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ABSTRACT

In light of the adverse prognosis related to severe mitral regurgitation, heart failure, or sudden cardiac death in a
subset of patients with mitral valve prolapse (MVP), identifying those at higher risk is key. For the first time in
decades, researchers have the means to rapidly advance discovery in the field of MVP thanks to state-of-the-art
imaging techniques, novel omics methodologies, and the potential for large-scale collaborations using web-based
platforms. The National Heart, Lung, and Blood Institute recently initiated a webinar-based workshop to identify
contemporary research opportunities in the treatment of MVP. This report summarizes 3 specific areas in the
treatment of MVP that were the focus of the workshop: 1) improving management of degenerative mitral
regurgitation and associated left ventricular systolic dysfunction; 2) preventing sudden cardiac death in MVP; and
3) understanding the mechanisms and progression of MVP through genetic studies and small and large animal
models, with the potential of developing medical therapies. (J Am Coll Cardiol 2022;80:2331-2347) © 2022 The
Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBREVIATIONS
AND ACRONYMS

CMR = cardiac magnetic
resonance

DMR = degenerative mitral
regurgitation

EPS = electrophysiology study

LGE = late gadolinium
enhancement

ICD = implantable
cardioverter-defibrillator

LV = left ventricular

MAD = mitral annular
disjunction

MVP = mitral valve prolapse

PET = positron emission
tomography

PM = papillary muscle

PVC = premature ventricular
contraction

SCA = sudden cardiac arrest

SCD = sudden cardiac death

TEER = transcatheter edge-to-

edge repair

VEC = valve endothelial cells
VF = ventricular fibrillation
VIC = valve interstitial cells

VT = ventricular tachycardia

itral valve prolapse (MVP) is a

common heritable valvulopathy

affecting over 170 million indi-
viduals worldwide."” It is the direct cause
of degenerative mitral regurgitation (DMR),
which represents the most frequent form
of mitral regurgitation (MR) requiring
surgery.>* MVP is characterized by fibromyx-
omatous changes, defined structurally by
expansion of the middle spongiosa layer of
leaflets caused by proteoglycan accumula-
tion, structural alterations of collagen in all
components of the leaflet, and by abnormal
chordae.>® Macroscopically, MVP is charac-
terized by redundant mitral valve (MV)
tissue, which clinically translates by echocar-
diography in a displacement =2 mm of 1 or
both leaflets beyond the annular high points
at end-systole toward the left atrium
(Central Illustration).”® Leaflet displacement
may yield malcoaptation and consequent
DMR. Although most individuals with MVP
in the general population have mild or no
MR,'° severe DMR affects 10% of subjects in
MVP cohorts' and up to 25% in longitudinal
samples in association with aging.*" MV
repair is generally associated with low risk,

superior late survival to valve replacement,
and when performed before symptoms and before
development of left ventricular (LV) dysfunction,'”
to restoration of life expectancy. However, early sur-
gery remains a Class Il indication for low-risk patients
based on current valvular guidelines.'> Hence, risk
stratification and management of older, higher-risk
patients remains challenging.

Recent studies have emphasized the risk of ven-
tricular arrhythmias associated with MVP. Overall,
0.4% to 1.8% of individuals with MVP will develop
sudden cardiac arrest (SCA) or sudden cardiac death
(SCD) every year (32,000-152,000/y in the United
States alone).'®'> Far more patients (up to 30%) have
frequent ventricular ectopy and/or syncope,'® hence
the uncertainty regarding whether they are at risk for
SCA. Severe DMR explains only 20% of SCD cases in
MVP.'” SCD/SCA risk has also been linked to a malig-
nant bileaflet phenotype with mitral annular
disjunction (MAD), abnormal valvular-myocardial
interactions, and LV fibrosis, even in the absence of
severe DMR (Central Illustration).'®?> Complex ven-
tricular ectopy is a common feature of malignant MVP
(with or without severe DMR),'® and is associated
with higher mortality.”> However, routine monitoring
for ventricular arrhythmias is currently not recom-
mended in valvular guidelines. Indications for
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HIGHLIGHTS

e Severe DMR, SCD, and postoperative LV
dysfunction develop in a subset of pa-
tients with MVP.

e Better risk stratification is essential to
improve management and prevent
adverse events in patients with MVP.

e Retrospective and observational cardiac
imaging, genetic, and molecular studies
have suggested mechanisms that may
underlie adverse events, but prospective
multicenter collaborations are needed to
identify patients at highest risk.

implantation of a primary prevention implantable
cardioverter-defibrillator (ICD) in MVP or valve in-
terventions to reduce arrhythmias are lacking.

Given the adverse prognosis in a subset of MVP
patients, imaging becomes essential to better under-
stand mechanisms and identify those at higher risk.
Moreover, recent genetic discoveries may provide
additional clues to MVP mechanisms, with the
potential for developing medical therapies. State-of-
the-art imaging techniques, novel omics methodolo-
gies, and the potential for large-scale international
collaborations using web-based platforms could
rapidly advance discovery in the field of MVP.

To engage the scientific community in identifying
contemporary research opportunities in the treatment
of MVP, the National Heart, Lung, and Blood Institute
(NHLBI) recently initiated a webinar-based workshop.
The following research opportunities were discussed
during the workshop: 1) improve management of DMR
and associated LV systolic dysfunction; 2) prevent
SCD in MVP; and 3) understand MVP mechanisms and
progression through genetic studies and development
of small and large animal models.

DMR, CARDIAC REMODELING, AND
HEART FAILURE

HEART FAILURE AND INDICATIONS FOR INTERVENTION.

MVP is the most frequent cause of clinically signifi-
cant DMR.** The burden of moderate to severe DMR is
large, affecting 1.4 to 1.6 million persons in the United
States.?>?° Early cohorts of DMR emphasized excess-
mortality, frequent heart failure and atrial fibrilla-
tion during follow-up,?”~*® mostly in proportion to
DMR severity.>® Despite the high burden and serious
outcomes of DMR, whether MVP and DMR represent a
public health problem may not appear obvious, as an
effective treatment is available in the form of MV
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repair, which is superior to valve replacement®° at all
ages and long after surgery.>’ MV repair restores life
expectancy and markedly reduces heart failure risk
when indicated early in the course of the disease.*”
However, despite this therapeutic progress, there
remains an unmet need for treatment, as attested by
the profound undertreatment of affected patients in
the community, which is in turn associated with
persistent excess mortality.?®:33

Current consensus (American College of Cardiol-
ogy/American Heart Association and European Soci-
ety of Cardiology) guidelines for treatment of MVP are
predicated on confirmation of severe MR. >34 Current
triggers for intervention are based upon symptoms,
LV dysfunction, left atrial remodeling, progressive LV
remodeling, and high likelihood of surgical repair.'*->*
These guidelines do not fully take into account clin-
ical modifiers, and largely rely on linear chamber in-
dexes rather than volumetric cutoffs, which are
quantifiable by 3-dimensional (3D) echocardiography
and cardiac magnetic resonance (CMR) technologies.

Knowledge gaps

e MVP is heterogeneous—anatomically, physiologi-
cally, and in its consequences'"*°*—and algorithms
for combined and individualized risk assessment
are lacking (Figure 1).

e DMR is often a disease of aging, and as such, its
symptoms are affected by limited activity or
comorbidities, ventricular alterations may be
extraneous to DMR, and outcomes under medical
management are markedly worse.>® Conversely,
with aging, risks of interventions increase.?”

e Although DMR severity is a cardinal determinant of
outcome,'»*°-3> interactions with sex/body size are

25,26

uncertain, yielding poor outcomes.?®

e “Moderate” DMR, currently not part of guideline-
based surgical indications,”® shows association
with excess-mortality,’®>> warranting renewed
attention.

e Progression of MVP lesions and DMR severity are
poorly defined.?®-4°

e The rhythmic,*"** left atrial,**** and hormonal
(“omics”) responses*> to MVP with DMR are highly
variable and have differential impact on survival
after diagnosis and postsurgery. Such variability is
not fully integrated into management algorithms.
Consequently, MVP with DMR is an unmet need for
treatment often linked to inadequate risk assess-
ment in an aging population, warranting compre-
hensive reassessment of clinical algorithms.

Imaging advances in the acquisition and post-
processing of both echocardiography and CMR hold

substantial potential to enhance clinical decision-
making regarding optimal timing of therapeutic in-
terventions for MVP. The following knowledge gaps
were identified with regards to imaging triggers of
intervention for DMR:

e Utility of cardiac chamber volumes (vs echocar-
diographic linear indexes) as modifiers of timing
and strategy for MVP interventions.

e Utility of different cutoffs for severe MR for echo-
cardiography and CMR.

o Significance of myocardial
remodeling (as assessed by strain echocardiogra-
phy, diffuse interstitial or regional replacement

tissue substrate

fibrosis by CMR T, mapping and late gadolinium
enhancement [LGE], and edema on T, mapping) on
timing and therapeutic strategy for MVP.

o Incremental utility of new technologies (such as
4-dimensional flow CMR, exercise CMR, and 3D
echocardiography) for MR quantification.

Research opportunities

1. Comprehensive assessment of patients with MVP/
DMR using clinical, imaging (echocardiography/
CMR for reliable MR quantification, chamber ge-
ometry, myocardial tissue properties), and biolog-
ical (metabolomics, proteomics, and genomics)
tools to evaluate the association to heterogeneous
anatomic/physiological/cardiac-response presen-
tation and progression of MVP/DMR (Figure 1,
Central Illustration).

2. Comprehensive risk assessment of MVP/DMR in
large retrospective and prospective cohorts within
a large multicenter network. Extensive use of
electronic medical record data, facilitated by arti-
ficial intelligence/machine learning, will enable
data sharing and efficient implementation of large-
scale randomized clinical trials for refinement of
triggers of intervention and improved treatment of
DMR.

3. Assessment of MVP/DMR, progression, and out-
comes and their determinants in diverse
geographically defined communities to minimize
bias and evaluate coherence of outcome markers
across populations.

PERSISTENT CARDIAC DYSFUNCTION/REMODELING
FOLLOWING VALVE INTERVENTIONS. Severe DMR
leads to progressive LV systolic dysfunction, heart
failure, and death if left untreated. MV repair is
indicated in MVP patients with symptoms, LV dila-
tion, or dysfunction® and is associated with a
normalization of long-term survival in patients
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CENTRAL ILLUSTRATION Research Opportunities: Degenerative Mitral Regurgitation and Arrhythmic Mitral

Randomized Controlled Studies to Test:

Arrhythmic MVP

Correlate basic data on
LV dysfunction,
inflammation and fibrosis .
with clinical data to f ;
identify therapeutic
targets

e ;\?‘ .
Animal Models

Echo/CMR/PET
12

PM
) traction

Abnormal mechanics/strain
Fibrosis, inflammation

simf;et Biomarkers 4_-222

Longitudinal ]
e Multicenter
AR Registry

ECG/PVCs EPStudy Vv
SCA/SCD

» Ideal monitoring intervals with imaging
and ambulatory ECG/ILR

* Role of primary prevention ICD
vs catheter ablation

« Utility of early MVR/PM cryoablation
or medical therapies (? antifibrotics)

Prevent SCA/SCD

Valvular-ventricular interactions and potential fibrotic stimuli and arrhythmogenic triggers in mitral valve prolapse (MVP) include (right): papillary muscle (PM)
traction, associated curling motion (black arrows in opposite directions), and increased systolic annular expansion augmented by mitral annular disjunction (MAD).
MV schematics adapted with permission from Nagata et al.®” AO = aorta; CMR = cardiac magnetic resonance; DMR = degenerative mitral regurgitation;

ECG = electrocardiography; EP = electrophysiology; ICD = implantable cardioverter-defibrillator; ILR = implantable loop recorder; LA = left atrium; LV = left
ventricular; PET = positron emission tomography; PVC = premature ventricular contraction; SCA = sudden cardiac arrest; SCD = sudden cardiac death;

TEER = transcatheter edge-to-edge repair.

presenting with no or mild symptoms.*° In addition,
MYV repair surgery may be associated with improved
outcomes compared with conservative management
(“watchful waiting”) in asymptomatic patients with

severe MR.*’ Persistent LV dysfunction occurs in
approximately 10% to 20% of patients post-MV sur-
gery, even in patients with normal preoperative LV
ejection fraction, and is associated with incomplete
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FIGURE 1 Research Opportunities in DMR

risk are not identified.

current knowledge.

Background

Heart failure is a complication of MVP with MR. Intervention reduces the risk of heart failure and
death, but its optimal timing remains difficult to determine.

Knowledge Gaps

 Markers for individualized risk assessment of MVP/DMR are lacking.

» The influence of aging on MVP/DMR presentation, consequences, and timing of management.

« The invariable regurgitant volume threshold for severe MR is questionable with respect to
sex/body-size. Further, the benign nature of moderate MR is questioned, and subgroups with excess

* Progression factors of MVP lesions and DMR are poorly defined.
« Cardiac adaptations to MVP and DMR are highly variable and unpredictable based on

Comprehensive clinical, imaging
(echo and CMR for fibrosis),
and biologic including "omics"
assessment of MVP/DMR

I
Research Priority 1 Research Priority 2 Research Priority 3

Comprehensive risk-assessment
of MVP/DMR in large
retrospective and prospective
cohorts

outcomes in diverse
communities

Optimizing the clinical decision-making process

Assessment of MVP/DMR and

resonance; MR = magnetic resonance; MVP = mitral valve prolapse.

Preventing heart failure through identification of earlier triggers for intervention in degenerative mitral regurgitation (DMR). CMR = cardiac magnetic

LV reverse remodeling and poor long-term survival.*®
Less is known about cardiac remodeling following
transcatheter edge-to-edge repair (TEER), but pre-
liminary data suggest that it may be associated with
worse long-term survival.*®

Besides the conventional LV remodeling indexes,
such as LV volumes, ejection fraction, and measures
of global longitudinal strain that may be linked to
persistent LV dysfunction post-MR correction,”°->*
other forms of cardiac remodeling have been sug-
gested as profoundly affecting outcome. The most
studied are left atrial enlargement/dysfunction,*>4+
and right ventricular characteristics,”” but these
remain incompletely analyzed in sizeable cohorts.

Mechanistic aspects of cardiac remodeling in MVP
and DMR are poorly defined. Whether these re-
sponses are directly elicited by the severity of volume
overload, by genetic characteristics independent of
MVP, or associated with the MVP-linked defect re-
mains unknown (Central Illustration). A contributor to
cardiac remodeling is replacement fibrosis. Myocar-

dial fibrosis is detected by CMR imaging in

approximately one-third of MVP patients, may be

more common than with other MR forms, and is

associated with ventricular arrhythmias.>>>” Howev-
er, its role and more generally the causes of cardiac
remodeling/dysfunction remain undefined.

Knowledge gaps

e MV repair is applied in a small proportion of
eligible patients.>® It is now being performed more
frequently in patients with asymptomatic MR to
prevent long-term sequelae of LV volume over-
load,>® but this practice is based largely on retro-
spective data.*®*’

o TEER offers a less-invasive therapeutic option and
may be more attractive to patients, resulting in a
larger proportion of eligible individuals being
treated. However, TEER is primarily performed in
patients at high surgical risk. In addition, long-
term efficacy data on TEER is lacking, which is
an important consideration if this treatment mo-
dality is applied to younger, lower-risk patients.
Moreover, the prevalence of post-TEER LV
dysfunction in MVP patients is unknown, and a
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comparison to LV dysfunction post-MV repair sur-
gery is lacking.

e Biomechanical studies assessing the effects of
TEER and MV repair on LV function and strain are
required.

e Mechanistic insights into post-MV intervention LV
dysfunction are sparse. Multiple possible contrib-
utors, particularly myocardial fibrosis, must be
assessed as potential causative factors. Based on
the results of such studies, methods to delay or
prevent the onset of LV dysfunction—including
pharmacotherapy and optimal timing of MV inter-
vention—can be investigated.?>->®

Research opportunities

1. Mechanistic studies to gain more insight into eti-
ology and consequences of persistent LV dysfunc-
tion post-MV intervention (Central Illustration).

2. Clinical studies comparing persistent LV dysfunc-
tion post-MV surgery vs TEER.

3. Clinical studies comparing MV intervention to
“watchful waiting” in asymptomatic MVP patients
with severe DMR, with a particular focus on the
identification of LV inflammation, fibrosis, and
postoperative LV dysfunction (Central Illustration).
Shared decision making and patient engagement in
trial design are essential for the successful
completion of such studies.

RECURRENT MR FOLLOWING SURGICAL OR
PERCUTANEOUS MV INTERVENTION. The central
tenet of understanding failure of MV interventions is
ascertaining the difference between residual and
recurrent MR, which reflects the bimodal prevalence of
early vs late echocardiographic evidence of MR in
relation to the time of corrective MV intervention. The
most common cause of significant MR in the early
postoperative period (days to months) is inadequate
surgical repair at the time of operation.>® This is often
caused by untreated pathology (ie, excess posterior
leaflet height causing systolic anterior motion) or
incomplete repair strategy (ie, unaddressed clefts or
adjacent segment prolapse following TEER) at the time
of the index procedure. On the contrary, delayed fail-
ure with recurrent MR is mostly associated with pro-
gression of the native valve disease (ie, prolapse from
new chordal elongation/rupture) or new pathology (ie,
endocarditis, calcification) in a previously competent
surgical repair.>® Progression of native valve disease,
leaflet tear at the device site, and single leaflet
detachment can result in recurrent MR after TEER.®°

Knowledge gaps

e Mid- and long-term risks of recurrent MR are not
well defined based on current literature.

JACC VOL. 80, NO. 24, 2022
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¢ Evidence on long-term durability of surgical mitral
repair is limited to published reports from a small
number of tertiary referral centers with sufficiently
high operative volume and resources to conduct
long-term follow-up (Figure 2).°

e Multicenter, randomized clinical TEER trials with
standardized follow-up intervals and echocardio-
graphic core laboratory-adjudicated outcomes
improved our understanding of the timing and
mechanisms of recurrent MR associated with this
procedure,®>®® notwithstanding limitations of
almost universal short-term follow-up periods,®°-%3
as well as the constant evolution of the trans-
catheter device arena. National TEER registries only
include site-reported, short-term outcomes.®* It is
thus challenging to apply such evidence to inform
clinical practice and adjudicate patient and proce-
dural risk of repair failure in the context of a con-
stant flux of new device therapies, increased early
failure rates, and suboptimal mid-term outcomes
with a poorly understood mechanism of failure.

e The most important issue affecting outcomes
following MV interventions is low operative vol-
ume and not the need for new techniques or de-
vices. This pattern was observed in both surgical
and structural interventions,®® with incremental
procedural mortality and residual MR linked with
low procedural volume.®®

e The American College of Cardiology/American
Heart Association guidelines recommend referral
of patients with DMR to centers of excellence," but
these are poorly defined in many aspects, because
recognition of an academic institution as an overall
center of excellence does not automatically trans-
late to excellence in mitral repair specifically.®”
There are thus no reliable sources for patients,
physicians, or insurers regarding volume, out-
comes, and quality related to valve surgeons,
structural interventionalists, or centers to facilitate
patient access to mitral repair centers of excellence
(Figure 2).

o Little is known regarding the impact of socioeco-
nomic status on access to high quality MV disease
care or subsequent outcomes following a valve
intervention.®%-°°

Research opportunities

1. Development of transparent, open-access, real-
time, quality databases for physician/institution
volume/short-term outcomes (Figure 2).

2. Definition of core laboratory-adjudicated, long-
term MR
regional valve centers across the spectrum of valve
volume.

recurrent outcomes in various
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FIGURE 2 Research Opportunities in DMR

Causes of Mitral Repair Failure

« Early vs Late Failure
« Residual vs Recurrent MR

Lack of Reliable Long-Term Data on Recurrent MR

* Limited evidence to define recurrent MR risk
« Reports from high-volume reference centers
« Unclear cause of early failure in TEER/short follow-up

Impact of Volume/Experience on Recurrent MR

« Low case volume linked to inferior outcomes
« Average annual case volume low in SMR & TEER

Patient Access to Centers of Excellence

« Poorly defined standards for centers of excellence

« Lack of reliable sources for physicians, patients and payors

« Limited knowledge of socioeconomic impact on access to
centers of excellence

« Develop transparent, open-access, real-time, quality

« Invest in defining core-lab adjudicated, long-term

« Develop novel approaches to encourage volume and

« Invest in novel training tools as a supplement to operative

databases for physician/institution volume/short-term
outcomes

recurrent MR outcomes in various regional valve centers,
across the spectrum of valve volume

quality-driven referral of patients with degenerative valve
disease (particularly asymptomatic with class lla
indication) as well as the development of regional expert
centers

experience to develop and maintain repair skills

« Define the implications of socioeconomic status based on
area deprivation index to understand its impact on access
to appropriate mitral valve interventions, as well as
subsequent outcomes

Preventing recurrent MR postintervention through development of large databases and centers of excellence. SMR = surgical mitral valve
repair; TEER = transcatheter edge-to-edge repair; other abbreviations as in Figure 1.

3. Development of novel approaches to encourage
volume and quality-driven referral of patients with
DMR (particularly asymptomatic patients with a
Class I1a indication), as well as the development of
regional strong patient
involvement and shared decision making.

expert centers with

4. Assessment of the implications of socioeconomic
status based on area deprivation index to under-
stand its impact on access to appropriate MV in-
terventions and subsequent outcomes.

SCD IN MVP

IDENTIFYING MVP AT RISK FOR VENTRICULAR
ARRHYTHMIA AND scD. For years, the risk of SCD,
overt in MVP patients with severe DMR,'“ has
remained uncertain for those without severe DMR,’
and was mostly implied by case reports with MVP
confirmed by pathology.”®”* A consensus on SCD risk
in MVP was reached when recent work elucidated
the “malignant MVP” phenotype, ie, bileaflet MVP
with multisegmental myxomatous disease, often
mild MR, complex ventricular ectopy, and SCA/SCD
not explained by ischemia, cardiomyopathy, or
channelopathy.'® This phenotype, initially identified
by John Barlow in the 1960s,”? was later confirmed
in larger postmortem studies.'®-*>7® Although the
subset of MVP patients who experience SCA/SCD is
small, it is not trivial.'*'>7* Yearly incidence of
SCA/SCD can be as high as 1.8% in patients with
flail leaflet and severe DMR, 0.4% to 0.8% among
all comers in a tertiary care MVP population, and

0.14% in the community.”” MVP as cause as SCD
may even be underestimated on autopsy.”” Impor-
tantly, up to 30% of MVP patients have frequent
ventricular ectopy and/or syncope.'® Hence, it is
crucial to identify, among many benign MVP cases,
those at higher risk for SCD, a devastating outcome
that often affects younger, asymptomatic in-
dividuals with MVP.' Potential screening methods
discussed during the workshop were as follows:
1) standard and novel imaging tools (echocardiog-
raphy, CMR, and positron emission tomography
[PET]) to detect arrhythmic substrates in the LV
myocardium; and 2) ambulatory electrocardiography
(ECG) detect
arrhythmic MVP phenotypes with complex ventric-

monitoring  to “intermediate”

ular ectopy.

Echocardiography. Echocardiography provides nonin-
vasive diagnosis of MVP relative to the 3D annulus’
with MR quantification, and reveals the cardiac con-
sequences of MVP. Early studies associated MR
severity with SCD risk, but primarily in the context of
LV failure.'*’® More recently, it was demonstrated
that MVP patients with SCD may or may not have MR,
but are commonly characterized by so called “Bar-
low’s disease” with elongated leaflets,”” severe
myxomatous degeneration, bileaflet involvement,
and MAD'®78 (Central Illustration). MAD is defined as
the separation between the left atrial wall at the level
of MV junction and the LV free wall.?"»”° MAD, which
is known to be interspersed with regions of normal
typically diagnosed in the

mitral annulus, is
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parasternal long-axis view, but can also be identified
in apical views.®° Recent studies have focused on
valvular-ventricular interactions and abnormal me-
chanics capable of altering ventricular biology and
rhythm (Central Illustration): papillary muscle (PM)
traction,®' associated curling motion (exaggerated
apical-inward displacement of the inferolateral LV
as demonstrated by high tissue Doppler velocities),
and increased systolic annular expansion and flat-
tening can increase the force exerted on the LV.52%7
Such valvular-ventricular interactions, augmented
by MAD and dispersion of segmental contraction (ie,
increased mechanical dispersion by speckle tracking
strain echocardiography),®® can lead to ventricular
arrhythmias and fibrosis.?-8%:84:88 Fibrosis localiza-
tion to the PMs and basal inferolateral LV suggests
possible mechanical linkage to MVP,?53:89
augmented by MR severity.”> MAD has been linked
to increased risk of ventricular arrhythmias at a
population level. However, the risk of SCD in the
presence of MAD may not be immediate,’® but is
rather mediated by complex ventricular ectopy.”
CMR imaging. The echocardiographic phenotype of
bileaflet MVP with MAD is supported by a postmor-
tem and CMR phenotype characterized by replace-
ment fibrosis and LGE at the level of the basal
inferolateral LV wall and PMs.'9->>9:92 Thus, a rela-
tively uniform phenotype of MVP with severe myxo-
matous degeneration and redundancy, MAD, and
replacement fibrosis appears at the center of defining
the subset at risk for SCD.* In those without evidence
of replacement fibrosis by LGE or histology in post-
mortem samples,”” interstitial or diffuse fibrosis
(identified by T, mapping CMR methods in living in-
dividuals),”® may represent an alternative substrate
for SCD. Other new CMR strain-based techniques
suggest a tissue abnormality associated with reduced
segmental circumferential and radial strain in the
basal and mid LV inferolateral walls.*

Due to its high spatial resolution, robust delinea-
tion of endocardial borders, and 3D assessment of the
mitral annulus, CMR also provides improved visuali-
zation of MAD compared with echocardiography.®°
Positron emission tomography. Although a ma-
jority of patients who experienced MVP-related SCD
have evidence of myocardial fibrosis, ~25% of such
patients do not based on advanced imaging or at
autopsy.””>® Subclinical myocardial inflammation,
which is known to be proarrhythmic in a variety of
other substrates, may be part of the disease process of
MVP.°* The mechanical forces of the prolapsing
leaflets transmitted to the chordae and surrounding
myocardium may be activating myofibroblasts and
inflammatory pathways. The presence of subclinical

JACC VOL. 80, NO. 24, 2022
DECEMBER 13, 2022:2331-2347

myocardial inflammation might explain progressive
development of fibrosis, ventricular ectopy out of
proportion to either the burden of fibrosis or degree
of DMR, and how patients with no fibrosis, or minimal
fibrosis, can experience ventricular tachycardia (VT)
or ventricular fibrillation (VF). In a recent study
assessing the burden and distribution of myocardial
inflammation (using 18F-fluorodeoxyglucose PET)
and fibrosis (using LGE) in patients with bileaflet
MVP, significant DMR, and ventricular ectopy, focal,
or focal-on-diffuse uptake of 18F-fluorodeoxyglucose
(PET+) was detected in 85% of patients, with FDG
uptake colocalizing with areas of LGE (PET+/CMR+)
in 70%.°> These findings suggest a relationship be-
tween extensive myxomatous degeneration typical of
bileaflet MVP, ventricular ectopy, and occult
myocardial inflammation. This relationship was
recently reaffirmed by a study demonstrating histo-
pathological evidence of regionalized LV inflamma-
tion and activated myofibroblasts in MVP.°
Electrocardiography and complex ventricular
ectopy. Biphasic or inverted T waves in the inferior
leads on 12-lead ECG have been described in MVP
patients with SCA or SCD. However, inferior T-wave
abnormalities are present in 40% of MVPs even in the
absence of prior ventricular arrhythmias.®® Complex
ventricular ectopy in MVP is defined in most publi-
cations as >5% burden of mitral apparatus premature
ventricular contractions (PVCs), pleomorphic PVCs,
or couplets/triplets/nonsustained VT of any
morphology.'®7 Typically, pleomorphic ventricular
ectopy in MVP originates from the outflow tract
alternating with PM or fascicular origin and is thought
to be a trigger for VF in the presence of a fibrotic
substrate.'®19:9 Complex ventricular ectopy, partic-
ularly when VT is =180 beats/min, was associated
with excess subsequent mortality and higher rates of
ICD implantation and VT ablation in 1 study.”

Knowledge gaps. The association of abnormal
valve-related motion to myocardial inflammation,
fibrosis, and ventricular arrhythmias requires further
mechanistic understanding.

e Is PM traction alone capable of triggering arrhyth-
mias, and can it initiate ventricular arrhythmias of
fibrotic myocardium?°°-'°°

e Are myocardial changes independent or closely
linked to MVP, with implications for preventive
repair?

e Do systolic annular expansion and MAD indicate
primary annular pathologies, and are they linked?

e Data on fibrosis in DMR and LV remodeling are
needed as well as clinic-pathological correlation
with ventricular arrhythmias.
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e As pathology studies report a variable prevalence
of MVP as a cause of SCD, including the histological
myocardial substrates, standardization of post-
mortem examination is an essential step toward
improved mechanistic understanding.

o The interaction of mechanical alterations with
the specific genetic type of MVP and possible
links to myocardial dysfunction and alterations of
proteomics and metabolomic changes remain
undefined.

CMR imaging

e Despite the comprehensive assessment of myocar-
dial involvement provided by CMR, the lack of a
standardization protocol (both for acquisition and
postprocessing) limits comparison of results among
different studies and sites.

e Multiple different methods of delineating LGE
extent and defining the presence and extent of
MAD further increase data heterogeneity.

o Is diffuse fibrosis by T, mapping a precursor of LGE
or is it independently responsible for increased
arrhythmic risk?

e Does the burden of LGE matter for arrhythmic risk
stratification?

Positron emission tomography

o The relationship between FDG uptake pattern/in-
tensity on PET/MR and arrhythmic burden.

e Whether FDG uptake precedes the development of
myocardial fibrosis.

e FDG uptake and LGE in patients with less than
severe MR, and correlation with markers of me-
chanical traction (including biomarkers) and
arrhythmic burden.

o Whether FDG uptake is a prognostic marker for LV
remodeling and whether MV repair impacts FDG
uptake.

Ambulatory ECG

o There is a lack of standardized nomenclature,
definition, and documentation of complex ven-
tricular ectopy.

e Little is known about the ideal timing of ambula-
tory ECG monitoring and clinical follow-up, espe-
cially in those MVP patients who are asymptomatic
for palpitations. Indications for an implantable
loop recorder are unclear.

Finally, clinical, imaging, and ECG parameters of
arrhythmic risk described so far have been studied
mostly in retrospective or single-center in-
vestigations, and need to be assessed prospectively in
the context of a multivariable risk prediction model
similar to what has been developed for hypertrophic
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cardiomyopathy.'®'°> This represents an essential
step toward development of guidelines for a primary
prevention ICD.

PREVENTIVE MEASURES FOR VENTRICULAR
ARRHYTHMIA AND scCD. Various research efforts
have been made to understand whether the
arrhythmic risk in MVP could be reduced by targeting
either the myocardial substrate—through catheter
ablation of the scar area, or the trigger—by removing
the mechanical stretch on the myocardium through
prophylactic valve repair (Central Illustration).
Electrophysiology study, radiofrequency catheter ablation,
and primary prevention ICD.In symptomatic patients
with MVP and a high burden of pleomorphic ven-
tricular ectopy, medical therapy alone has not been
shown to reduce the risk of SCD." As such, there is
likely a role for electrophysiology study (EPS)/abla-
tion and ICD implantation in selected patients with
MVP and high-risk features.

Several groups have reported single-center expe-
riences with EPS and catheter ablation in a variety of
patient phenotypes. Although these studies are small,
a few key insights have been gleaned. First, although
arrhythmic triggers most often arise from the mitral
apparatus, a minority are localized to sites remote
from the MV or PMs, including the RVOT, TV annulus,
or LV apex.'”® The majority of MVP patients with
complex ventricular ectopy do not have evidence of
myocardial scar by CMR,'*'°* and endocardial
voltage maps obtained during EPS are often
normal.’®>  Successful sites of ablation are
often distinguished by local Purkinje potentials,
particularly when ectopy arises from the PMs,'°° or in
cases of PVC-triggered VF.'°® Although acute proce-
dural success rates appear to be acceptable (>70%),
the recurrence rates are high, and up to 42% at
1.3 years. Thus, ablation itself does not mitigate the
risk of SCD.'°*'°¢ Inducible VT during EPS appears to
be a marker of risk.'**

MV repair. When patients develop current guide-
line triggers for MV repair, evidence on the effect of
surgery in reducing the PVC burden and post-
operative SCD risk is inconsistent.'”'°® Because
treating the VT/VF trigger (ie, PVCs) may reduce
SCD risk, the effect of direct-access, adjunctive PM
cryoablation in selected patients with PM-PVCs at
the time of their index MV repair was recently
investigated and shown to reduce postoperative
PVC burden by >90%.'°° Early experience from this
pivotal series may serve as the foundation for a
future randomized trial of adjunctive PM cryoa-
blation at the time of MV repair in patients with the
malignant MVP phenotype.
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Knowledge gaps

e Our current understanding of the spectrum of dis-
ease evident during EPS is derived from fewer than
100 patients evaluated at 4 high-volume, quater-
nary referral centers.

e There is no unified approach to patient selection
for EPS, and the procedural techniques, targets for
ablation, and endpoints are not well-defined.

e There are no defined approaches to substrate
modification, and identification of triggers/targets
for ablation remains speculative.

e Although some procedural success has been re-
ported, the rate of recurrence after ablation re-
mains unacceptably high, and it is uncertain if
ablation effectively mitigates the risk of subse-
quent arrhythmias and SCA/SCD.

e We lack knowledge about selection of patients with
MVP and high-risk features who could be candi-
dates for primary prevention ICD implantation. A
systematic, quantitative clinical/imaging-based

risk assessment tool, possibly enriched by EPS
data in those with higher PVC burden, non-
sustained VT, or history of syncope, would be
valuable in informing decision-making for these
patients.

Research opportunities

1. There is a need for clinically linked basic in-
vestigations of MVP-induced ventricular dysfunc-
tion, inflammation, and fibrosis, correlating
small- and large-animal models with clinical data
to determine the fundamental mechanisms of
serious ventricular arrhythmias in MVP and iden-
tify therapeutic targets (Central Illustration).

2. To improve risk prediction of SCD in MVP there is a
need for a large, longitudinal multicenter/interna-
tional registry with serial evaluations, imaging
(echo, CMR, PET if available), ambulatory ECG
monitoring or implantable loop recorders, biolog-
ical samples (proteomics, genomics, and metab-
olomics), EPS, and assessment of clinical outcomes
(sustained VT, SCA/SCD, and appropriate ICD
shocks). Retrospective studies would be encour-
aged, but a prospective investigation is needed to
include more recent advances in imaging that
identify the abnormal ventricular mechanics asso-
ciated with serious ventricular arrhythmias, and
SCA/SCD (Central Illustration).

3. Once risk prediction is improved, there is a need
for randomized controlled trials to establish ideal
monitoring intervals with imaging and ambulatory
ECG or implantable loop recorders, utility of pri-
mary prevention ICD vs radiofrequency catheter
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ablation, and utility of early MV repair and surgical
PM cryoablation. Patient engagement in the design
of such trials is key (Central Illustration).

GENETIC STUDIES AND ANIMAL MODELS TO
UNDERSTAND MVP MECHANISMS
AND PROGRESSION

GENETIC STUDIES. Genes involved in MVP develop-
ment play key roles in extracellular matrix deposition
and organization, which are influenced by TGF-beta
and/or ciliogenic signaling nodes. Among such
genes, DCHS1, a member of the cadherin super family,
is essential for cell alignment during valve
development."° As highlighted by defects in the
DZIP1 gene, the loss of primary cilia during develop-
ment also leads to progressive myxomatous degen-
eration of the MV in mice and humans.'' At the
population level, MVP mostly occurs as a result of
mild dysfunction of the many complex biological
mechanisms required during development and/or
valve function. Genome-wide association studies
(GWAS) have
particularly those near TNS1, a focal adhesion pro-
tein, further supporting the importance of cytoskel-
eton organization revealed by the study of the
polyvalvulopathy syndrome caused by FLNA
sequence variants.'””> Globally, genes located in MVP
loci are involved in valve and heart development and

identified predisposition loci,'**"*4

potentially aging.''®

Knowledge gaps

e MVP presents significant clinical heterogeneity and
substantial heritability.""” The existing genetic in-
vestigations conducted on small pedigrees and
medium-sized case control studies described so far
present limited power to comprehensively inves-
tigate the full phenotypic spectrum of MVP, which
can manifest with SCD, severe DMR, or both, and
with differences in sex/ethnicity.

e Known genetic loci involved in MVP susceptibility
only explain a small fraction of the interindividual
genetic variability, and given the polygenic feature
of MVP, most genetic factors are yet to be
discovered."'?'13:1'® Target genes and their under-
lying biological mechanisms have been discovered
only for a minority of GWAS loci.'*® Studies
reporting expression quantitative trait loci specific
to the MV are lacking,''® making genomic annota-
tion and the search for target genes at MVP GWAS
loci even more challenging.

e Specific to arrhythmic MVP, the study of the ge-
netic underpinnings of ventricular arrhythmia or
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FIGURE 3 Research Opportunities in the Genetics of MVP
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SCD in MVP is limited to case reports,'’®'*° and
would greatly benefit from a larger sample of
arrhythmic cases.

Research opportunities

1. Perform large-scale genetic studies covering clin-
ical heterogeneity (arrhythmic MVP vs DMR), and
diversity of human populations as it pertains to
gender differences and social/ethnic factors.

2. Create large collections of myxomatous and non-
myxomatous valves to explore the specificities of
genomic organization, and establish expression
quantitative trait loci data for MVs (Figure 3).

3. Apply multiplex and high throughput methods (eg,
clustered regularly interspaced short palindromic
repeats interference) to dissect specific regulatory
mechanisms of genetic variants involved in MVP
(Figure 3).

DEVELOPMENTAL BASIS OF MVP AND MOUSE
MODELS. Over the past 10 years, MVP variants have
been validated in cell culture or in vivo settings

through creation of animal models,''0"'%!14,121:123

Such models have revealed a developmental basis
for disease.''®'*'?! Specifically, subtle changes in
valve geometry during embryogenesis set in motion a
process that evolves, over time, into disease pathol-
ogy. Yet, how these changes are exacerbated over
time to give rise to a clinically relevant disease is
unknown. Genome-wide and familial studies of large
patient cohorts with nonsyndromic MVP have
revealed sequence variants in various cytoskeletal
and ciliary genes. In turn, such variants may lead to
altered interactions of valve endothelial cells (VECs),
valve interstitial cells (VICs), and inflammatory cells
(Figure 4). Uncovering how these genes orchestrate
cell biology and tissue anatomy will provide signifi-
cant inroads to disease causation with the added po-
tential of informing new therapeutic discoveries.
Knowledge gaps
e What is exact role of VICs, VECs, and the cyto-
skeleton in the development of MVP and how do
these cells communicate with each other?
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FIGURE 4 Understanding the Developmental Basis of MVP
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e How do extracardiac cells infiltrate into the valve
and how/why does this occur at a greater rate in
the disease®*'** context?

e The anatomy and geometry of the valve are critical
for normal function, and defects in establishing
proper form can result in tears of the endothelium.
Is this physical and mechanical change a driving
force for disease?

MECHANISMS OF MYOCARDIAL FIBROSIS AND
VENTRICULAR ARRHYTHMIA IN MOUSE MODELS.
Studies have shown that increased tension by a pro-
lapsing valve can induce a reactive response in the
suspensory apparatus (chordae tendineae, annulus,
and PMs) as well as regions within the LV
wall,19-20-48,53,55,89,98,125-127 Inqyction of fibrosis and
inflammation likely commences at regions of highest
mechanical strain such as the PM-chordal
junction.>>®° As time proceeds, pathogenic signals
sustain and facilitate propagation and spread of

fibrosis throughout the PM and inferobasal myocar-
dium. What likely starts as interstitial and/or
perivascular fibrosis evolves into replacement fibrosis
with effects on cardiomyocyte viability. Once estab-
lished, fibrosis provides an arrhythmogenic substrate
that may lead to SCD. Recently, an animal model for

MVP was tested for regional fibrosis in areas that are

most affected in patients.® This mouse (Dzip1514%/*)

recapitulated the molecular and cellular changes
observed in MVP patients and confirmed the pro-
gressive nature of LV changes.

Knowledge gaps

o Is fibrosis a true consequence of a prolapsing valve
and altered mechanics, more related to genetic
predisposition, or both?

e Can replacement fibrosis be treated? What are the
cell types and cellular sensors that respond to the
change in mechanical tension?

e Does inflammation precede fibrosis or is fibrosis
initiated independent of circulating cells? Can the
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mouse model be used as a testbed to understand
disease or treatments and how similar to the hu-
man is the murine phenotype? Is the fibrosis in
MVP patients or mice arrhythmogenic?

Research opportunities

1. Understand mechanisms of fibrosis and ventricular
arrhythmia in MVP through analysis of the molec-
ular and mechanosensing crosstalk between VIC/
VEC/inflammatory cells driving development
and/or disease processes using existing and new
mouse models, electrophysiology, and optical
mapping.

2. Harness mechanistic insight from developmental
discoveries to test therapeutic remediation in
mouse models through unbiased fibrotic drug
screens.

SURGICAL AND TRANSCATHETER CORRECTION OF
ABNORMAL VALVULAR-MYOCARDIAL MECHANICS
IN MVP: BIOMECHANICAL SIMULATORS AND LARGE
ANIMAL MODELS. From a therapeutic standpoint,
there is some evidence that surgical correction of
MVP may reduce the susceptibility to arrhythmias in
patients.!07:109:128:129 Tt jg possible that reducing the
abnormal traction forces that the valve imposes on
annular and ventricular structures may decrease
overall arrhythmic burden. Ex vivo MV biosimulators
and large animal models may correlate the extent of
prolapse reduction to changes in traction forces or the
remodeling of the myocardial substrate. MV bio-
simulators have been used extensively*°'** by
isolating the MV apparatus from cadaver hearts,
instrumenting them with transducers and sensors,
and mounting them into systems in which pulsatile
hemodynamics can be generated."**'** The effects of
different repair strategies on the valve biomechanics
can also be investigated.'3%3>'3>

Knowledge gaps

e We need a quantitative understanding of the
magnitude of tugging forces on the annulus and
sub-PMs from MVP, and the effect of MV repair
(surgical and transcatheter) or replacement strate-
gies on these biomechanical perturbations.

e Abnormal valvular-myocardial biomechanics need
to be mimicked in large animal models,**° such as
swine and sheep, which, compared with ex vivo
biosimulators allow the use of echocardiography,
strain imaging, FDG-PET scanning, and electro-
anatomic mapping.

e The relationship among abnormal biomechanical
stimuli, tissue ultrastructure, and the onset of
ventricular arrhythmias remains to be investigated
in large animal models of MVP combining
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noninvasive imaging techniques and serial tissue
biopsies. Such models may also investigate
whether removing the abnormal biomechanical
stimuli with MV repair can halt or reverse
myocardial changes.

Research opportunities

1.

Develop realistic biomechanical heart valve simu-
lators that can mimic MVP and in which the
annular, leaflet, PM and sub-PM biomechanics may
be quantified, before and after various MV in-
terventions including surgical and transcatheter
techniques.

. Invest in large animal models in which MVP can be

mimicked, and in novel instrumentation tech-
niques to quantify valvular and ventricular
biomechanics. Combine these models with nonin-
vasive imaging modalities to quantify tissue
deformation, inflammation, and fibrosis.

. Develop patient imaging-derived computational

models to wunderstand the heterogeneity in
arrhythmogenesis in relation to biomechanical
stimuli, and their relief after MV intervention.

CONCLUSIONS

MVP is associated with adverse prognosis in a subset
of patients who develop severe DMR, heart failure,

SCD, or persistent LV dysfunction despite MV inter-

vention. Research efforts should focus on better
understanding mechanisms underlying hemody-
namic and arrhythmic complications in MVP through
development of large-scale genetic studies, biome-
chanical simulators, and small and large-animal

models. Linking basic to clinical data is of para-
mount importance to develop novel therapies. To
identify those patients at highest risk for complica-
tions, standard and novel imaging tools for improved
myocardial tissue characterization, such as strain

echocardiography, CMR, and PET, should be evalu-

ated in association with “omics,” ECG/EPS, and sur-
gical data for SCD and DMR/LV dysfunction risk,
respectively. Prospective evaluation of such parame-
ters in large, international multicenter registries

leveraging sex and race differences across pop-

ulations is key for improved risk stratification and
consequent design of randomized controlled trials
able to improve treatment of DMR and develop pre-
ventative measures for SCD in MVP (Central

Illustration).
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