients with symptomatic 
moderate-to-severe secondary MR (5,6). This type of device 
implantation is based on percutaneous access and the use of 
the edge-to-edge technique (87,91-95) with the application 
of 2/3 metal clips (i.e., MitraClip procedure, Abbott 
Vascular, Santa Clara, CA, USA) (5,6). Thus, TEER, used 
in combination with the MitraClip system, has become 
an accepted minimally invasive procedure and offers an 
additional option for MV repair in SMR. For patients with 
significant MR who are not eligible for standard surgical 
intervention, heart teams may consider TEER based on the 
results of two randomized controlled trials (COAPT and 
MITRA-FR) (5,6). These trials evaluated the safety and 
effectiveness of TEER in patients with symptomatic HF 
and severe persistent MR despite best medical treatment 
(BMT) alone. The COAPT RCT findings showed that the 
device was safe and effective in lowering secondary MR over 
a 5-year follow-up period (5). However, results from the 
MITRA-FR trial (6) indicated that using MitraClip did not 
have a beneficial effect on the primary endpoint of all-cause 
mortality or HF hospitalisation at 12 months and 2 years 
when compared to using guideline-directed medical therapy 
(GDMT) only. According to the COAPT study (5), the use 
of MitraClip significantly reduced hospitalizations in HF 
patients requiring rehospitalization. The study also showed 
effectiveness for several secondary endpoints, including 
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2-year mortality from all causes. 
Conflicting results from two RCT have sparked a 

heated debate. The discrepancies may in part be due to 
different study designs, resulting in heterogeneous patient 
populations. In addition, researchers have identified the 
effect size of the trials, the echocardiographic assessment of 
the severity of MR, and the use of optimised medical therapy 
as important points of discussion. In COAPT, patients 
had more severe secondary MR EROA of 41±15 mm2  
compared to 31±10 mm2) and less LV enlargement (mean 
indexed end-diastolic volume of LV 101±34 mL/m2  
compared to 135±35 mL/m2) than patients enrolled in 
MITRA-FR. The disproportionate severity of SMR in 
relation to LV size in patients in the COAPT trial may 
explain the difference in results. Patients in this trial were 
more likely to benefit from TEER in terms of reduced 
death and hospitalisation for HF (103). Therefore, further 
analysis is needed to understand the differences observed. 
Therefore, caution should be exercised when applying 
TEER to patients classified as intermediate or low risk 
(1,2,104) due to the inconsistency of results.

LVAD: when and how to use it

Previous studies have demonstrated that secondary IMR is 
a severe condition. Patients with deteriorating LV function 
may not respond to medical or conventional mechanical 
interventions, resulting in a poor long-term outcome. Those 
with worse LV remodeling are at risk of developing further 
HF and have an unfavourable pathological profile that can 
lead to further progression of LV dysfunction. For these 
patients, using the TEER procedure may sometimes not be 
the best option, although it has the advantage of avoiding the 
perioperative risks of the standard procedure (5,6). 

In patients with more severely dilated LV cavities, 
the efficacy of the MitraClip compared to GDMT has 
shown inconsistent results in both the MITRA-FR (6) and 
COAPT (5) studies. In these patients, the multidisciplinary 
heart team should consider LVAD implantation as an 
alternative to LVAD therapy. Patients with more severe 
LV dysfunction who fall within the pathophysiological 
condition of proportionate, the multidisciplinary Heart 
Team should consider LVAD implantation as a reasonable 
option. The use of LVAD has improved over the past 
decade, resulting in better survival rates for patients who 
undergo the implant procedure. Technological advances 
in the armamentarium platform that underpins the LVAD 
implant surgery have paralleled these improvements. The 

multidisciplinary approach of the Heart Team has also 
improved patient selection, perioperative management and 
outpatient care.

Patients with severe cardiac HF treated with ventricular 
assist devices had better outcomes than those receiving 
GDMT, as evidenced by significant improvements in 
life expectancy (105,106). After LVAD implantation, 
survival rates of approximately 75% at 1 year have been  
observed (107). In some cases, LVAD surgery combined 
with mitral valve repair is indicated (108). However, because 
MR is minimal during LVAD surgery due to continuous 
aspiration of the device, this concomitant procedure is 
not performed in most centres. During weaning from the 
device, mild to moderate/severe MR may occur. There is a 
risk of thromboembolic events related to anticoagulation, 
bleeding and infection in patients with secondary MR who 
have undergone LVAD implantation. It is recommended to 
consider LVAD implantation before the right ventricular 
function deteriorates (109,110).

Conclusions

There is still no agreed strategy to determine how best 
to manage patients presenting with secondary IMR. 
Medical therapy and guideline-recommended combination 
resynchronisation therapy with device implementation 
remain the first-line treatment for these patients (1,2). 
Patients should be referred to HF referral centres if they 
are not benefiting from optimal medical therapy (1,2).

The care of patients with secondary MR must be 
managed by a multidisciplinary heart team consisting 
of experts in HF, interventional cardiology, arrhythmia 
cardiology, cardiac surgery and HF management. The 
team’s coordinated work aims to guide the patient through 
the best available therapeutic pathway (1,2) (Figure 8). 
For those with advanced disease and a life expectancy of  
<1 year, and for those with severe co-morbidities, referral 
to palliative care should be considered (1,2). The patient’s 
clinical course may be different and not restricted to 
functional mitral regurgitation (FMR) surgery. This 
may require additional interventions such as CABG, 
management of severe tricuspid regurgitation and direct 
mechanical intervention to correct arrhythmias.

Although largely driven by retrospective cohort studies, 
MV repair has long been accepted as the gold standard 
for clinical benefit. A veil of controversy surrounding the 
use of MV repair has been dispelled by the findings of the 
CTSNet RCTs (1,2,4,14), which support MVR in severe 
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Figure 8 This document provides an overview of decision-making for patients who present with mitral regurgitation due to ischemic 
cardiomyopathy and consider favorable echocardiographic values for mitral valve surgery. Data were derived from Nappi et al. (10,19,42,48,51,66). 
†, is related to (51). TTE, transthoracic echocardiography; RHC, right heart catheterization; LV, left ventricle; MRI, magnetic resonance imaging; 
MR, mitral regurgitation; AATS/STS, American Association of Thoracic Surgeon/The Society of Thoracic Surgeons; ACC/AHA, American 
College of Cardiology/American Heart Association; LVESV, left ventricular end systolic volume; BSA, body surface area; CL, coaptation length; 
TA, tenting area; IPMD, interpapillary muscle distance; MV, mitral valve; LVAD, left ventricular assist device. 

MR (4). Contrary to much of the published literature on 
this topic, the findings of this seminar assert that mitral-
valve repair does not necessarily have several advantages 
over replacement. The literature reports lower operative 
mortality, improved LV function, and higher rates of 
long-term survival for mitral-valve repair (32-34,40,56). 
However, patients undergoing mitral-valve replacement 

tend to be older and have more coexisting illnesses than 
those undergoing repair. Therefore, adjustment for 
baseline differences has been critical in nonrandomized 
studies. However, it is important to note that even with 
the most advanced methods, there may still be unknown or 
unmeasured risk factors. It is worth mentioning that some 
studies have found no significant difference in short-term 

Identification

Risk assessment for tricuspid 

regurgitation 

DefinitionPatient’s general cardiologist or 
primary care physician 

TTE +/– RHC + LV
gram or MRI. Severity of 
pulmonary hypertension

Ischemic mitral regurgitation 
symptoms and sign

• Persistent symptoms + severe 
MR 

• Undergoing other cardiac 
surgery

Severe MR

End-stage of heart failure
Satisfy criteria for 

AATS/STS-ACC/AHA valve 
guidelines

Recommended intervention Palliation

Mitral valve surgery

†TTE value LVESV/BSA 65 mL/m2;  
CL 12 mm; TA 26–30 mm2;  

Alfa 2 angle 45; IPMD 20 mm

Favorable anatomy Poor anatomy 

MitraClip

TransplantationLong term mechanical 
circulatory support (durable 

LVAD)

MV repair +/−
subvalvular repair MV replacement

Advanced heart
failure therapies

High surgical/prohibitive risk

Inotropic support AND/OR 
Mechanical circulatory support 

(short-term)

Ischemic etiology 
IIIb leaflet motion

normal leaflet morphology

• Guideline directed medical therapy
• Cardiac resynchronization therapy

• Revascularization

YesNo

Minor Greater
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or long-term survival rates between repair and replacement 
groups (27), but the majority of studies have favored repair. 
Valve replacement with chordal sparing improves results 
compared to previous studies (32-34,40,56). Retaining 
the internal architectural support of the left ventricle 
preserves contractile efficiency and reduces LV dilatation 
and dysfunction (1,31,36). Goldstein et al. (4) found that 
moderate MR recurrence remained a progressive and 
excessive hazard for patients who underwent mitral valve 
repair. During the 2-year follow-up period, a staggering 
58.8% of patients in the repair group experienced moderate 
or severe regurgitation, in stark contrast to the mere 3.8% 
in the replacement group. These findings demonstrate the 
clear superiority of MVR over repair in mitigating the risks 
associated with MR. The lack of durability in correcting 
MR is a significant concern due to the increased risk of 
HF, atrial fibrillation, and the need for repeat interventions 
and hospitalizations (2). Goldstein’s findings (4) indicate 
that patients in the repair group experienced more serious 
adverse events related to HF and were readmitted to 
the hospital for cardiovascular causes. The results of 
the Minnesota Living with Heart Failure Questionnaire 
were consistent with clinical events, and they were not 
inconclusive. The replacement group showed an average 
improvement of 7.9 points from baseline, which exceeded 
the 5-point threshold for clinically significant improvement, 
as reported in the study by Rector et al. (111). However, it 
was not statistically significant (P=0.07).

Likewise,  a  meta-analysis  compared the use of 
subvalvular procedures plus RMA to RMA alone and found 
that adding the double-stage level repair, which includes 
treating the PMS, resulted in a significantly lower frequency 
of MR ≥2 (OR =0.27; 95% CI: 0.19 to 0.38; P=0.0001) (60). 
Two recent pairwise meta-analyses have focused on either 
mortality rates or a range of clinical outcomes following 
surgical intervention for SIMR (29,39). Our meta-analysis 
indicates that MVR is linked to higher early mortality rates 
but lower reoperation and readmission rates compared to 
RMA for moderate-to-severe SIMR. Although isolated 
outcomes comparing valvular and adjunct subvalvular 
procedures do not show significant advantages, the 
inclusion of subvalvular procedures reduces the likelihood 
of significant postoperative adverse events. According 
to Vassileva et al. (39), patients who received MVR had 
a significantly higher likelihood of short-term mortality 
(summary OR =2.667; 95% CI: 1.859–3.817) and long-
term mortality (summary HR =1.352; 95% CI: 1.131–1.618) 
compared to those treated with RMA. 

For the subset of patients at high risk of adverse LV 
remodelling and/or relapse of MR, MV repair is not 
warranted. For patients with minimal LV geometric 
deformation (LVEDD <60 mm; LVESD <55 mm; 
TH between 5 and 8 mm), RMA is advised either 
with or without AL augmentation, provided that full 
revascularisation of the ischaemic myocardium is also 
achieved in case of non-extensive post-infarct scarring. 
The spread of the infarct area into the lateral territories 
supplied by the circumflex artery usually results in more 
extensive scarring, which is responsible for increased apical 
tethering. In such cases, the TH will exceed 8 mm, limiting 
the potential for a successful RMA. A composite procedure 
with two-stage level repair of the valvular (i.e., RMA) and 
subvalvular (i.e., SVR) components of the MV is indicated. 
It is important to note that in addition to the RMA, other 
surgical techniques that may be considered in this setting 
include the edge-to-edge technique and the RING + 
STRING technique. However, these techniques have not 
been widely adopted, resulting in a paucity of long-term 
evidence, although they may potentially improve long-term 
prognosis in terms of freedom from secondary ischaemic 
MR recurrence and reversal of LV remodelling (51,66).

In patients with moderate SIMR, RMA should be used 
in combination with CABG surgery if there is extensive 
post-infarct scarring, especially if SVR is required due to 
accentuated geometric ventricular deformation such as apical 
leaflet tethering (10,25,42,110). For patients with ischemic 
SIMR and a positive LV remodelling, CABG surgery alone is 
advised (14,22,23). Grayburn et al. (103,104) and Bartko et al.  
(20,21) identified and discussed a population of patients 
with proportionate MR who present with a highly dilated 
left ventricle, worse LV function and remodelling, and are 
therefore more challenging to manage. For patients in 
this group who have mainly NI-SMR due to underlying 
cardiomyopathy, it appears that neither the use of transcatheter 
mitral valve therapy nor the use of standard surgical mitral 
valve therapy leads to good outcomes due to a higher tendency 
for cardiomyopathy to progress (5,6,20,21,103,104).

The novel conceptualization of SMR pathology proposed 
by Grayburn et al. (103,104) has renewed attention on 
the ‘MV-LV unit’ and their functional relationships. It 
is important to consider these aspects. They introduced 
the concept of proportionate or disproportionate MR 
in relation to LV size to explain the prognosis of SMR 
and the differing results of the MITRA-FR (6) and 
COAPT (5) studies. In cases of significantly enlarged 
left ventricle, EROA values of approximately 0.2 can be 
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accepted as proportionate and consistent with the degree 
of LV dilatation. This means that the severity of MR is a 
direct result of adverse remodeling and dilation of the left 
ventricle, and such EROA values are expected in these 
cases. In patients with MR severity proportional to the 
degree of LV enlargement, interventions targeting the MV 
are unlikely to be successful as they do not address the 

primary pathology (Figure 9, Tables 4,5). However, strategies 
to improve LV remodeling through medical therapy may 
be more promising, as demonstrated by the MITRA-FR 
trial. On the other hand, a disproportionately high degree 
of MR compared to the degree of LV enlargement suggests 
a repairable deficiency of the MV and may lead to better 
outcomes with primary valve intervention (103,104).

The surgical l iterature on IMR has extensively 
investigated these concepts. Many of the proposed clinical 
reflections are supported by basic studies investigating 
surgical intervention outcomes. Across the literature, several 
geometrical laws have been applied to explain the success or 
failure of RMA (7,11,19,54,58). There has been increased 
interest in subvalvular apparatus surgery, such as PMA 
(11,50) and PM sling (8), as a result of the need for a more 
holistic approach to treating MR that includes both the 
MV and LV with subvalvular apparatus. These procedures 
aim to relieve the geometric stress on the LV and the valve 
tethering caused by an asymmetrically dilated LV.

Considerable effort has been dedicated to determining 
the optimal level of annular restriction required for mitral 
annuloplasty, taking into account the potential risks of 
stenosis, systolic anterior motion (SAM), and recurrent MR 
associated with overcorrection or excessive undersizing 
(10,57). Biomechanically, undersizing the annulus would 
result in forces on the heart’s fibrous skeleton that oppose the 
expected displacement vectors relative to LV dilation in these 
patients. The imbalance of internal forces within the ventricle 
can lead to a recurrence of MR. This is due to a shift towards 
an unstable mechanical equilibrium (54,74,112).

The stress on the mitral valve after surgery can be 
calculated as the difference between the pre-operative and 

Table 4 Relationship between EROA and LVEDV† 

LVEDV 
(mL)

EROA (mm2) EROA/LVEDV

Lower limit Upper limit
Lower limit  

(mean: 1.136)
Upper limit  

(mean: 1.603)

100 115 161 1.15 1.61

200 223 315 1.115 1.575

250 284 400 1.136 1.6

350 400 570 1.143 1.628
†, data are extracted from Grayburn et al. (104). EROA, effective 
regurgitant orifice area; LVEDV; left ventricular end diastolic 
volume.

Table 5 The EROA/LVEDV ratio appears to have a linear 
relationship and allows to classify patients in severe disproportionate 
MR, severe proportionate MR and non-severe MR† 

EROA/LVEDV 
ratio

MR classification Clinical implication

>1.6 Severe, 
disproportionate

Intervention on the mitral 
valve is beneficial

1.1–1.6 Severe, 
proportionate

Intervention on the mitral 
valve is not beneficial

< 1.1 Non-severe Intervention on the mitral 
valve is not indicated

†, data are extracted from Grayburn et al. (104). EROA, effective 
regurgitant orifice area; LVEDV, left ventricular end diastolic 
volume; MR, mitral regurgitation. 

EROA

LVEDV

Figure 9 Schematic representation of EROA/LVEDV ratio. The 
EROA/LVEDV ratio provides a preoperative evaluation of the 
mechanical stress at the level of the mitral annulus. Considering 
data from Grayburn et al. (104), procedural intervention on the 
mitral valve is indicated only when EROA/LVEDV ratio is greater 
than 1.6 in order to mechanically correct the excessive stress on 
the mitral annulus produced by ischemic mitral regurgitation. Left 
ventricular chamber is shown in light blue; mitral regurgitation 
jet is shown in yellow; EROA is shown by the red circle. EROA, 
effective regurgitant orifice area; LVEDV, left ventricular end 
diastolic volume.
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post-operative mitral annulus diameter, divided by the left 
ventricular end-diastolic diameter. This calculation results 
in the mitral annulus stress index (MASI) (19,74,82,85) 
which is an easily measurable clinical indicator of the 
geometrical changes to the MV after annuloplasty (19). 
MASI has been shown to predict the recurrence of MR after 
repair (Figure 10). MASI simplifies the contrast between the 
conflicting geometrical vectors of the undersized annulus 
and the progressively dilating LV. This concept prompted 
the surgical community to address not only the valve but 
also the subvalvular apparatus by reducing the interpapillary 
distance. This was necessary to attenuate the detrimental 
effect of LV dilation and avoid repair failure (7,8,10,19,113).

The MASI index closely resembles and complements 
the concept enunciated by Grayburn et al. (103,104). A 
highly dilated LV indicates lack of coaptation. Since the 
pathology relies on the LV itself, any action on the MV will 
not influence the poor long-term outcomes. Restricting the 
mitral annulus or clipping the leaflets alone cannot restore 
proper valve function without additional intervention to 
reverse LV remodeling. Additionally, the more the mitral 
annulus is restricted in the context of a dilating left ventricle 
(i.e., high MASI index) (19), the greater the mechanical 

stress on the mitral valve-left ventricle unit, which can have 
negative long-term outcomes (51,53,80,82,85).

Braun et al. (114) reported that restrictive annuloplasty 
alone was insufficient to induce LV reverse remodeling 
for LVEDD >65 mm and LVESD >55 mm, necessitating 
subvalvular or ventricular adjunct procedures. These cutoff 
values were also predictors for late mortality, with a 5-year 
survival rate of 80% for LVEDD <65 mm compared to 49% 
for LVEDD >65 mm. A randomized study compared PMA 
to RMA alone for IMR and found a significant reduction in 
LVDD in the PMA group (LVEDD was 56.5±5.7 mm with 
PMA vs. 60.6±4.6 mm with RMA; P<0.001) after 5 years. 
This indicates long-term beneficial LV remodeling when 
subvalvular techniques are used. Kim et al. (115) showed 
that IPMD affects leaflet tethering, mitral tenting volume, 
and IMR severity in patients with LV dysfunction. Roshanali 
et al. (116) found that a preoperative interpapillary distance 
of ≥20 mm reliably predicts late MR after annuloplasty.

Kalra et al. (73) investigated the changes in interpapillary 
muscle dynamics in IMR. Regional myocardial ischemia 
causes the loss of lateral shortening in IPMD, leading to 
tethering of the leaflet edges and impaired systolic closure, 
resulting in MR. Even in small ventricles (103,104), there 

Pre-operative mitral 
annulus diameter

Post-operative mitral 
annulus diameter

MASI =
MADpre − MADpost

LVEDD

LVEDD

Figure 10 Schematic representation of the MASI (19). The MASI provides a postoperative evaluation of the mechanical stress at the level 
of the mitral annulus in patients with ischemic mitral regurgitation undergoing restrictive annuloplasty. A MASI >0.22 was associated with 
cardiac-related mortality, mitral regurgitation recurrence and reoperation. Using an inverse formula, the size of the ring that should be used 
during annuloplasty to minimize risks associated with excessive downsizing can be preoperatively estimated. Left ventricular chamber is 
shown in light blue, annuloplasty ring is shown in cyan. MASI, mitral annulus stress index; MAD, mitral annulus diameter (preoperative/
postoperative); LVEDD, left ventricular end diastolic diameter. 
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was evidence of disproportionate IMR, as Grayburn 
et al. have advocated. Shudo et al. (113) conducted a 
study comparing PM sling with RMA alone, and found 
that the latter was unable to significantly reduce IPMD 
postoperatively, resulting in increased TH. A significant 
correlation was found between the postoperative decrease 
in TH and the postoperative improvement in IPMD as a 
result of PM sling (113).

It appears that the most important predictor of prognosis 
in SIMR is the ability or the residual capacity of the LV 
to positively remodel and IPMD could be considered in 
this context as its surrogate, indicating the entity of such 
remodeling. If SIMR long-term treatment relies on LV 
adaptive abilities, selecting interventions able to modify 
the ventricular environment predisposing and assisting 
positively the LV towards reverse remodeling is paramount. 

This is possible by a careful selection of the patients 
as elegantly demonstrated by Grayburn et al. (103,104) 
and with a “proportionated” action on the valve and/or 
the subvalvular apparatus, considering the MV-LV in its 
entirety. Unfortunately, in the context of percutaneous mitral 
intervention is difficult to establish the degree of annular 
restriction exerted by the mitral clip and its impact on LV 
geometry. However, the lesson learned from interventional 
cardiology adds a clinical reflection on what was simply 
considered as product of geometrical calculations by surgeons 
and can better elucidate the indications and the selection of 
patients and type of intervention to be performed. In this 
context, the use of the MitraClip procedure is recommended 
in patients with disproportionate secondary MR, in which 
severe MR is associated with non-severely dilated LV 
chambers (103,104). However, this proposal does not have 
unanimous consensus and requires further investigation, 
including transcatheter heart valve therapy (117-127).

Treating patients with advanced HF with a continuous-
flow LVAD significantly improves the odds of stroke and 
device failure-free survival at 2 years compared with a 
pulsatile device. Additionally, both devices significantly 
improve quality of life and functional capacity (105). Mitral 
valve repair improves survival and reduces the incidence 
of HF events in patients undergoing continuous-flow 
LVAD (109). Pawale et al. (128) observed that concurrent 
mitral valve repair during LVAD implantation can be safely 
performed without an increase in perioperative adverse 
events. This repair is associated with a better reduction 
in the severity of MR and has the potential benefit of 
reducing readmissions for HF. Although concomitant MV 
surgery during LVAD implantation does not seem to have a 

significant impact on postoperative outcomes, it is important 
to consider patient-specific factors and characteristics 
when making decisions regarding MV surgery. Further 
research is necessary, particularly with prospective studies 
focusing on specific patient populations and newer LVAD 
devices, to provide more robust evidence and guide clinical 
practice in the management of valvular lesions in LVAD 
recipients. While there may be some debate on the impact of 
concomitant mitral valve surgery during LVAD implantation, 
it appears that postoperative outcomes, including early (OR 
=1.17; 95% CI: 0.63 to 2.17; P=0.63) and late survival (OR 
=0.83; 95% CI: 0.53 to 1.29; P=0.40) are not significantly 
affected, it is important to consider individual patient factors 
and characteristics when making the decision to perform 
MV surgery. Further research is necessary, particularly with 
prospective studies focusing on specific patient populations 
and newer LVAD devices, to provide more robust evidence 
and guide clinical practice in the management of valvular 
lesions in LVAD recipients (129).
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