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Abstract

Purpose of Review In this paper, we discuss the salient clinical and anatomic challenges in percutaneous mitral valve repair and
replacement.

Recent Findings The mitral valve is complex structure and understanding its intricacies and anatomic relationships to surround-
ing structures (i.e., aortic valve and papillary muscles) is central to delivery of therapies. Part of the complexity is treatment of
primary and secondary mitral regurgitation, where in primary regurgitation the valve is the primary issue and treatment should be
curative or treatment of secondary mitral regurgitation, where the valve is subject to distortion due to adverse myocardial remod-
eling (i.e. myocardial infarction or dilated cardiomyopathy). Percutaneous edge-to-edge mitral valve repair remains the current
standard of non-surgical therapy and while thousands of patients have been treated, limitations related to leaflet calcification, mitral
valve annular area, and large flail gaps remain as challenges in using this device. Alternative annuloplasty-based devices can work
either through implanting anchors in the annular tissue or via the coronary sinus. New artificial chordae tendineae are a promising
therapy for flail leaflets. Transcatheter mitral valve replacement has even more challenges with respect to potential left ventricular
outflow tract obstruction, valve fixation, and the requirement for oral anti-coagulation for thromboprophylaxis.

Summary Transcatheter therapy for repair or replacement of the mitral valve remains in early stages, and delineating a strategy
for selecting the proper devices and patients for either repair or replacement will be a major focus in the years forthcoming.

Keywords Mitral valve regurgitation - Computed tomography - 3D echocardiography - Percutaneous mitral valve repair -
Percutaneous mitral valve replacement - Left ventricular outflow tract obstruction

Introduction disease [1]. Over 4% of patients in the same age group have
isolated mitral regurgitation (MR) [2¢]. The presence of primary
or secondary mitral regurgitation differs in selected studies, but
recent analysis of an echocardiographic registry showed approx-
imately 55% of patients have primary MR, 30% secondary MR,
while 14% have a mixed etiology [3]. Innovation in transcatheter
mitral valve therapies has been developed to treat the aging pop-
ulation, and as a result, multiple devices have been developed for
both repair and valve replacement [4, 5]. The compounding of
complex mitral valve anatomy, multiple options for repair/re-
placement, and the issues of elderly patients make mitral therapy
a challenging frontier.

Moderate to severe mitral valvular disease has a prevalence of 9—
10% in patients > 75 years, greater than double that aortic valve
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Anatomy of the Mitral Valve

The mitral valve (MV) is composed of two leaflets, annular
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attachment at the atrioventricular junction, tendinous cords, and
papillary muscles (Fig. 1). The two leaflets are clinically de-
scribed as anterior and posterior; however, anatomists have also
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Long axis
two-chamber view

Fig. 1 Mitral valve anatomy from the perspective of the left atrium. The
anterolateral commissure (A) is adjacent to the left atrial appendage
(LAA), and the line of coaptation extends in a curved line towards the
interatrial septum ending at the posteromedial commissure (A). The
anterior leaflet (A1—A3) abuts the aortic valve while the posterior leaflet
(P1-3) attaches to the posterior myocardium. Using the Carpentier
system, the most lateral is termed “1” and most medial segments of
each leaflet is “3”. (Figure adapted from McCarthy, K.P. et al. Eur J of
Echocardiography 2010;11:i3-19) [9]

used the terms aortic and mural respectively [6¢]. The anterior
leaflet comprises one-third of the annular circumference and has
a fibrous continuity with the left and non-coronary cusps of the
aortic valve as well as the interleaflet triangle between the cusps
that abuts onto the membranous septum [6e, 7]. Carpentier’s
nomenclature describes the most lateral segment as Al, A2 is
central, and the A3 is the medial segment [8]. The posterior
leaflet extends two-thirds around the left atrioventricular junction
within the inlet portion of the ventricle and is not as broad as the
anterior leaflet. The posterior leaflet has indentations that gener-
ally form three scallops along the line of coaptation. Carpentier’s
system again describes the most lateral segment of the posterior
leaflet as P1 and the most medial as P3.

The annulus is the junctional zone that distinguishes the left
atrium and ventricle, also giving attachment to the mitral valve.
As a pliable structure, it is not a rigid fibrous ring and changes
shape during the cardiac cycle. In oval or “D” shaped, the
commissure-to-commissure diameter is wider than the
anteroposterior diameter. The anterior leaflet and both trigones
are in fibrous continuity with the aortic valve as mentioned pre-
viously. This portion of the annulus is more fibrous and less
prone to dilation. The remaining two-thirds of the annulus is
muscular and is subject to dilation and more prone to
calcification.
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Leaflets have fan-shaped chordal attachments connecting
leaflets to the papillary muscles. Depending on the location of
the attachment, there are three types of chordae tendineae [9].
Primary chords attach the free edge of the leaflet body to
papillary muscles. Secondary chords attach to the ventricular
surface of valve, in the region of the leaflet body closer to
middle of the valve. Tertiary chords are found only on the
posterior leaflet and attach to the ventricular wall. The
posteromedial papillary muscle supplies chords to the medial
half of both leaflets; this includes the posteromedial commis-
sure, P3, A3, and medial half of A2/P2. Similarly, the antero-
lateral papillary muscle chords attach to the lateral half of both
leaflets (i.e., anterolateral commissure, A1, P1, and half of P2/
A2). Two of the anterior leaflet cords are larger and thicker
than the rest; these arise from the tip of each papillary muscle
and are termed strut cords.

The papillary muscles are generally located in the antero-
lateral and posteromedial positions at the mid to apical seg-
ments of the left ventricle. The posteromedial papillary muscle
can have up to three heads in adults [10]; however, the distri-
bution of papillary muscle can vary significantly, particularly
in the context of myxomatous mitral valve disease. Some
cases, one or both papillary muscles are undefinable and re-
placed with multiple small muscled bundles.

Abnormal Mitral Valve Function

Successful function of the leaflets depends on complete coap-
tation and apposition of the leaflets to prevent regurgitation.
While there is not one classification system that completely
describes the mode of failure, two major systems are common-
ly used and may serve as a starting point. Societal guidelines
from the American College of Cardiology and American
Heart Association classify mitral regurgitation as primary
(degenerative) and secondary (functional) [11]. Primary MR
refers to pathology of > 1 of the valve (leaflets, chordae, pap-
illary muscle, annulus) to be the cause of incompetence.
Should the mitral regurgitation continue, subsequent volume
overload will cause myocardial damage, heart failure, and
eventual death; therefore, correction of the mitral valve is con-
sidered curative. However, in secondary mitral regurgitation,
the valve is normal and the myocardium is diseased usually
either from ischemic heart disease (i.e., myocardial infarction)
or a myopathy of various etiologies (i.e., viral, genetic, idio-
pathic) causing displacement of papillary muscles. Associated
tethering and annular dilation from the primary myocardial
disease cause MR; however, valve incompetence is only one
component of heart failure. Addressing the valve does not
correct the remaining disease processes such as coronary dis-
ease or myopathy, thus fixing the valve is not curative.
Progression of the cardiomyopathy may compromise the out-
comes of valve therapies.
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In addition to primary and secondary is the Carpentier’s
system for describing mitral valve pathology relative to mitral
annular plane and is commonly used (Fig. 2). Type 1 describes
normal leaflet motion, and the MR is a result of etiologies such
as leaflet perforation or annular dilation from atrial fibrillation.
Type 2 describes excessive leaflet motion above the annular
plane usually from leaflet prolapse. Type 3 is leaflet restric-
tion, and there are two subtypes. Type 3a is restriction of
leaflet motion in both systole and diastole (i.e., rheumatic
disease), while 3b is restriction in systole only (ischemic heart
disease or dilated cardiomyopathy) [8].

Anatomic Considerations for Valve Therapy

The range of transcatheter mitral valve devices is diverse, each
with its particular limitations [5]. In general, there are devices
for either repair or replacement and we will attempt to point
out the limitations of each strategy. The goal of achieving a
significant reduction in mitral regurgitation is paramount as
data shows that patients undergoing unsuccessful repair with
residual significant mitral regurgitation in USA and European
registries are prognostically poor [12—14]. Procedure failure in
a multi-center German registry was associated with a 4.36-
fold increase in 1-year mortality, exemplifying the importance
of efficacious reduction of MR [14].

Anatomic Considerations for Valve Therapy
Edge-to-Edge Valvular Repair

Current generation edge-to-edge repair devise including the
MitraClip (Abbott) and the PASCAL device (Edwards
Lifesciences) are both based on the Alfieri principle of binding
the leaflets together at the point of mal-coaptation [15, 16]. Edge-
to-edge repair was initially tested against surgery in treating pri-
mary (degenerative) mitral regurgitation in the EVEREST 11 trial

Type |

Type ll

Fig. 2 Carpentier’s system for describing mitral valve pathology. (1)
Type 1 describes normal leaflet motion and the mitral regurgitation and
includes pathology such as mitral leaflet perforation or annular dilation
from atrial fibrillation. (2) Type 2 is excessive leaflet motion above the
annular plane typically from leaflet prolapse. (3) Type 3 is leaflet
restriction and there are 2 subtypes. Type 3a is restriction of leaflet

[15]. While able to reduce mitral regurgitation, MitraClip was
initially found to be inferior to surgery for durable reduction of
mitral regurgitation as more MitraClip patients required surgery
post-implantation (MitraClip 20% vs. surgery 2%, p < 0.001).
Although initial MR reduction in MitraClip patients was less that
surgery, from the 6 month time point out to 5 years, MitraClip
and surgery had comparable rates of recurrent MR and repeat
surgery showing that a good MitraClip result has reasonable 5-
year durability [17]. Ultimately, the FDA recognized the merits
of percutaneous mitral valve repair and approved the device for
commercial using in the USA in patients with primary MR who
are prohibitive risk for surgery.

Given the various investigational devices for reduction of
MR, patient selection for edge-to-edge repair continues to be
refined. Recent analysis regarding optimal hemodynamic re-
sponse with edge-to-edge repair showed that flail scallop and
single jets have a 3.49 (1.40-9.15)- and 3.56 (1.24-11.98)-
fold increase in left atrial pressure reduction respectively
[18¢]. Patients conforming to the Endovascular Valve Edge-To-
Edge Repair Study (EVEREST) criteria (Table 1) are reportedly
to have lower rates of re-intervention. When EVEREST guide-
lines are violated and flail gaps > 10 mm or flail width > 15 mm
are treated, a trend towards to reintervention was found [19].
Furthermore, post-procedure transmitral gradients of >5 mm
are associated with a 2.3-fold increase in the combined endpoint
of mortality, LV assist device, surgical mitral valve replacement,
and redo procedure [20]. The findings of elevated gradients with
residual mitral regurgitation are reproducibly associated with re-
current heart failure and poor outcome [21]. Operators should be
alarmed at the presence of thickened immobile leaflets, calcium,
or small mitral orifice and considered the ramifications of incom-
plete repair or high post-implant gradients (Fig. 3).

Previously, use for MitraClip for secondary MR was contro-
versial due to the unknown survival of attempting to decrease
MR without altering the cardiomyopathy. Retrospective data
from several registries showed early promise in MR reduction
associated with ventricular remodeling with symptom improve-
ment [16, 22, 23]. Recently, edge-to-edge repair in the COAPT

/
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motion in both systole and diastole (i.e., theumatic disease), and 3b is
restriction in systole only (ischemic heart disease or dilated
cardiomyopathy). (Figure adapted from Filsoufi F. and Carpentier A.
Principle in Reconstructive Surgery in Degenerative Mitral Valve
Disease. Seminars in Thoracic and Cardiovascular Surgery
2007;19:103-10) [8]
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Table 1 Endovascular
Valve Edge-To-Edge
Repair Study
(EVEREST) criteria for
Mitra-Clip implantation

EVEREST criteria for eligibility for
edge-to-edge mitral valve repair

Coaptation length >2 mm
Coaptation depth < 11 mm
Flail gap <10 mm

Flail width < 15 mm
Mitral valve area <4 cm®
LVEF >25%

LVESD <55 mm

trial (Cardiovascular Outcomes Assessment of the MitraClip
Percutaneous Therapy for Heart Failure Patients with
Functional Mitral Regurgitation) showed decrease hospitaliza-
tion rates and mortality when compared to optimized medical
therapy (2-year hospitalization rate MitraClip 35.8% vs. medi-
cal therapy 67.9% per patient year p < 0.001). Currently, the
approved indication for edge-to-edge repair in the USA is for
primary mitral regurgitation but approval of MitraClip for sec-
ondary MR may be forthcoming based on the COAPT results.

Percutaneous Mitral Annuloplasty

The concept that the mitral annulus needs to be modified to
improve valve coaptation and support the leaflets during re-
pair resulted in surgical annuloplasty and several percutaneous

devices have been developed to apply this concept in percu-
taneous repair. With the intention of reducing anterior-
posterior annular dimensions to improve valve coaptation,
devices undergoing investigation include coronary sinus
cinching devices, annular anchoring devices, and devices that
reducing annular anterior-posterior dimension via external
tethering [5]. In devices implanted in the coronary sinus, the
coronary vessel to sinus reducer relationship is critical.
Carillion device (Cardiac Dimensions) implantations demon-
strated circumflex branch compromise with a reducer can re-
sult in myocardial infarction [24, 25, 26¢]. The mitral valve
cerclage (National Institutes of Health) has a mechanism to
avoid circumflex branches with curved sinus reducer and
avoid trapping coronary vessels [27]. Similarly, annuloplasty
devices that require anchors necessitate rigorous anatomic
screening for circumflex artery proximity as well as annular
calcification to allow anchor fixation (Fig. 4) [28]. These de-
vices remain investigational in the USA.

Transcatheter Chordal Implantation

Another method for re-establishing mitral valve competency for
prolapsing valves is restoring valve coaptation using artificial
chords. A popular surgical technique, implantation of neochords
through a small thoracotomy using echocardiographic guidance,

Fig. 3 Impediments to edge-to-edge leaflet repair. a Significant flail gap
in a patient with a posterior flail (arrow). b Severe degenerated valve
(Barlow’s). ¢ Multiple significant jets present. d Thickened and
calcified leaflets alerting implanters to the possibility of elevated post-
implantation gradients. e Thickened and calcified posterior leaflet
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(arrow). f Elevated baseline gradient of 4.5 mmHg. Elevated baseline
gradients portend to high likelihood of high residual post-implant
gradients. (Adapted from Eng, M and Wang DD. Current Curr Cardiol
Rep 2018;20:107) [47]
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Fig. 4 Anatomic barriers to using
an annular anchoring system. a
Mitral annular calcification. b
Close proximity of the left
circumflex artery (arrow) to the
mitral annulus. (Adapted from
Eng, M and Wang DD. Current
Curr Cardiol Rep 2018;20:107)

has been developed and now tested in the TRACER (Mitral
TransApical NeoCordal Echo-Guided Repair) study using the
Harpoon device (Harpoon Medical Inc.) mitral valve repair sys-
tem in 30 patients [29]. The neochords are meant to tether the
posterior leaflet and anchor externally to the anterior wall. Three
of 30 patients required conversion to cardiac surgery and at
6 months 4/26 patients (16%) had > moderate mitral regurgita-
tion. A pivotal trial is underway.

Transcatheter Mitral Valve Replacement

While mitral valve repair is well established, some valve pathol-
ogy is inappropriate for current repair techniques and replacing
the entire valve is more likely to improve patient symptoms.
Due to differing valve designs, screening for anatomic suitabil-
ity requires an analysis of access, valve fixation, left ventricular
outflow tract (LVOT) obstruction risk, and anti-coagulation re-
quirements. The mitral valve prostheses in development cur-
rently in pivotal studies are transapically delivered, although

a 2953

Fig. 5 Use of computed tomography (CT) and computer aided design
(CAD) to predict left ventricular outflow tract obstruction (LVOT). a
Simulation of a 29-mm Edwards Sapien S3 valve and degree of
encroachment on the LVOT. Residual LVOT at a placement of 60%

60LV / 40LA

some transseptally delivered valves are under development
[4]. Large sheaths (i.e., 36 French) are still required for
transapical delivery, and historical data from transcatheter aortic
valve replacement should give operators pause about the mor-
bidity associated with transapical access [30—32]. Prospective
studies that included transapical access observed higher rates of
early mortality, and while it was suspected that co-morbidities
accounted for the difference in mortality, a propensity-matched
comparison to transfemoral patients found a higher rate of renal
failure, bleeding, increased length of stay, and death [32]. Rates
for myocardial injury were higher in transapical cases and anal-
ysis of the extent of damage in these patients showed a greater
than 2-fold increase in CK-MB 24 h post-procedure [33]. More
importantly, cannulating the apex using large sheaths and
disrupting myocardial architecture may be detrimental for pa-
tients with cardiomyopathy. Additionally, chronic lung disease
and frailty are patients’ factors making even small thoracoto-
mies a dangerous venture due to their inability to cope with
chest invasion [34]. Transseptal valves in clinical development

2983

80LV / 20LA

ventricular; 40% atrial was 123.4 mm?. b Simulation using the same
valve with an 80% ventricular; 40% atrial placement was found to
predict a “neo-LVOT” of 99.6 mm?. (Adapted from Eng, M and Wang
DD. Current Curr Cardiol Rep 2018;20:107)
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that utilize transfemoral access include the Sapien M3 system
(Edwards Lifesciences) and the Caisson Valve (LivaNova), but
these prostheses remain in early feasibility trials.

The anatomic substrate for mitral valve fixation is more com-
plex than that of the aortic valve due to the less rigid, D-shaped,
dynamic nature of the mitral annulus [4]. Several mechanisms of
fixation are being explored: (1) countertraction to a distal con-
straint, such as an apical tether (Tendyne Valve, Abbott
Vascular); (2) anchors to grasp the free margins of the native
leaflets (TTARA, Neovasc); (3) atrial and ventricular fixation
via flanges that engage the mitral annulus and leaflets/chordal
apparatus (CardiacQ, Edwards); (4) anchors around the edge of
the valve that pierce or provide friction with the mitral valve
tissue (NaviGate Cardiac Structures); (5) radial force along the
valve stent (Intrepid valve, Medtronic); and (6) use of a
subannular ring or docking system for valve implantation (M3,
Edwards Lifesciences). The challenge is not only prosthesis sta-
bility but also valve sealing to prevent paravalvular leak; a dom-
inant mechanism for anchoring has yet to be determined.

Anatomic eligibility encompasses yet another complex chal-
lenge, evaluation for possible left ventricular outflow tract ob-
struction (LVOTO) (Fig. 5). Early experience of off-label Sapien
valve use for transcatheter mitral valve replacement (TMVR)
predated the use of extensive CT analysis and screening and
operators discovered the first cases of LVOTO when anterior
mitral leaflet is displaced towards the LVOT causing hemody-
namic obstruction [35¢]. These early events stimulated multi-
center collaboration, and in an analysis of 38 cases of LVOTO,
a predicted neo-LVOT of < 189.4 mm? had 100% sensitivity and
96.8% sensitivity LVOT gradient increase post-TMVR [35¢].
LVOTO is predicated on LV mass, geometry, and prosthesis
dimensions. Even abnormally, long anterior mitral leaflets have
interfered with prosthetic leaflet functioning [36]. Recently, a
technique to intentionally lacerate the anterior mitral leaflet
circumventing LVOT obstruction has been developed and pub-
lication of the early results demonstrated its feasibility [37].
Outside of intentional anterior leaflet laceration, alcohol septal
ablation has been used to modify neo-LVOT to rescue from
LVOTO and to prevent LVOTO by attempting to remodel the
LVOT weeks prior to valve implantation [38].

Several case reports of transcatheter mitral valve thrombo-
sis have been reported and may be a larger problem as the
technology disseminates [39—42]. Transcatheter implantation
is similar to leaflet and chordal sparing surgical valve replace-
ment, and single-center surgical registry data found a 6% rate
of valve thrombosis (n = 149). Interestingly, the cohort with
native valve preservation was found to have a 24% rate of
valve thrombosis in a mean time of 11.9 + 10.6 months [43].
Recent Mitraclip data found that two-thirds of bleeding epi-
sodes were not related to vascular access, and bleeding was
associated with elevated mortality rates [44]. Requirements
for anti-coagulation remain undefined but may restrict the
use of TMVR in patients with high bleeding risk.
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One unique but pervasive clinical entity requires address-
ing: mitral valve regurgitation or stenosis due to mitral annular
calcification (MAC). These patients often have mixed valvu-
lar stenosis and regurgitation that may difficult to repair. Even
surgical replacement is fraught with a mortality as high as 5%;
sometimes, injury to the posterior annulus necessitates patch
repair [45]. Many MAC patients are denied surgery but the
presence of calcium makes the patients poor candidates for
edge-to-edge repair. Bulky annular and subannular calcifica-
tions have been implicated in perivalvular leaking with
TMVR. Nevertheless, implantation of balloon expandable
Edwards Sapien valves (Edwards Lifesciences, Irvine, CA)
in MAC resulted in a 30-day and 1-year mortality of 25 and
53.7% respectively [46]. Impressively, 1-year echocardiogra-
phy data of surviving patients showed trace or no mitral re-
gurgitation in 75% of patients, suggesting that transcatheter
valve replacement may be feasible in patients with MAC but
these patients are burdened with multiple co-morbid illnesses
and are certainly poor operative candidates should the trans-
catheter procedure fail. Patients with MAC often have small
ventricles, and it remains to be seen if patients with MAC
would be suitable for dedicated transcatheter mitral valves.

Conclusion

Transcatheter mitral valve interventions require an intimate
understanding of the complexities of mitral valve anatomy
and function. Through a multi-disciplinary approach using
advanced imaging and the combined experience of cardiac
surgeons and interventionalists, we can accurately select the
correct tools for valve repair or replacement. Although there is
a deep experience with percutaneous mitral valve repair, the
interventional community is still in the early phase of percu-
taneous mitral valve therapy. Feasibility, safety, and efficacy
remain the focus, and long-term durability is not even being
discussed. Upcoming research should continue to refine pa-
tient selection, device it, and at some point, a percutaneous
mitral therapy may compete with surgery in terms of results
and durability.
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