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Abstract

OBJECTIVES: Mitral valve repair techniques for degenerative disease typically entail leaflet resection or neochordal construction, which
may require extensive resection, leaflet detachment/reattachment, reliance on diseased native chords or precise neochordal measuring.
Occasionally, impaired leaflet mobility, reduced coaptation surface and systolic anterior motion (SAM) may result. We describe a novel
technique for addressing posterior leaflet prolapse/flail, which both simplifies repair and addresses these issues.

METHODS: Fifty-four patients (age 62 ± 11 years) with degenerative MR underwent this new repair, 36 of whom minimally-invasively. A
CV5 Gore-Tex suture was placed into the posterior left ventricular myocardium underneath the prolapsing segment as an anchor. This
suture was then used to imbricate a portion of the prolapsed segment into the ventricle, creating a smooth, broad, non-prolapsed
coapting surface on a leaflet with preserved mobility, additional neochordal support and posteriorly positioned enough to preclude
SAM.

RESULTS: Repair was successful in all patients. The mean MR grade was reduced from +3.8 to +0.1 with 50 of 54 patients having zero
MR and 4 of the 54 having trace or mild MR. All patients had proper antero-posterior location of the coaptation line of a mean length
of 10.2 mm, and preserved posterior leaflet mobility. No patients had SAM or mitral stenosis. All patients were discharged and are
currently doing well.

CONCLUSION: This new technique facilitated efficient single-suture repair of the prolapsed posterior leaflet mitral regurgitation
without the need for resection or sliding annuloplasty. It precluded the need for precise neochordal measurement and preserved the
leaflet coaptation surface.
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INTRODUCTION

Mitral valve repair techniques continue to evolve and a detailed
understanding and skillful manipulation of the leaflet, subvalvular
apparatus and annular geometric relationships can yield highly
reproducible repair of even complex multisegmental bileaflet
disease [1, 2]. The classic Carpentier leaflet resection and newer
neochordal replacement techniques have proven highly effica-
cious [3–6] yet possess some limitations. Resection is irreversible,
sliding reconstruction is time-consuming and excessive resection
yields monoleaflet function, while insufficient resection can yield
systolic anterior motion (SAM). Neochordal construction limits
these issues, but requires precise measurements and risks SAM if
neochords are too long [7]. Addressing some of these issues, we
previously reported a non-resectional leaflet remodelling tech-
nique whereby excessive prolapsed leaflet tissue is imbricated

into the left ventricle, generating a smooth leaflet coaptation
surface [8]. This technique carries a theoretical concern of basing
the repair on potentially diseased native chords and the possibil-
ity that the preserved mobile posterior leaflet can advance too
anteriorly, risking SAM. We developed and report here a novel
mitral leaflet repair technique for posterior leaflet prolapse that
efficiently utilizes a single Gore-Tex suture to posteriorly anchor
and support, while remodelling the posterior leaflet, thereby
addressing these two concerns. The efficiency of this single-
suture remodelling and anchoring repair also facilitates minimal-
ly invasive approaches that are gaining widespread application
[9–14].

MATERIALS AND METHODS

This study was approved by the UPenn IRB (Protocol 810968).
Between June 2011 and November 2012, 54 patients underwent
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posterior ventricular anchoring neochordal repair of degenera-
tive mitral regurgitation. Preoperative characteristics are sum-
marized in Table 1.

Operative technique

Cardiopulmonary bypass, cardioplegic arrest and atriotomy are
conducted in a standard fashion. Drawings representing the steps
of this operation with en face and lateral views are presented
(Fig. 1). A patient with ruptured posterior leaflet chords and a pro-
lapsed/flail middle scallop is shown (Fig. 1A). The prolapsed
segment is retracted into the atrium to reveal the left ventricular
endocardium directly beneath the leaflet, and a CV5 Gore-Tex
suture is passed into the myocardium to an approximate depth of
3–4 mm (Fig. 1B). This suture is then loosely tied, and the needles
are passed through the leading edge of the diseased segment at a
width of approximately one half of the prolapsed region size
(Fig. 1C). The leading edge is grasped and inverted into the left
ventricle, imbricating a portion of the leaflet and generating two
near-apposing tissue folds emanating radially (Fig. 1D). These
folds are sutured together with the Gore-Tex suture in a double-
running fashion, thereby fixating the prolapsed leaflet tissue into
the ventricular side and generating a smooth coaptation surface
in the correct plane. If necessary, the second half of the suture
can be used to fold additional tissue into the left ventricle to
further imbricate prolapsed tissue (Fig. 1E). The valve is then sized
for ring annuloplasty.

Intraoperative images of a patient undergoing this repair are
shown in Fig. 2. To fully expose and facilitate inspection of the
mitral valve, annuloplasty sutures are first placed circumferential-
ly and retracted under tension (Fig. 2A). The prolapsed segment
has been retracted to facilitate the placement of the anchor
suture(Fig. 2B and C). The suture has been brought through the
prolapsed segment leading edge (Fig. 2D). The prolapsed tissue
has been inverted into the left ventricle generating two near-
apposing folds to be sutured together (Fig. 2E). Typically, a semi-
rigid complete ring is utilized, and final confirmation of the
competence of mitral repair and a proper anterior/posterior
height relationship are demonstrated (Fig. 2F). Atriotomy closure,
de-airing and weaning from cardiopulmonary bypass are all con-
ducted in standard fashion.

RESULTS

Fifty-four of 54 patients were successfully repaired and none
required a second cross-clamp period. There were no mitral
valve replacements. Furthermore, in this time period, there were
no patients who went to the operating room for planned mitral
valve repair and then underwent mitral valve replacement
(overall 100% repair rate). Most of the patients had isolated P2
posterior leaflet disease. Eighteen patients had P1 or P3 disease.
Nine patients had Barlow’s pathology and concomitant anterior
leaflet disease, which were treated with papillary muscle-based
anterior neochords or a non-resectional leaflet remodelling
technique previously reported for anterior leaflet disease [8].
Outcomes are presented in Table 1. Twenty-six concomitant
procedures were performed in 21 patients: 9 atrial fibrillation
(AF) ablations, 8 atrial septal defects/patent foramen ovale clo-
sures, 4 coronary artery bypass grafts, 2 tricuspid valve repairs, 1
aortic valve replacement and 1 transmitral ventricular septal

myomectomy. MR grade was reduced from 3.8 preoperatively to
0.1 postoperatively with 50 of 54 patients having zero MR and
the other 4 having trace or mild MR. TEE examination of the
repair geometry typically reveals a moderately mobile, posterior-
ly positioned leaflet and a long coaptation length of mean
10.2 ± 2.9 mm. No patient had SAM. There were no periopera-
tive myocardial infarctions or deaths, and 1 patient had a mild
stroke from which he recovered. Two patients returned to the
operating room. One manifested sternal instability on POD3 and
underwent rewiring. Another developed a moderate pericardial
effusion on POD6 after therapeutic re-anticoagulation for AF and
underwent resternotomy and drainage of serosanguineous fluid.
Median length of stay was 7 days, and all patients were dis-
charged home. All patients underwent subsequent clinical
follow-up. Outpatient surveillance echocardiography occurred at
the discretion of the referring cardiologists, and 25 patients had
such echos. There were no deaths, no reoperations for any cause
and no patients had recurrent mitral regurgitation. Long-term
clinical follow-up is still absent, as this is a very new procedure.
However, the patients who underwent this procedure early in
this timeframe have greater than 1 year of follow-up, and all
have intact mitral valve repairs with no regurgitation.

DISCUSSION

With the drive to treat degenerative MR ever earlier in the
disease timecourse and to even routinely operate on asymptom-
atic patients, the need for extremely successful repair rates is of

Table 1: Patient characteristics and outcomes

No. of patients 54
Gender (male) 32 (59%)
Age 61.5 years ± 11.2
Ejection fraction, mean 59.6%
NYHA functional class, median 2
Hypertension 26 (48.1%)
Smoking history 24 (44.4%)
Diabetes 6 (11.1%)
Previous cardiac operation 1
Minimally invasive approach 36 (66.7%)
Concomitant procedures 26 procedures in 21 patients

(38.9%)
Cardiopulmonary bypass time,

mean
88.7 min ± 23.9 (41–155 min)

Cross-clamp time, mean 59.7 min ± 17.2 (16–99 min)
Posterior leaflet prolapsed/flail 45
Barlow’s valve 9
Grade of MR, preop, mean +3.8/4
Grade of MR, postop, mean +0.1/4
Number of patients with zero

MR, postop
50 of 54

Ring size, median 32 (28–40 mm)
Ejection fraction, postop, mean 54.4%
Perioperative complications

Death 0
Stroke 1 (neurologically fully

recovered)
Myocardial infarction 0
Re-exploration 2 (POD3 sternal instability,

POD6 pericardial effusion)
Length of stay, median 7 days
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paramount importance [15–17]. Further compounding this is the
rapid development of catheter-based repair devices [2, 18]. The
classic quadrangular resection is highly reproducible and asso-
ciated with great long-term durability with freedom from reo-
peration as high as 98% at 14 years [19]. This technique has
some minor disadvantages that may be overcome with a poster-
ior ventricular anchoring neochordal remodelling technique.
Resection is irreversible, whereas, if the appearance or quality of
the remodelling repair is suboptimal, the Gore-Tex suture can
easily be removed and repositioned without leaflet damage.
Resection requires reapproximation, often with an involved
sliding annuloplasty. The single-suture remodelling repair is
highly efficient. Patients in our cohort undergoing isolated mitral
repair had a mean cross-clamp time of 47.0 and bypass time of
65.6 min, which compare favourably to those reported for iso-
lated mitral repair in the Society of Thoracic Surgeons national
database (cross-clamp 86.9 and bypass 113.0 min). Our times
also favourably compare with reported times for isolated poster-
ior leaflet quadrangular resection of 80 min for cross-clamp and
110 min for bypass [20]. Our overall cross-clamp time of 59.7
and bypass time of 88.7 min, which include concomitant proce-
dures, compare very favourably with studies of degenerative
MVRepair with reported cross-clamp times of 86.5 and bypass
times of 114 min and a large institutional study of over 1000
degenerative MR patients with a mean cross-clamp time of 78
and bypass time of 112 min [21, 22].

After quadrangular resection, the reapproximated posterior
leaflet is supported by potentially diseased native chords. Our
posterior ventricular anchoring neochord provides some add-
itional chordal support. Moreover, after quadrangular resection,
the residual posterior leaflet is often diminutive, with minimal

mobility. This monoleaflet valve results in smaller annuloplasty
rings and the potential for dynamic mitral stenosis [23]. Leaflet
remodelling preserves tissue and function and yields a larger
mitral orifice area. Our median ring size of 32 is larger than the
reported median ring size of 30 after quadrangular resection by
a group that also observed that the majority of their patients
received size 28 or 30 rings [22]. Finally, the preservation of pos-
terior leaflet tissue has been shown experimentally to be bio-
mechanically advantageous [24].
Papillary muscle-based neochordal replacement techniques

are also highly successful, but may have minor disadvantages,
such as the need for precise length measurement and the po-
tential for leaving excess residual leaflet tissue that may promote
SAM. Premeasured chords may obviate intraoperative measure-
ment; however, placement even a few millimeters further up or
down the papillary muscle or leaflet edge from where the echo
measurement was taken can significantly alter the effective
chord length. A long chord could yield residual prolapse/regurgi-
tation and an anteriorly positioned posterior leaflet, risking SAM
[7]. The posterior ventricular anchoring neochordal remodelling
technique may have its greatest advantage in addressing this
issue by ensuring a posteriorly positioned, yet functional leaflet
devoid of the risk of SAM. Our postoperative echocardiograms
demonstrate proper posterior positioning and leaflet mobility.
The abundant mean coaptation length of 10.2 mm compares
very favourably to the minimum 5 mm recommended for repair
durability [25].
A potential limitation of our repair is the strength of the ven-

tricular anchoring point. This could be strengthened with pled-
gets. However, this may not be necessary. Leading-edge chords
serve primarily to position the coaptation surfaces and upon

Figure 1: (A) Short- and long-axis drawings depicting degenerative mitral disease with posterior leaflet ruptured chords and prolapse/flail. (B) The prolapsed
segment is retracted into the atrium to expose the posterior ventricle just beneath the leaflet, and an anchoring CV5 Gore-Tex suture has been placed. (C) The
suture has been loosely tied and the ends brought through the leading edge of the prolapsed segment. (D) The prolapsed segment edge is inverted into the left
ventricle, generating two near-apposing radial folds that are then sutured together. (E) This eliminates the prolapse, yielding a smooth broad coaptation surface
that is mobile yet positioned posteriorly enough to preclude anterior displacement and SAM.
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coaptation, the opposing forces on the ventricular side of the
coapted leaflet edges essentially cancel each other out, and the
ventricular systolic force is distributed on the remaining leaflet
surfaces and their underlying secondary chordae [26–29]. This
biomechanical concept is evidenced by the progressive thickness
of chords as one moves from the free margin towards the leaflet
mid-body. Our posterior ventricle-based neochord aids in posi-
tioning the coaptation surface, but should only be needed for a
short period of time in early systole. Upon coaptation, the force
on this neochord and its anchor point should markedly diminish
as forces are transferred to secondary chords. On routine post-
bypass TEEs, we did not observe any evidence of suture disrup-
tion in any patients. In the patients who have had subsequent
outpatient surveillance echos, we likewise did not observe suture
disruption.

This represents an initial series of 54 patients with severe, de-
generative mitral regurgitation successfully repaired with an effi-
cient single-suture non-resectional leaflet-inversion remodelling
and posterior ventricular anchoring neochord to preserve func-
tion while ensuring proper positioning and support of the pos-
terior leaflet. This repair facilitated the right chest minimally
invasive approach. As this is a newly developed procedure, long-
term clinical follow-up is absent. However, follow-up to date has
been very encouraging. The patients are clinically well and
without recurrent MR.

Conflict of interest: none declared.
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APPENDIX. CONFERENCE DISCUSSION

Dr H. Najm (Riyadh, Saudi Arabia): This technique you presented certainly
adds to the armamentarium of cardiac surgeons who are interested in mitral
valve repair and definitely adopts the concept of respect rather than resect
leaflet tissue for reconstruction of the mitral valve.
The technique you described still involves significant subjectivity in con-

ducting the repair, such as how far the ventricular suture should be placed
along the posterior ventricular wall in order to anchor the prolapsed leaflet,
and how wide the imbrications of the posterior leaflet should be performed
in order to achieve competency. I have a technical concern on leaving a
loosely-tied suture to the posterior myocardium anchoring the posterior
leaflet, which as you have mentioned, continues to be mobile, therefore
allowing for repetitive movement and exerting pressure with the possibility of
cutting through the muscle as time progresses, since it is not fixed with a
pledget to the posterior myocardium.
I have two questions for you. First, you have not mentioned in the manu-

script the total number of valves which have been repaired during the same
period of time, which is the denominator because repairability of 100%, as
you mentioned in the manuscript, is only correct if it has been applied to all
comers of the degenerative mitral valve repairs you accepted during that
time period.
Dr Woo: As you know, all papers dealing with mitral valve repair series may

only be looking at successful mitral valve repairs. Thus it is necessary examine
all mitral valve operations during that timeframe. We have done that on a
larger scale and also for this series. In this series, there were no patients that
went to the operating room with an intended mitral valve repair who ended
up with a mitral valve replacement. So, this was a 100% repair rate. For our
larger series that was just accepted for publication in JTCVS, we had a 99%
repair rate, and that was across a larger spectrum of patients. So basically it is
essentially a near 100% repair rate.
Dr Najm: On that selected patient group?
Dr Woo: Yes. This obviously does not account for patients where you

decide up front in the office that you are going to do a mitral valve replace-
ment. That is a different sort of population. But to address your other tech-
nical points, the general answer that I have right now is that the suture is
placed in line directly with the middle of the prolapse approximately to the
length down from the annulus equal to the leaflet height. I have found that
we do not need a pledget, in part because of some of that biophysics model-
ing that Nazari published. This is mostly a positioning issue and very quickly
in early systole, the forces on the leading chords are transferred onto the sec-
ondary and tertiary chords. So we will have to see over time whether or not
any of these sutures will pull out.
Dr Najm: Is this technique applicable in the calcified or heavily fibrotic,

bulky, prolapsed posterior leaflet which is not infrequently seen in such path-
ology? You have mentioned that your follow-up is recent; how recent is that?
Could you quantity in terms of weeks or months or years?
Dr Woo: You are right, the calcium would make this a little more difficult,

especially with a fully calcified leaflet where you cannot fold the leaflet at all.
In a patient with a heavily calcified leaflet that we are trying to repair, we
would typically resect a portion of that calcium. In terms of the follow-up, as
I mentioned, the first patient was done in June 2011, so it is a little over a
year. We are in close contact with all the referring cardiologists, and thus we
have all of the outpatient clinic notes on every single one of these patients,
and every time they get an echo, that goes into our database. That is the full
extent of our follow-up to date. It is obviously a short mean follow-up
because we have only been doing this for about a year, but so far there have
been no problems that we can detect.
Dr Najm: We are looking forward to a longer follow-up.
Dr A. Gaafar (Cairo, Egypt): What is the difference between anchoring the

leaflet to the posterior ventricular wall compared to anchoring it to the tip of
the papillary muscle?
Dr Woo: The issue with any papillary muscle based chord is the necessity

for very accurate measurement. Now, some people may say that is not im-
portant, but if you are a little too short, you will have a retraction issue, and if
you are too long, you will have a prolapse issue. This is very simple. There is
really not much measurement that is necessary because part of the distance
that you are travelling is the fold, so you really just need to anchor this suture
directly in the myocardium, and the rest of it, most of it is taken up by
the folded leaflet. So there is really not the necessity for super-accurate meas-
urement here.
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