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Secondary mitral regurgitation repair techniques and
outcomes: Subannular repair techniques in secondary
mitral regurgitation type IIIb
Jonas Pausch, MD,a Evaldas Girdauskas, MD,b Lenard Conradi, MD,a and Hermann Reichenspurner, MD, PhDa
Standardized relocation of both papillary muscles
using 2 pledgeted PTFE sutures.

CENTRAL MESSAGE

Standardized relocation of both
papillary muscles in addition to
ring annuloplasty to correct SMR
type IIIb specifically addresses
mitral leaflet tethering, poten-
tially improving long-term
durability.

See Commentaries on pages 98 and 100.
Feature Editor’s Note—Despite decades of experimental
and clinical work, secondary mitral regurgitation is still a
challenge for cardiac surgeons. The excellent outcomes
achieved in the treatment of organic mitral disease are light
years away for secondary mitral regurgitation. Treating
secondary mitral disease is too often a humbling and frus-
trating experience for all the parties involved (most impor-
tantly the patients). We now know that techniques that were
designed to treat valvular problems do not work well when
the mechanism of the mitral regurgitation is within the left
ventricle, but it is still unclear if mitral valve repair may
or may not have a role in this setting. The review by Pausch
and colleagues is a nice summary of the current technical
options with an eye to the future and will be of great interest
to all those interested in treating this challenging and hum-
bling disease.

Mario Gaudino, MD, PhD, MSCE

Secondary mitral regurgitation (SMR) due to left ventricu-
lar (LV) remodeling is a common sequel of chronic heart
failure and associated with dismal outcome. In addition to
optimal medical therapy (OMT), both surgical mitral valve
repair and replacement are therapeutic options for selected
patients. Isolated mitral annuloplasty is associated with
increased rates of recurrent SMR during long-term
follow-up and has not shown any prognostic benefit in com-
parison with chordal-sparing mitral valve replacement
(MVR).1 Nevertheless, to avoid prosthesis-related compli-
cations (eg, increased perioperative mortality, endocarditis,
thromboembolism, etc), additional subannular repair tech-
niques, specifically addressing mitral leaflet tethering,
have been developed to improve long-term mitral valve
competence. We herein review the current subannular treat-
ment options, with a special emphasis on the technique of
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standardized papillary muscle relocation (Figure 1) and its
potential prognostic benefits in the treatment of SMR type
IIIb.
PATHOGENESIS AND PROGNOSIS OF SMR
According to Alain Carpentier’s classification of mitral

regurgitation, which is based on mitral leaflet motion,
SMR includes 2 different pathophysiologic entities.2 SMR
with normal leaflet motion (type I) is mainly caused by iso-
lated mitral annular dilatation due to atrial remodeling and
is therefore also referred to as “atrial SMR.”3 Most notably
in patients with long-lasting permanent atrial fibrillation,
excessive atrial dilatation and consecutive mitral annular
dilatation lead to a central coaptation defect of the mitral
leaflets, mostly without LV dysfunction.4

On the contrary, SMR with restricted leaflet motion dur-
ing systole (type IIIb) is the result of progressive LV remod-
eling caused by ischemic or dilated cardiomyopathy (DCM)
and is therefore also referred to as “ventricular SMR.”
Accompanying chronic heart failure, progressive global
LV dilatation as well as regional cardiac remodeling pro-
motes LV geometric distortion. Thereby, the apicolateral
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FIGURE 1. Standardized relocation of both papillary muscles. Additional

standardized relocation of both papillary muscles using 2 pledgeted poly-

tetrafluoroethylene sutures to resolve mitral leaflet tethering in the treat-

ment of secondary mitral regurgitation type IIIb.
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displacement of both papillary muscles leads to mitral
leaflet tethering (Figure 2) and restrictive leaflet motion dur-
ing systole.5 Consecutively increased LV volume overload
FIGURE 2. Dilated cardiomyopathy with associated SMR type IIIb due tomitra

type IIIb due to advanced LV distortion and mitral leaflet tethering in apical 4-ch

left ventricle; LA, left atrium.
further promotes diastolic wall stress, LV dilatation, and
worsening of heart failure.6 Furthermore, SMR type IIIb,
which is prevalent in about one-third of patients with
advanced heart failure,7 is associated with excessivemortal-
ity, independent of the degree of LV dysfunction.8
SURGICALTHERAPEUTIC OPTIONS FOR SMR
TYPE IIIB
Regarding their differing pathophysiologic background

and prognosis,9 surgical therapeutic options for SMR type
I and type IIIb should be tailored accordingly. In contrast
to pure annular dilatation (SMR type I), the pathogenetic
key factors of SMR type IIIb, namely LV distortion and
mitral leaflet tethering (Figure 2), are not addressed by iso-
lated mitral annuloplasty. Consequently, isolated mitral an-
nuloplasty, as a treatment option for SMR type IIIb, is
associated with significant rates of recurrent SMR (ie, up
to 60%) after 1 to 2 years postoperatively1 and does not
l leaflet tethering. Preoperative transthoracic echocardiogram. Severe SMR

amber (A, B) and parasternal long-axis view (C, D). RV, Right ventricle; LV,
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provide any additional benefits in comparison with OMT.10

Furthermore, although chordal-sparing MVR is associated
with an increased perioperative mortality,11 long-term sur-
vival after 2 years is similar in comparison to isolated annu-
loplasty.1 Nevertheless, patients without recurrent SMR
after isolated annuloplasty showed significantly increased
reverse cardiac remodeling in comparison with MVR.1

Therefore, in an effort, to improve the long-term durability
after mitral valve repair and to avoid the potential draw-
backs of MVR, additional subannular repair strategies
have been established.
SECONDARY “CHORDAL CUTTING”

Due to the geometric displacement of both papillary
muscles, the attached chordae mediate mitral leaflet teth-
ering, thereby disrupting mitral leaflet coaptation. To
improve mitral leaflet mobility and resolve leaflet teth-
ering, the division of tethered secondary chordae was de-
signed.12 Borger and colleagues13 reported their initial
results, comparing additional division of secondary chor-
dae with isolated annuloplasty in the treatment of ischemic
SMR type IIIb. According to the preoperative echocardio-
graphic determination of the ischemic papillary muscle, the
arising tethered secondary chordae were identified intrao-
peratively and divided in addition to downsizing annulo-
plasty. Although periprocedural complication rates were
similar and a significant reduction of leaflet tethering was
demonstrated early postoperatively within the “chordal cut-
ting” group, no additional benefits regarding 2-year sur-
vival or event-free-survival were achieved. Nevertheless,
Calafiore and coworkers14 demonstrated in a propensity-
matched study that additional chordal cutting was
associated with reduced rates of recurrent SMR during a
follow-up of 33 months in comparison with isolated annu-
loplasty. Of note, patients with advanced preoperative
leaflet tethering (tenting height>10 mm) were excluded
and neither long-term survival nor other clinical end points
were analyzed. On the contrary, according to Murashita
and coworkers,15 long-term recurrence rates of severe
SMR were comparably high despite additional chordal cut-
ting in comparison with isolated annuloplasty, especially in
patients with excessive preoperative leaflet tethering. Due
to the progression of LV distortion and the existence of
further sets of chordae, secondary chordal cutting might
only temporarily reduce mitral leaflet tethering and not pre-
vent from recurrent SMR in the long run. Furthermore,
disturbance of the valvular-ventricular continuity poten-
tially resulting from chordal cutting might even decrease
LV function and prevent LV reverse cardiac remodeling.16

Therefore, despite its simplicity and feasibility,
convincing evidence of a beneficial long-term effect of
additional chordal cutting to treat of SMR type IIIb in com-
parison with isolated annuloplasty is still missing.
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MITRAL LEAFLETAUGMENTATION
The loss of mitral leaflet mobility and coaptation surface

due to mitral leaflet tethering promotes recurrent SMR af-
ter isolated annuloplasty.17 Therefore, additional leaflet
patch augmentation was designed to restore leaflet
mobility and increase coaptation surface.18 According to
Kincaid and coworkers,19 the enlargement of the anterior
mitral leaflet using an elliptically shaped 13 3-cm bovine
pericardial patch in addition to mitral annuloplasty did not
increase perioperative risk, whereas the rate of recurrent
SMR after 2 years was low. Unfortunately, follow-up
was only completed in 60% of the included patients, and
the authors did not implement a control group of patients
treated with isolated annuloplasty, nor did they give any in-
formation about defined inclusion criteria or echocardio-
graphic tethering parameters.

de Varennes and coworkers20 implanted a bovine pericar-
dial patch, extending from the medial half of P2 to the pos-
terior commissure, in addition to ring annuloplasty.
According to their initial results, no periprocedural compli-
cations related to leaflet augmentation occurred. Further-
more, promising low rates of recurrent MR after 1 year
were achieved, despite absences of LV functional improve-
ment or decrease of LV dimensions.

Circumferential augmentation of the posterior mitral
leaflet using an autologous pericardial patch was associated
with significantly reduced mitral leaflet tethering and an
increased coaptation length immediately postoperatively
in a single-center observational study with a limited number
of patients by Ikeda and coworkers.21

Despite promising periprocedural results, with reduction
of leaflet tethering, so far there are no studies available
analyzing the long-term effects of additional mitral leaflet
patch augmentation in comparison to isolated annuloplasty.
Additionally, as there are no studies available addressing
the durability of the inserted pericardial patch material, it
remains debatable, whether mitral leaflet patch augmenta-
tion has any advantage in comparison with chordal-
sparing MVR. Although mitral leaflet patch augmentation
is feasible, it remains a challenging operation, potentially
increasing cardiac bypass and crossclamp times, and is
therefore limited to individual cases treated in experienced
heart valve centers.
PAPILLARY MUSCLE APPROXIMATION (PMA)
As LV distortion including papillary muscle displace-

ment induces mitral leaflet tethering, several subannular
repair strategies, focusing on the restoration of LV geometry
and papillary muscle orientation, have been introduced.22

Besides apical displacement of both papillary muscles,
the interpapillary muscle distance increases during progres-
sion of heart failure.23 Nappi and coworkers24 convincingly
demonstrated within a randomized controlled trial that
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PMA using a Gore-Tex tube in addition to ring annuloplasty
was associated with a reduction in the rate of recurrent
SMR 5 years postoperatively in comparison with isolated
annuloplasty. Although there was no intergroup difference
regarding long-term survival, additional PMA was associ-
ated with an effective resolution of mitral leaflet tethering
and increased LV reverse remodeling.24 A more invasive
approach by Wakasa and coworkers25 demonstrated a sur-
vival benefit of complete PMA in ischemic SMR type IIIb
using a pledgeted mattress suture via an LV incision in com-
parison with an incomplete PMA. Furthermore, Roshanali
and coworkers26 showed a similar reduction of recurrent
SMR after PMA in patients with DCM and consecutive
SMR type IIIb. Of note, none of these procedures was
applied in a minimally invasive mitral valve surgery setting.

STANDARDIZED RELOCATION OF BOTH
PAPILLARY MUSCLES

The concept of an active surgical LV reverse remodeling
procedure to resolve mitral leaflet tethering in ischemic
SMR type IIIb was initially described by Liel-Cohen and
colleagues.27 This experimental study not only emphasized
causal relation of LV distortion and SMR type IIIb but illus-
trated the importance of papillary muscle tip-to-annulus
distance in promoting mitral leaflet tethering. Therefore,
apart from PMA, relocation of papillary muscles to reduce
the tip-to-annulus distance in addition to ring annuloplasty
was developed to specifically resolve leaflet tethering.28

In addition to ring annuloplasty (RING), Langer and co-
workers29 inserted a transventricular pledgeted suture
(STRING), originating from the head of the posteromedial
papillary muscle and then passed from the LV cavity
through the aortomitral continuity underneath the commis-
sure between the non- and left coronary aortic cusps and
exteriorized. The exteriorized suture is tied beating heart
with echocardiographic guidance, and mitral leaflet teth-
ering is resolved using stepwise traction.29 Despite the res-
olution of mitral leaflet tethering and reduction of recurrent
SMR, there was no long-term survival benefit in compari-
son with an historical control group of patients treated
with isolated annuloplasty. Of note, full sternotomy and
additional aortotomy is mandatory for the “RING and
STRING technique.”

Fattouch and coworkers30 found not only a resolution of
mitral leaflet tethering and reduced rates of recurrent SMR
after additional papillary relocation in comparison with iso-
lated annuloplasty but achieved a reduced rate of adverse
cardiac events during long-term follow-up. Of note, all pa-
tients underwent multivessel coronary artery bypass graft-
ing (CABG) via full-sternotomy, and none of the patients
suffered from DCM.

To combine a reproducible subannular mitral valve repair
procedure, aiming at durable results when treating SMR
type IIIb, with the advantage of a minimally invasive mitral
valve surgery setting via anterolateral minithoracotomy, we
refined and simplified the concept of Kron and coworkers
(Figure 1).28 Two pledgeted PTFE-sutures are placed
through the trunks of both papillary muscles (Figure 3, A)
and subsequently passed through the posterior mitral valve
annulus (Figure 3, B). After ring annuloplasty is accom-
plished, both polytetrafluoroethylene sutures are placed
through the posterior aspect of the annuloplasty ring
(Figure 3, C). After the LV is maximally filled with cold sa-
line, reduction of papillary muscle tip-to-annulus distance is
achieved via stepwise traction on both polytetrafluoroethy-
lene sutures, thereby mitral leaflet tethering completely dis-
appears and both sutures are tightly knotted on the
annuloplasty ring, while keeping traction (Figure 3, D).31

Besides a significant reduction of echocardiographic pa-
rameters of mitral leaflet tethering (tenting height [mm]:
12.4 � 2.3 [preoperative] vs 5.3 � 1.3 [1-year follow-up]
[P<.001]; tenting area [mm2]: 318 � 81.8 [preoperative]
vs 83.8 � 21.4 [1-year follow-up] [P< .001]), additional
papillary muscle relocation was associated with decreased
rates of recurrent SMR as well as major adverse cardiac
events 1 year postoperatively in comparison with isolated
annuloplasty.32 Furthermore, we were able to demonstrate
feasibility of standardized papillary muscle relocation in a
minimally invasive mitral valve surgery setting,33 which
is of particular interest for patients with ischemic dilated
cardiomyopathy without the need of simultaneous CABG,
or patients with DCM and associated SMR type IIIb.34

Interestingly, even without coronary revascularization, du-
rable resolution of SMR type IIIb via papillary muscle relo-
cation might promote LV reverse remodeling and therefore
improve the long-term prognosis of selected heart failure
patients.35

TRANSCATHETER EDGE-TO-EDGE REPAIR FOR
SMR
Contradictory data regarding the prognostic effect of

transcatheter edge-to-edge repair (TEER) in patients with
heart failure has been published.36,37 Whereas the results
of the COAPT (Cardiovascular Outcomes Assessment of
the MitraClip Percutaneous Therapy for Heart Failure Pa-
tients with FunctionalMitral Regurgitation) trial for the first
time demonstrated that durable repair of SMR via TEER
improves survival, promotes LV reverse remodeling, and re-
duces heart failure symptoms, results of the MITRA-FR
(Percutaneous Repair with the MitraClip Device for Severe
Functional/Secondary Mitral Regurgitation) trial showed
no difference in comparison with OMT. In-depth compari-
son of both studies revealed that patients enrolled in the
MITRA-FR trial had more advanced heart failure, more se-
vere LV dilatation, and less SMR. Furthermore, the rate of
recurrent SMR 1 year after TEER was greater within the
MITRA-FR trial, which appears to be crucial for long-
term prognosis.38 Unfortunately, no information about the
JTCVS Techniques c Volume 10, Number C 95



FIGURE 3. Standardized relocation of both papillary muscles. Exemplary intraoperative images of standardized relocation of the posteromedial papillary

muscles in addition to mitral ring annuloplasty using a pledgeted 3-0 polytetrafluorethylene sutures.
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predominant mechanism of SMR (type I: annular dilatation
vs type IIIb: ventricular distortion) was given for either
study. Whether advanced mitral leaflet tethering (eg, a tent-
ing height>10 mm) resembling the origin of SMR type IIIb
is durably restored using TEER needs to be addressed in
future studies.
CURRENT GUIDELINES ON THE TREATMENTOF
SMR TYPE IIIB

The management of patients with heart failure with
SMR type IIIb is complex and needs to be optimized in
a multidisciplinary heart team. Besides OMT, cardiac re-
synchronization therapy may promote reverse cardiac
remodeling and therefore reduce SMR.39 Despite contra-
dictory data on the prognostic benefits of TEER (COAPT
vs MITRA-FR), this technique was upgraded within cur-
rent North American guidelines. According to the 2020
American College of Cardiology/American Heart Associ-
ation guidelines for the management of patients with
valvular heart disease,40 in symptomatic patients despite
OMT, with severe SMR, who do not require coronary
revascularization and exhibit appropriate anatomical fea-
tures (LV ejection fraction between 20% and 50%; LV
end-systolic dimension <70 mm; systolic pulmonary ar-
tery pressure<70 mm Hg), TEER should be considered
(Class IIa Level B), whereas mitral valve surgery may
be considered (Class IIb Level B).40 Furthermore, only
in selected patients with severe SMR who are symptom-
atic despite OMT and require coronary revascularization,
simultaneous mitral valve surgery during CABG should
be considered (Class IIa Level B). Due to increased rates
of recurrent MR and missing evidence of a prognostic
benefit after isolated annuloplasty,1 chordal-sparing mitral
valve replacement may be considered instead of isolated
annuloplasty (Class IIb Level B).

Of note, additional subannular repair techniques (eg,
papillary muscle relocation), which are potentially more
effective and durable, are so far not integrated within cur-
rent guidelines. Furthermore, solid data comparing mitral
valve surgery with TEER for treatment of SMR are still
missing.
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CONCLUSIONS
SMR includes 2 different pathophysiologic entities (type

I vs type IIIb), and therapeutic options should be tailored
accordingly. Despite OMT, SMR type IIIb has an adverse
prognostic impact during the progression of chronic heart
failure and needs to be addressed in selected patients. Iso-
lated ring annuloplasty is associated with increased rates
of recurrent SMR, has failed to show any additional benefits
in comparison with OMTor MVR and should be avoided in
the treatment of SMR type IIIb. Additional subannular
repair procedures, specifically addressing LV geometry
and papillary muscle orientation, may improve long-term
durability and promote reverse cardiac remodeling after
mitral valve repair. Standardized relocation of both papil-
lary muscles (Figure 1) in addition to ring annuloplasty is
feasible in a minimally invasive mitral valve surgery setting
and may improve patient outcome in comparison with iso-
lated annuloplasty. Although further long-term evaluation is
needed, it appears to be a promising therapeutic option for
patients with heart failure with associated SMR type IIIb.

In addition to clinical parameters, a detailed echocardio-
graphic evaluation of the predominant SMR subtype (atrial
vs ventricular SMR), the extent of mitral leaflet tethering,
and LV distortion is mandatory to facilitate heart team de-
cisions and determine the appropriate therapeutic strategy
(eg, transcatheter edge-to-edge repair vs subannular mitral
valve repair vs chordal-sparing MVR).
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