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Abstract: Mitral valve prolapse is a common cardiac condition, with an estimated prevalence between
1% and 3%. Most patients have a benign course, but ever since its initial description mitral valve
prolapse has been associated to sudden cardiac death. Although the causal relationship between
mitral valve prolapse and sudden cardiac death has never been clearly demonstrated, different
factors have been implicated in arrhythmogenesis in patients with mitral valve prolapse. In this
work, we offer a comprehensive overview of the etiology and the genetic background, epidemiology,
pathophysiology, and we focus on the state-of-the-art imaging-based diagnosis of mitral valve
prolapse. Going beyond the classical, well-described clinical factors, such as young age, female
gender and auscultatory findings, we investigate multimodality imaging features, such as alterations
of anatomy and function of the mitral valve and its leaflets, the structural and contractile anomalies
of the myocardium, all of which have been associated to sudden cardiac death.

Keywords: mitral valve prolapse; sudden cardiac death; arrhythmia; risk factors; multimodality
imaging; echocardiography; cardiovascular magnetic resonance

1. Introduction
1.1. Mitral Valve Anatomy

Mitral valve (MV) is a complex three-dimensional (3D) structure composed of valvular
(i.e., annulus, commissures and leaflets) and sub-valvular (i.e., papillary muscles and
chordae tendineae) components (Figure 1).

The pivotal study by Levine and colleagues demonstrated that the mitral annulus
(MA) is a saddle-shaped structure with its most apical points being located medially and
laterally, while its most basal points are located anteriorly and posteriorly [1] (Figure 1).
Later studies demonstrated that the shape and dimensions of MA vary dynamically with
the cardiac cycle [2]: In diastole, it is more circular in shape, while in systole it bends
becoming more saddle-shaped [3]. The saddle-shape is highly conserved across species [4]
and is thought to confer a mechanical advantage to the leaflets by reducing peak leaflet
stress [5].

The motion of the MA is passive and is functionally related to the contraction-
relaxation cycle of adjacent atrial and ventricular musculature, as well as the motion
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of the aortic root [6]. During systole, the MA moves apically, with the anterior portion
moving posteriorly and the posterior portion moving anteriorly [6].
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Carpentier classification refers to the three segments of posterior leaflet as P1, P2 and P3 
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Figure 1. Mitral Valve Anatomy. (A) Normal valvular anatomy, with the saddle-shaped annulus
and two leaflets, divided according to the Carpentier classification. (B) Mitral valve prolapse is
characterized by superior displacement of one or both leaflets into the left atrium. Other than the
prolapse, the mitral valve undergoes profound changes in systole with the flattening of the annulus
and the increase of posterior circumference.

The leaflets of the MV differ: The mural (posterior) leaflet is narrower and presents
indentations forming three segments; while the aortic (anterior) leaflet is broader, semi-
circular, and presents two distinct zones (a rough and a clear one) [7]. The broadly used
Carpentier classification refers to the three segments of posterior leaflet as P1, P2 and P3
(laterally to medially), and the corresponding, non-anatomical segments of the anterior
leaflet as A1, A2 and A3 [8] (Figure 1).

The classical work of Lam and colleagues defined the anatomy of the sub-valvular
apparatus. They found that chordae tendineae arise from the tips of the papillary muscles
(anterolateral and posteromedial) and depending on the site of insertion can be classified as
primary (those that attach to the distal, free edge of the rough zone), secondary (those that
ventricular surface of the body of the leaflet) and tertiary (those exclusive to the posterior
leaflet, attaching to the ventricular wall) [9]. The posteromedial papillary muscle gives rise
to chords attaching to the medial half of both leaflets (i.e., posteromedial commissure, P3,
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A3, and medial portions of P2 and A2), while the anterolateral papillary muscle gives rise
to chords inserting into the lateral portion of the leaflets (i.e., anterolateral commissure, A1,
P1, and lateral segments of P2 and A2) [7] (Figure 1).

1.2. Mitral Valve Prolapse

Mitral valve prolapse (MVP) is a spectrum of clinical entities characterized by superior
displacement of one or both leaflets into the left atrium (LA) [10] (Figure 1).

At the present time, MVP is commonly classified as primary (i.e., non-syndromic)
or secondary (i.e., syndromic). Familial studies have suggested that heritability is com-
mon [11], and thus, primary MVP can be further subdivided into sporadic and famil-
ial forms.

The initial hypothesis of X-linked inheritance had been put forth in the late 1960s [12],
but almost forty years passed before the identification of a missense filamin C (FLNC)
mutation (p. Pro637Gln) as the first MVP gene in a large French Caucasian family [13].
These initial observations were further supported by the identification of three FLNC muta-
tions (two missense and one large deletion) in three unrelated families (British Caucasian,
Black African and Hong Kong Chinese) [13].

Additionally, linkage studies identified three loci with an autosomal dominant inher-
itance: MMVP1 [14], MMVP2 [15] and MMVP3 [16] mapping to chromosomes 16p12.1-
p11.2, 11p15.4 and 13q31.3-q32.1, respectively. Despite solid evidence backing the heri-
tability, the genes responsible remained largely elusive. Hitherto, only missense variants
on DCHS1 gene [17] coding for dachsous homolog 1 and mapping to the MMVP2 locus,
have been described in two non-related families with a strong family history of MVP.

Secondary MVP is typically associated to a range of connective tissue disorders
such as Marfan syndrome [18], Loeys-Dietz syndrome [19], Ehler-Danlos syndrome [20],
and osteogenesis imperfecta [21]. Pathologically, MVP can be divided into Barlow’s disease
and fibroelastic deficiency (Figure 2). Barlow’s disease is a characterized by myxoid
infiltration causing excessive, thickened and distended leaflet tissue resulting frequently
in multi-segmental prolapse [22]. Fibroelastic deficiency, as the name suggests, results
from the impaired production of connective tissue, with deficiency of collagen, elastins,
and proteoglycans, causing leaflet and chordae thinning, which may rupture [22].

Diagnostics 2021, 11, x FOR PEER REVIEW 3 of 15 
 

 

(anterolateral and posteromedial) and depending on the site of insertion can be classified 
as primary (those that attach to the distal, free edge of the rough zone), secondary (those 
that ventricular surface of the body of the leaflet) and tertiary (those exclusive to the pos-
terior leaflet, attaching to the ventricular wall) [9]. The posteromedial papillary muscle 
gives rise to chords attaching to the medial half of both leaflets (i.e., posteromedial com-
missure, P3, A3, and medial portions of P2 and A2), while the anterolateral papillary mus-
cle gives rise to chords inserting into the lateral portion of the leaflets (i.e., anterolateral 
commissure, A1, P1, and lateral segments of P2 and A2) [7] (Figure 1). 
1.2. Mitral Valve Prolapse 

Mitral valve prolapse (MVP) is a spectrum of clinical entities characterized by supe-
rior displacement of one or both leaflets into the left atrium (LA) [10] (Figure 1). 

At the present time, MVP is commonly classified as primary (i.e., non-syndromic) or 
secondary (i.e., syndromic). Familial studies have suggested that heritability is common 
[11], and thus, primary MVP can be further subdivided into sporadic and familial forms. 

The initial hypothesis of X-linked inheritance had been put forth in the late 1960s [12], 
but almost forty years passed before the identification of a missense filamin C (FLNC) 
mutation (p. Pro637Gln) as the first MVP gene in a large French Caucasian family [13]. 
These initial observations were further supported by the identification of three FLNC mu-
tations (two missense and one large deletion) in three unrelated families (British Cauca-
sian, Black African and Hong Kong Chinese) [13]. 

Additionally, linkage studies identified three loci with an autosomal dominant in-
heritance: MMVP1 [14], MMVP2 [15] and MMVP3 [16] mapping to chromosomes 16p12.1-
p11.2, 11p15.4 and 13q31.3-q32.1, respectively. Despite solid evidence backing the herita-
bility, the genes responsible remained largely elusive. Hitherto, only missense variants on 
DCHS1 gene [17] coding for dachsous homolog 1 and mapping to the MMVP2 locus, have 
been described in two non-related families with a strong family history of MVP. 

Secondary MVP is typically associated to a range of connective tissue disorders such 
as Marfan syndrome [18], Loeys-Dietz syndrome [19], Ehler-Danlos syndrome [20], and 
osteogenesis imperfecta [21]. Pathologically, MVP can be divided into Barlow’s disease 
and fibroelastic deficiency (Figure 2). Barlow’s disease is a characterized by myxoid infil-
tration causing excessive, thickened and distended leaflet tissue resulting frequently in 
multi-segmental prolapse [22]. Fibroelastic deficiency, as the name suggests, results from 
the impaired production of connective tissue, with deficiency of collagen, elastins, and 
proteoglycans, causing leaflet and chordae thinning, which may rupture [22]. 

 
Figure 2. Multimodality assessment of MVP due to Barlow’s disease and due to fibroelastic deficiency; 2D TEE (A) and
CMR (B) images show thickening and prolapse of both mitral valve leaflets in Barlow’s disease; 3D TEE (C) confirms mitral
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deficiency. CMR: Cardiac Magnetic Resonance; FED: Fibroelastic deficiency; TEE: Transeoesophageal echocardiography.
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2. Mitral Valve Prolapse: A Historical Perspective

Initial description of MVP had been provided by Barlow and Bosman in 1966 as an
“auscultatory-electrocardiographic syndrome” [23]: Apical late systolic murmur coupled
with a systolic click; inverted T wave in infero-lateral leads and mild mitral regurgitation
(MR). The same year, Criley and colleagues confirmed the association of late systolic
murmur and systolic prolapse of the posterior leaflet of the MV with MR, coining the
term MVP and suggesting that it might be associated with a pathology of the chordae
tendineae [24]. The seminal work of Barlow and colleagues provided morphological
evidence for this hypothesis and established MVP as a specific syndrome [25].

In the early days of echocardiography, extremely high prevalence rates have been
identified, with up to a third of healthy children being affected [26]. One of the principal
factors driving such high diagnostic rates had been the erroneous assumption that the
MV is a Euclidian plane during the entire cardiac cycle [27], which led to considering any
leaflet displacement above the presumably planar annular plane as sufficient evidence
for diagnosis. Levine and colleagues redefined the understanding of the MV anatomy,
establishing that it is saddle-shaped [1], with major implications for both the epidemiology
and diagnosis of MVP.

MVP is a considered a common condition, with an estimated community-based
prevalence between 1% [11] and 2.4% [28] in Caucasian population, 0.5% in Black pop-
ulation [29], 1.7% in American Indian population [30], 2.2% in Chinese population [31],
2.7% in South Asian population [31] using the standardized echocardiographic diagnostic
criteria. Moreover, MVP represents the most common cause of primary MR in the Western
world [32].

Since the first description, MVP had been associated to ventricular arrhythmias
(VA) [23] and sudden cardiac death (SCD) [25], but has been generally considered a benign
entity. The work of Nishimura and associates identified a subset of patients who were
at much higher risk for SCD [33], later termed “malignant MVP” or “arrhythmic MVP”,
thus paving the way for the risk stratification for SCD in patients with MVP.

3. Diagnosis of MVP

Cardiac imaging represents the gold standard for the diagnosis of MVP, and has largely
supplanted the auscultatory signs, with most diagnoses being made using echocardiography.

3.1. Echocardiography

The 2013 European Society of Cardiology recommendations define the MVP as an
abnormal systolic displacement of one or both mitral leaflets more than 2 mm below the
annular plane, superiorly into the left atrium, as seen in the parasternal or eventually
the apical long-axis view [34] on two-dimensional trans-thoracic echocardiography (2D
TTE) (Figure 3). Importantly, apical four-chamber view should not be used for diagnosis.
As mentioned in the introduction, MV is a saddle-shaped structure with its most apical
points being located medially and laterally, while its most basal points are located anteriorly
and posteriorly [1]. Therefore, leaflets may appear to ascend above the MA in the apical
four-chamber view without leaflet distortion or actual displacement above the entire
MV [1], leading to misdiagnosis.

In 2006, the data from this laboratory, in a cohort of 112 patients with an established
diagnosis of severe MR due to degenerative MVP, demonstrated that trans-esophageal
echocardiography (TEE) provides the most accurate localization of pathology, assuming
surgical findings as reference (87% and 95.6% of cases, using 2D and 3D TEE), and should
be considered the gold standard for surgical planning [35] (Figure 3). Independent studies
confirmed the finding that 3D TEE was more accurate (92–100%) than 2D TEE (80–96%) in
identification of prolapsed segments and was comparable with direct surgical measures [36].
Interestingly, a recent study from our group suggests that 3D methods are superior to 2D
methods: 3D TTE was superior to 2D TEE in the recognition and localization of MVP (93%
vs. 91%) [37].
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Figure 3. Multimodality MVP assessment in a 37-year-old male symptomatic for exercise dyspnea.
(A) TTE PLAX view showing a myxomatous MV with bileaflet MVP (white arrows) with associated
MAD (yellow arrow); (B) ColorDoppler TTE PLAX view showing centrovalvular mitral regurgitation
jet; (C) 3D-TTE demonstrating bileaflet MVP; (D) bicommisural TEE images confirming bileaflet MVP
(white arrows); (E) TEE 4-Ch view, assessment of mitral regurgitation severity measuring the PISA
radius; (F) 3D-TEE with photo-realistic 3D rendering confirming bileaflet MVP; (G,H) CCT (G) and
CMR (H) confirming the presence of bileaflet MVP (white arrows) with associated MAD (red arrow);
(I) CMR late gadolinium enhancement images showing focal fibrosis of the LV inferobasal wall;
(L) four-dimensional (4D)-flow CMR basal short axis view showing centrovalvular mitral regurgitant
jet; (M,N) phase contrast measurements of aortic (M) and pulmonary (N) flow. CCT: Cardiac CT;
CMR: Cardiac Magnetic Resonance; MV: Mitral Valve; MAD: Mitral Annular Disjunction; MVP:
Mitral Valve Prolapse; PISA: Proximal Isovelocity Surface Area; PLAX: Parasternal Long Axis; TEE:
Transesophageal echocardiography; TTE: Transthoracic Echocardiography.

The diagnosis of MVP must always be accompanied with an extensive research for the
potential presence of MR, and ultimately, a robust quantification of its severity (Figure 3).
Echocardiography represents the most common technique used for the quantification of
the severity of MR [38] and relies on the integration of qualitative, semi-qualitative and
quantitative parameters. Careful assessment of the valvular morphology together with
the qualitative assessment of the color Doppler (jet size, morphology and extent) and
continuous Doppler (density and shape) provide initial clues about the severity of the
MR [38]. Semi-quantitative features such as vena contracta (>7 mm), systolic pulmonary
vein flow reversal, E wave dominance at mitral inflow pulsed Doppler (E > 1.2 m/s) are all
consistent with severe MR [38]. Both the 2017 ESC Guidelines [38] and the 2020 ACC/AHA
Guidelines [39] agree that an effective regurgitant orifice area (EROA) greater or equal to
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40 mm2 and regurgitant volume greater or equal to 60 mL/beat are consistent for severe
MR. Lastly, a novel and complementary method for the identification of severe MR that
has been suggested recently is the average pixel intensity method, with a cut-off greater
than 125 au proposed for the identification of severe MR [40].

Importantly, both regional and global LV systolic function should always be evaluated
using echocardiography, according to the 2017 ESC Guidelines [38].

3.2. Cardiovascular Magnetic Resonance

Cardiovascular magnetic resonance (CMR) is considered a robust noninvasive tech-
nique that can provide comprehensive assessment of the MV [41]. The added value of
CMR is represented by accurate estimation of left ventricular (LV) volumes and function,
as well as multiparametric tissue characterization and important for risk stratification.

The pioneering work of Han and colleagues established that a 2 mm threshold for
leaflet excursion into the LA, identical to echocardiography criteria, in the LV outflow tract
long-axis view yielded 100% sensitivity and 100% specificity [42] (Figure 3).

Later on, the work by Delling and colleagues identified anterior leaflet length, posterior
leaflet displacement, posterior leaflet thickness, and the presence of flail leaflet as the best
CMR valvular determinants of MVP-related MR [43].

The 2020 AHA/ACC Guidelines suggest that the use of CMR is appropriate for the
assessment of LV volumes, function and MR severity, especially when TTE does not address
these issues satisfactorily [39].

In terms of quantitative assessment, CMR planimetry of the EROA has been shown to
be feasible and in good agreement with invasive angiographic grading (r = 0.84, p < 0.0001)
and non-invasive echocardiographic assessment (r = 0.81, p < 0.0001) [44]. Importantly,
using an EROA cut-off of 40 mm2, CMR detected MR with sensitivity and specificity of
94% and 94%, respectively [44]. CMR also permits an accurate calculation of regurgitant
volume, using different techniques: The most widely used one is the difference between the
LV stroke volume calculated using planimetry of cine steady state, free-precession images
and the aortic (systolic) forward volume obtained by phase-contrast images [41].

Novel techniques such as 4D-flow CMR offer great promise for an accurate qualitative
assessment of MR, especially for eccentric jets [41].

The evidence of CMR capability to detect tissue changes in MVP patients was pub-
lished in recent studies which demonstrated that only patients with MVP had a significant
reduction of papillary muscle signal compared to LV parietal myocardium [45]. Interest-
ingly, these findings were not related to the presence (or absence) of fibrosis and allowed the
identification of patients with MVP, not only when compared to healthy controls, but even
when compared with patients with other causes of MR and compared with patients with
hypertrophic cardiomyopathy [45].

3.3. Cardiac Computed Tomography

Last, cardiac computed tomography (cCT) is another feasible, but under-investigated
method for the diagnosis of MVP. It boasts excellent specificity (95%), but as compared
to echocardiography, cCT has a significantly lower sensitivity (80% versus 87%), which is
particularly marked in bileaflet MVP [46] (Figure 3).

4. Multimodality Imaging Features Associated to Sudden Cardiac Death

In different series, MVP is found in approximately 2–4% of all causes of SCD in the
young, both in the general population and in competitive athletes. Albeit SCD has been
associated with MVP since the earliest descriptions of the condition [24,33], the potential
underlying mechanisms remain incompletely understood [47]. Given the high prevalence
of MVP in the general population, the retrospective nature of most series and the absence
of genetic testing in almost all series, up to now the association between MVP and SCD
remains controversial and under debate. It is possible that at least a proportion of this
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association may be attributable to ascertainment bias [48], resulting in an overestimated
SCD rates.

Demographic parameters, such as young age and female gender [49], as well as
auscultatory findings [50] have been frequently used to identify a subset of patients at the
highest risk for SCD [47], but there has been much debate on the use of cardiac imaging in
risk stratification.

In this section, we will offer a deep-dive into four broad, overlapping and non-
exclusive groups of imaging-based risk factors: mitral valve leaflet alterations, mitral
valve annulus alterations, myocardial structural abnormalities, myocardial contraction
alterations; and their interactions with the electrophysiologic risk factors (Figure 4).
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4.1. Mitral Valve Leaflet Alterations

One of the first series, compiled by Dr. Jeresaty in 1976, described a number of MV
characteristics that would later be confirmed as risk factors for SCD in patients with MVP.
Namely, in the series of 12 patients (9/12 females (75%)) from a larger cohort of 240 patients
who had died suddenly, redundant myxomatous mitral leaflets, mitral regurgitation (86%)
and bilateral prolapse (70%) were significantly overrepresented [51].

The first prognostic factor investigated for risk stratification was leaflet redundancy
(i.e., thickness of 5 mm or more of one or both mitral leaflets; Figure 4). In the cohort of
Nishimura and colleagues, it was an independent risk factor for SCD, with all six patients
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who died presenting redundant leaflets (6/97 (6.2%) with redundant leaflets vs. 0/140
(0%) without redundant leaflets). Successively, the work of Marks and colleagues defined
the patients with MVP and leaflet redundancy as “classic” MVP, while those patients
without were termed “non-classic” MVP [52]. Importantly, “classic” MVP has also been
demonstrated to be an independent predictor of VA in an Italian cohort [53], a finding
later confirmed in larger cohorts [54]; with the incidence of complex VA shown to correlate
positively with the degree of MVP [55].

Although most patients with MVP have no MR or mild MR (38% and 46%, respec-
tively) [56], it is estimated that around 7% of patients with MVP [57] have severe MR.
Interestingly, the multivariate analysis of the natural history of the disease, conducted in
Olmsted County (Minnesota, USA) on a combined endpoint of death and heart failure
related to MVP, endocarditis, and mitral surgery, identified severe MR as an independent
predictor (Figure 4). Patients with severe MR were found to be at a three-fold increased
risk of cardiovascular mortality [56] and although the cardiovascular mortality was partly
related to the ventricular dysfunction MR induces, it was mostly independent [56]. This is
reinforced by an earlier, independent finding that LV volume overload is associated with a
high recurrence rate of VA [58].

Although sporadic reports of bileaflet MVP (Figure 4) associated to SCD continued
being reported in the literature for years [59], almost four decades after the first description
of the arrhythmic MVP, the data from Ackermann laboratory, who reported an unusually
high incidence of bileaflet MVP in a cohort of 24 patients who survived an out-of-hospital
cardiac arrest [60], rekindled the interest of the scientific community for the topic.

The work by the Padua group supports the high prevalence of bileaflet MVP in
patients with SCD. In their cohort 43/650 (7%) patients died suddenly at an age <40 years
of age: In 70% of them, bileaflet involvement was identified [49].

In select cohorts (5 patients), preliminary data seem to hint at the reduction, but not
complete abolishment, of the burden of malignant arrhythmias and the rate of appropriate
shocks following the surgical correction of bileaflet MVP [61], suggesting that multiple
factors might be at play. These findings are supported by the more recent data, suggesting
that bileaflet MVP in isolation, despite its association with VA, does not seem to portend a
poorer prognosis for SCD at the population level [62].

4.2. Mitral Valve Annulus Alterations

Different alterations involving the MA itself have been extensively studied, but have
been only indirectly implicated as risk factors for SCD: As precursors [63] for the develop-
ment of MR and as risk factors for non-sustained VA.

Perhaps the most important aspect of mitral annular dysfunction in MVP is mitral
annular disjunction (MAD; Figure 4). MAD is defined as a wide separation between the
atrial wall-mitral valve junction and the atrial aspect of the LV free wall [64]. Currently,
its diagnosis relies on the separation greater or equal to 5 mm between the mural leaflet
insertion into the left atrial wall and the base of the LV free wall, a cut-off deriving from
the initial pathological description [64], later verified by TTE studies [65]. CMR is the gold
standard for the diagnosis, although TTE has been shown to have good agreement with
it [66]. In different works it has been shown to be a common, but not exclusive, feature
of patients with MVP, independently from the diagnostic technique used: 2D TTE [65,67],
3D TTE [68], and to correlate to pathological findings [69].

MAD has profound implications on the dynamic behavior of the MV shape and
recent works have suggest that it may be both an anatomic feature of the MA itself [70]
and an independent syndrome [71]. In patents with MAD and MVP both the annular
height and annular height-to-commissural width ratio (Figure 1) decreased, resulting in
paradoxical annular flattening during systole [68], while the systolic annular diameter
increased [67]. Although annular alterations have not been investigated as a risk factor
for SCD, both in vivo [5] and advanced computational [72] evidence demonstrate the
significance of the physiological saddle-shaped annulus in maintenance of normal MV
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leaflet stress, suggesting that MAD might be one of the precursor mechanisms leading to
MR in MVP [63] but also for the occurrence of VA.

A correlation between the severity of MAD and the occurrence of VA has been demon-
strated: MAD > 8.5 mm was a strong predictor for non-sustained ventricular tachycardia
(NSVT) [67]. Considering only the patients with MVP but without MR, MAD remained
a predictor of the frequency of premature ventricular complexes (PVCs) and NSVT [50],
suggesting that it might be independent from MR. This finding is supported by a recent
work by Essayagh and colleagues who found that in a multivariate analysis severe MAD
was associated with a sevenfold increased risk of VA [54]. Although associated with MR
and NSVTs, MAD has never been tested as an independent risk factor for SCD—large
studies using hard-endpoints will give the last word on its relevance for SCD.

4.3. Myocardial Structural Abnormalities

Initial observations linking intramyocardial fibrosis to MVP and SCD were made in
the histological studies and have been subsequently confirmed by robust CMR studies.
Namely, in the work by the Padua group, histological evidence of LV fibrosis had been
found in papillary muscles (43/43 SCD victims) and the infero-basal wall (38/43 patients,
88%) [49]. These findings were confirmed in the cohort of living patients of Italian descent,
affected by MVP and VA, who had evidence of late gadolinium enhancement (LGE) in 93%
(Figure 4).

A mechanicistic insight into the molecular pathophysiology of mechanical stress-
induced fibrosis has been offered by Blomme and colleagues in 2019 who showed a
transient upregulation of transforming growth factor β2 (TGF-β2) and a longer lasting
connective tissue growth factor (CTGF) expression, a known downstream effector of TGF-
β [73]. These findings provide a consistent link to the known TGF-β signaling enhancement
in a number of connective disorders linked to MVP (i.e., Marfan syndrome [74], Loeyts-
Dietz syndrome [75]) and to the previous human expression studies [76].

At odds with these findings, other studies have found much lower rates of LGE,
with clear CMR demonstration in only a third of patients [77,78]. Interestingly, one of these
studies also reported significantly shorter postcontrast T1 times (pT1) when compared with
controls (334 ± 52 vs. 363 ± 58 ms). Additionally, the same group identified that patients
with MVP and VA had longer pT1 compared to the patients with MVP and without VA
(324 (IQR: 296 to 348 ms) vs. 354 (IQR: 327 to 376 ms)). Our group provided evidence for
the prolongation of global native T1 times (nT1) in patients with MVP compared to healthy
controls (1124.9 ± 97.5 ms vs. 1007.4 ± 26.1 ms) [79]. We found that the distribution of
nT1 prolongation reflected the “typical” sites: nT1 times were significantly higher in the
basal and mid-LV inferolateral walls [79]. Importantly, our work demonstrated that there
was no correlation between MR severity and nT1 times, signifying that diffuse fibrosis
in patients with MVP (Figures 3 and 4) is likely not a direct consequence of volume
overload [79]. The aforementioned radiological findings corroborate the morphological
evidence demonstrated in autoptic series, which suggest that SCD can occur even in the
absence of macroscopical fibrosis [80], which is detectable by LGE.

These observations suggest that even though macroscopic, focal fibrosis clearly serves
as electrophysiological substrate for malignant VA, as evidenced with the highest arrhyth-
mic burden in patients with LGE [77], it is possible that it represents a later stage of the
disease process [81]. At the same time, it is likely that diffuse myocardial fibrosis, which
is independent from the MR, may contribute to arrhythmia onset even before LGE could
be detected.

4.4. Myocardial Contraction Abnormalities

In addition to the aforementioned morphological myocardial anomalies, a range of
myocardial contraction abnormalities have also been implicated as potential risk factors
for SCD in patients with MVP, but no data corroborating these hypotheses exist at the
present time.



Diagnostics 2021, 11, 467 10 of 15

In an echocardiography study, Muthukumar and colleagues described a high-velocity
systolic signal using tissue Doppler imaging (TDI) and coined the term “Pickelhaube
sign” [82], for the reminiscence between the pattern and a 19th century Prussian spiked
helmet. Although never demonstrated to be a risk factor for SCD, this TDI signal has been
found to be overrepresented in a group of patients with arrhythmic MVP [82], and it has
been proposed that the sharp tugging of the papillary muscle and the LV wall, which move
apically, may be arrhythmogenic, also in the absence of LGE at CMR [83].

Recently published data from this laboratory demonstrated strain alterations using
CMR feature tracking (CMR-FT). Patients with MVP showed reduced radial and circumfer-
ential strain values in basal and mid-ventricular inferolateral segments, as compared to
other segments [79] (Figure 4). Additionally, these sites were the very same sites in which
we identified the increase in nT1 times, suggesting a nexus between the two [79].

Additional strain-derived indices have been assessed as risk factors, such as mechani-
cal dispersion. Interestingly, mechanical dispersion, was not merely significantly higher in
patients with arrhythmic MVP, but also an independent predictor of arrhythmic risk [84].

4.5. Electrophysiologic Risk Factors

The baseline electrocardiogram is often characterized by the presence of repolarization
abnormalities in the infero-lateral leads (T wave inversion) [23,85] and mild QT interval
prolongation [84]. The QT interval prolongation is especially interesting as it might act as a
facilitator for one of the proposed electrophysiological mechanisms of arrhythmia origin in
patients with MVP: Stretch-induced afterdepolarizations [85,86].

The stretch-induced afterdepolarizations may occur due to the contact of the prolaps-
ing leaflets with the ventricular myocardium during diastole, due to the stretch of the
leaflet itself or at the site of the insertion of papillary muscle [87]. Regardless of the site of
the origin, stretch-induced afterdepolarization may act as a trigger for VA, especially in
a tissue with a pro-arrhythmogenic functional (QTc interval prolongation) and structural
substrate (fibrosis) [88].

In fact, a recent meta-analysis demonstrated that PVC-triggered ventricular fibrillation
(VF) [89] seems to be the primary arrhythmia in patients with MVP who experienced a
cardiac arrest [47]. Although the presence of PVCs per se has never been demonstrated as
a risk factor for SCD, the origin of the VA correlates well with the peculiar, reproducible
pattern of fibrosis [90] and the electrocardiograms of patients with MVP are compatible
with such a distribution. Even though it has been speculated since the 1980s that the
arrhythmias due to MVP originate from the infero-basal region of the LV [91], only recently
convincing evidence has been put forward to confirm this hypothesis. Two different groups
provided a robust characterization of the electrophysiological substrate of arrhythmias
in MVP, identifying the papillary muscles as the site of PVC origin in patients with PVC-
triggered VF and MVP [83,89].

5. Recommendations

The European Society of Cardiology guidelines for the management of ventricular
arrhythmias and the prevention of sudden cardiac death do not pose specific indications
for the risk stratification in patients with MVP. In fact, a granular risk stratification is still
not possible, in the absence of large prospective studies on well-characterized cohorts of
patients in primary prevention of sudden cardiac death.

Some experts have suggested that patients with MVP should undergo a focused
work-up with 12-lead ECG, exercise stress test, 24-hour ambulatory ECG Holter and an
echocardiogram [85]. In the group of patients with risk factors, periodic cardiac magnetic
resonance and prolonged electrocardiographic monitoring using implantable loop recorder
should be considered [85].
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6. Conclusions

MVP represents a common cardiac condition, with an estimated prevalence between
1% to 3%. Most patients with MVP have a benign course, but MVP has often been associated
to SCD. Notwithstanding the fact that the causal relationship between MVP and SCD has
never been clearly documented, the data we have presented suggest that there are different
factors which may contribute to arrhythmogenesis in patients with MVP.

Current literature suggests that the alterations of the MV leaflets (leaflet redundancy
and bileaflet prolapse) and the MA (mitral annular flattening and MAD), may be interde-
pendent and might represent the real primum movens for the occurrence of arrhythmias
in patients with MVP. The results of the mechanical dysfunction are multifaceted and are
likely to represent a pathophysiological spectrum. Mechanical dysfunction, resulting in
sharp tugging of the papillary muscle and the LV wall, can represent an arrhythmogenic
trigger, with the electrical mechanism implicated seems to be mediated by stretch-induced
afterdepolarizations. The resultant triggered activity may induce PVCs, typically located
in the proximity of the papillary muscles and can be the trigger for VF. On the other hand,
the aforementioned mechanical dysfunction may arise in mechanical stress-induced fibrosis
via a TGF-β-mediated pathway in the long run, which can manifest as either focal or diffuse
fibrosis, which in turn act as a pathological substrate. Lastly, an important consequence of
MVP is the development of MR, a strong risk factor for SCD.

It is clear how accurate multimodality imaging plays a central role in MVP. Using the
variety of techniques at our disposal, we can study the complex valvular anatomy, detecting
and quantifying the degree of MVP; assess the presence and severity of MR; identify
the myocardial contraction abnormalities; and characterize the myocardial structural
abnormalities, such as focal and/or diffuse fibrosis. Given the link between mechanical
dysfunction and electrophysiology, imaging represents the most powerful tool at our
disposal for the identification of risk factors that have been suggested to predispose patients
with MVP to SCD.

Author Contributions: Conceptualization, D.K., S.G.P. and G.P.; visualization, D.K., M.G., L.F.
and V.M.; writing—original draft preparation, D.K., A.M., S.G.P., G.P.; writing—review and editing,
D.K., M.G., G.P.; supervision, M.G., A.B., G.M., L.F., M.M., G.T., V.M., A.T., C.A., A.M., M.P., S.G.P.
and G.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: Figures 1 and 4 were created using BioRender.com.

Conflicts of Interest: G.P. declared honorarium as speaker and/or institutional research grant from
GE Healthcare, Bracco, Boehringer Ingelheim, Heartflow. Other authors have no conflict of interest.

References
1. Levine, R.A.; Handschumacher, M.D.; Sanfilippo, A.J.; Hagege, A.A.; Harrigan, P.; Marshall, J.E.; Weyman, A.E. Three-dimensional

echocardiographic reconstruction of the mitral valve, with implications for the diagnosis of mitral valve prolapse. Circulation
1989, 80, 589–598. [CrossRef]

2. Jiang, L.; Owais, K.; Matyal, R.; Khabbaz, K.R.; Liu, D.C.; Montealegre-Gallegos, M.; Hess, P.E.; Mahmood, F. Dynamism of the
mitral annulus: A spatial and temporal analysis. J. Cardiothorac. Vasc. Anesth. 2014, 28, 1191–1197. [CrossRef]

3. Garbi, M.; Monaghan, M.J. Quantitative mitral valve anatomy and pathology. Echo Res. Pract. 2015, 2. [CrossRef]
4. Stephenson, A.; Adams, J.W.; Vaccarezza, M. The vertebrate heart: An evolutionary perspective. J. Anat. 2017, 231, 787–797.

[CrossRef] [PubMed]
5. Salgo, I.S.; Gorman, J.H.; Gorman, R.C.; Jackson, B.M.; Bowen, F.W.; Plappert, T.; St John Sutton, M.G.; Edmunds, L.H.J. Effect of

annular shape on leaflet curvature in reducing mitral leaflet stress. Circulation 2002, 106, 711–717. [CrossRef] [PubMed]
6. Silbiger, J.J. Anatomy, mechanics, and pathophysiology of the mitral annulus. Am. Heart J. 2012, 164, 163–176. [CrossRef]

BioRender.com
http://doi.org/10.1161/01.CIR.80.3.589
http://doi.org/10.1053/j.jvca.2014.03.020
http://doi.org/10.1530/ERP-15-0008
http://doi.org/10.1111/joa.12687
http://www.ncbi.nlm.nih.gov/pubmed/28905992
http://doi.org/10.1161/01.CIR.0000025426.39426.83
http://www.ncbi.nlm.nih.gov/pubmed/12163432
http://doi.org/10.1016/j.ahj.2012.05.014


Diagnostics 2021, 11, 467 12 of 15

7. McCarthy, K.P.; Ring, L.; Rana, B.S. Anatomy of the mitral valve: Understanding the mitral valve complex in mitral regurgitation.
Eur. J. Echocardiogr. 2010, 11, 3–9. [CrossRef] [PubMed]

8. Carpentier, A. Cardiac valve surgery—the “French correction”. J. Thorac. Cardiovasc. Surg. 1983, 86, 323–337. [CrossRef]
9. Lam, J.H.; Ranganathan, N.; Wigle, E.D.; Silver, M.D. Morphology of the human mitral valve—Chordae tendineae: A new

classification. Circulation 1970, 41, 449–458. [CrossRef] [PubMed]
10. Levine, R.A.; Stathogiannis, E.; Newell, J.B.; Harrigan, P.; Weyman, A.E. Reconsideration of echocardiographic standards for

mitral valve prolapse: Lack of association between leaflet displacement isolated to the apical four chamber view and independent
echocardiographic evidence of abnormality. J. Am. Coll. Cardiol. 1988, 11, 1010–1019. [CrossRef]

11. Delling, F.N.; Rong, J.; Larson, M.G.; Lehman, B.; Osypiuk, E.; Stantchev, P.; Slaugenhaupt, S.A.; Benjamin, E.J.; Levine, R.A.;
Vasan, R.S. Familial clustering of mitral valve prolapse in the community. Circulation 2015, 131, 263–268. [CrossRef] [PubMed]

12. Monteleone, P.L.; Fagan, L.F. Possible X-linked congenital heart disease. Circulation 1969, 39, 611–614. [CrossRef]
13. Kyndt, F.; Gueffet, J.-P.; Probst, V.; Jaafar, P.; Legendre, A.; Le Bouffant, F.; Toquet, C.; Roy, E.; McGregor, L.; Lynch, S.A.; et al.

Mutations in the gene encoding filamin A as a cause for familial cardiac valvular dystrophy. Circulation 2007, 115, 40–49.
[CrossRef]

14. Disse, S.; Abergel, E.; Berrebi, A.; Houot, A.M.; Le Heuzey, J.Y.; Diebold, B.; Guize, L.; Carpentier, A.; Corvol, P.; Jeunemaitre, X.
Mapping of a first locus for autosomal dominant myxomatous mitral-valve prolapse to chromosome 16p11.2-p12.1. Am. J.
Hum. Genet. 1999, 65, 1242–1251. [CrossRef]

15. Freed, L.A.; Acierno, J.S.J.; Dai, D.; Leyne, M.; Marshall, J.E.; Nesta, F.; Levine, R.A.; Slaugenhaupt, S.A. A locus for autosomal
dominant mitral valve prolapse on chromosome 11p15.4. Am. J. Hum. Genet. 2003, 72, 1551–1559. [CrossRef]

16. Nesta, F.; Leyne, M.; Yosefy, C.; Simpson, C.; Dai, D.; Marshall, J.E.; Hung, J.; Slaugenhaupt, S.A.; Levine, R.A. New locus
for autosomal dominant mitral valve prolapse on chromosome 13: Clinical insights from genetic studies. Circulation 2005,
112, 2022–2030. [CrossRef] [PubMed]

17. Durst, R.; Sauls, K.; Peal, D.S.; deVlaming, A.; Toomer, K.; Leyne, M.; Salani, M.; Talkowski, M.E.; Brand, H.; Perrocheau, M.; et al.
Mutations in DCHS1 cause mitral valve prolapse. Nature 2015, 525, 109–113. [CrossRef]

18. Roman, M.J.; Devereux, R.B.; Kramer-Fox, R.; Spitzer, M.C. Comparison of cardiovascular and skeletal features of primary mitral
valve prolapse and Marfan syndrome. Am. J. Cardiol. 1989, 63, 317–321. [CrossRef]

19. van de Laar, I.M.B.H.; Oldenburg, R.A.; Pals, G.; Roos-Hesselink, J.W.; de Graaf, B.M.; Verhagen, J.M.A.; Hoedemaekers, Y.M.;
Willemsen, R.; Severijnen, L.-A.; Venselaar, H.; et al. Mutations in SMAD3 cause a syndromic form of aortic aneurysms and
dissections with early-onset osteoarthritis. Nat. Genet. 2011, 43, 121–126. [CrossRef]

20. Jaffe, A.S.; Geltman, E.M.; Rodey, G.E.; Uitto, J. Mitral valve prolapse: A consistent manifestation of type IV Ehlers-Danlos
syndrome. The pathogenetic role of the abnormal production of type III collagen. Circulation 1981, 64, 121–125. [CrossRef]
[PubMed]

21. Hortop, J.; Tsipouras, P.; Hanley, J.A.; Maron, B.J.; Shapiro, J.R. Cardiovascular involvement in osteogenesis imperfecta. Circulation
1986, 73, 54–61. [CrossRef] [PubMed]

22. Adams, D.H.; Rosenhek, R.; Falk, V. Degenerative mitral valve regurgitation: Best practice revolution. Eur. Heart J. 2010,
31, 1958–1966. [CrossRef] [PubMed]

23. Barlow, J.B.; Bosman, C.K. Aneurysmal protrusion of the posterior leaflet of the mitral valve. An auscultatory-electrocardiographic
syndrome. Am. Heart J. 1966, 71, 166–178. [CrossRef]

24. Criley, J.M.; Lewis, K.B.; Humphries, J.O.; Ross, R.S. Prolapse of the mitral valve: Clinical and cine-angiocardiographic findings.
Br. Heart J. 1966, 28, 488–496. [CrossRef] [PubMed]

25. Barlow, J.B.; Bosman, C.K.; Pocock, W.A.; Marchand, P. Late systolic murmurs and non-ejection (“mid-late”) systolic clicks.
An analysis of 90 patients. Br. Heart J. 1968, 30, 203–218. [CrossRef] [PubMed]

26. Warth, D.C.; King, M.E.; Cohen, J.M.; Tesoriero, V.L.; Marcus, E.; Weyman, A.E. Prevalence of mitral valve prolapse in normal
children. J. Am. Coll. Cardiol. 1985, 5, 1173–1177. [CrossRef]

27. Levine, R.A.; Triulzi, M.O.; Harrigan, P.; Weyman, A.E. The relationship of mitral annular shape to the diagnosis of mitral valve
prolapse. Circulation 1987, 75, 756–767. [CrossRef]

28. Delling, F.N.; Rong, J.; Larson, M.G.; Lehman, B.; Fuller, D.; Osypiuk, E.; Stantchev, P.; Hackman, B.; Manning, W.J.;
Benjamin, E.J.; et al. Evolution of Mitral Valve Prolapse: Insights From the Framingham Heart Study. Circulation 2016,
133, 1688–1695. [CrossRef] [PubMed]

29. Flack, J.M.; Kvasnicka, J.H.; Gardin, J.M.; Gidding, S.S.; Manolio, T.A.; Jacobs, D.R.J. Anthropometric and physiologic correlates
of mitral valve prolapse in a biethnic cohort of young adults: The CARDIA study. Am. Heart J. 1999, 138, 486–492. [CrossRef]

30. Devereux, R.B.; Jones, E.C.; Roman, M.J.; Howard, B.V.; Fabsitz, R.R.; Liu, J.E.; Palmieri, V.; Welty, T.K.; Lee, E.T. Prevalence and
correlates of mitral valve prolapse in a population-based sample of American Indians: The Strong Heart Study. Am. J. Med. 2001,
111, 679–685. [CrossRef]

31. Theal, M.; Sleik, K.; Anand, S.; Yi, Q.; Yusuf, S.; Lonn, E. Prevalence of mitral valve prolapse in ethnic groups. Can. J. Cardiol. 2004,
20, 511–515.

32. Delling, F.N.; Vasan, R.S. Epidemiology and pathophysiology of mitral valve prolapse: New insights into disease progression,
genetics, and molecular basis. Circulation 2014, 129, 2158–2170. [CrossRef] [PubMed]

http://doi.org/10.1093/ejechocard/jeq153
http://www.ncbi.nlm.nih.gov/pubmed/21078837
http://doi.org/10.1016/S0022-5223(19)39144-5
http://doi.org/10.1161/01.CIR.41.3.449
http://www.ncbi.nlm.nih.gov/pubmed/5415982
http://doi.org/10.1016/S0735-1097(98)90059-6
http://doi.org/10.1161/CIRCULATIONAHA.114.012594
http://www.ncbi.nlm.nih.gov/pubmed/25361552
http://doi.org/10.1161/01.CIR.39.5.611
http://doi.org/10.1161/CIRCULATIONAHA.106.622621
http://doi.org/10.1086/302624
http://doi.org/10.1086/375452
http://doi.org/10.1161/CIRCULATIONAHA.104.516930
http://www.ncbi.nlm.nih.gov/pubmed/16172273
http://doi.org/10.1038/nature14670
http://doi.org/10.1016/0002-9149(89)90338-X
http://doi.org/10.1038/ng.744
http://doi.org/10.1161/01.CIR.64.1.121
http://www.ncbi.nlm.nih.gov/pubmed/7237708
http://doi.org/10.1161/01.CIR.73.1.54
http://www.ncbi.nlm.nih.gov/pubmed/3940669
http://doi.org/10.1093/eurheartj/ehq222
http://www.ncbi.nlm.nih.gov/pubmed/20624767
http://doi.org/10.1016/0002-8703(66)90179-7
http://doi.org/10.1136/hrt.28.4.488
http://www.ncbi.nlm.nih.gov/pubmed/5942469
http://doi.org/10.1136/hrt.30.2.203
http://www.ncbi.nlm.nih.gov/pubmed/5642419
http://doi.org/10.1016/S0735-1097(85)80021-8
http://doi.org/10.1161/01.CIR.75.4.756
http://doi.org/10.1161/CIRCULATIONAHA.115.020621
http://www.ncbi.nlm.nih.gov/pubmed/27006478
http://doi.org/10.1016/S0002-8703(99)70151-1
http://doi.org/10.1016/S0002-9343(01)00981-0
http://doi.org/10.1161/CIRCULATIONAHA.113.006702
http://www.ncbi.nlm.nih.gov/pubmed/24867995


Diagnostics 2021, 11, 467 13 of 15

33. Nishimura, R.A.; McGoon, M.D.; Shub, C.; Miller, F.A.J.; Ilstrup, D.M.; Tajik, A.J. Echocardiographically documented mitral-valve
prolapse. Long-term follow-up of 237 patients. N. Engl. J. Med. 1985, 313, 1305–1309. [CrossRef] [PubMed]

34. Lancellotti, P.; Tribouilloy, C.; Hagendorff, A.; Popescu, B.A.; Edvardsen, T.; Pierard, L.A.; Badano, L.; Zamorano, J.L. Recom-
mendations for the echocardiographic assessment of native valvular regurgitation: An executive summary from the European
Association of Cardiovascular Imaging. Eur. Heart J. Cardiovasc. Imaging 2013, 14, 611–644. [CrossRef] [PubMed]

35. Pepi, M.; Tamborini, G.; Maltagliati, A.; Galli, C.A.; Sisillo, E.; Salvi, L.; Naliato, M.; Porqueddu, M.; Parolari, A.; Zanobini, M.; et al.
Head-to-head comparison of two and three-dimensional transthoracic and transesophageal echocardiography in the localization
of mitral valve prolapse. J. Am. Coll. Cardiol. 2006, 48, 2524–2530. [CrossRef] [PubMed]

36. Biaggi, P.; Jedrzkiewicz, S.; Gruner, C.; Meineri, M.; Karski, J.; Vegas, A.; Tanner, F.C.; Rakowski, H.; Ivanov, J.; David, T.E.; et al.
Quantification of mitral valve anatomy by three-dimensional transesophageal echocardiography in mitral valve prolapse predicts
surgical anatomy and the complexity of mitral valve repair. J. Am. Soc. Echocardiogr. Off. Publ. Am. Soc. Echocardiogr. 2012,
25, 758–765. [CrossRef] [PubMed]

37. Gripari, P.; Mapelli, M.; Bellacosa, I.; Piazzese, C.; Milo, M.; Fusini, L.; Muratori, M.; Ali, S.G.; Tamborini, G.; Pepi, M.
Transthoracic echocardiography in patients undergoing mitral valve repair: Comparison of new transthoracic 3D techniques to
2D transoesophageal echocardiography in the localization of mitral valve prolapse. Int. J. Cardiovasc. Imaging 2018, 34, 1099–1107.
[CrossRef] [PubMed]

38. Baumgartner, H.; Falk, V.; Bax, J.J.; De Bonis, M.; Hamm, C.; Holm, P.J.; Iung, B.; Lancellotti, P.; Lansac, E.; Rodriguez Muñoz, D.; et al.
2017 ESC/EACTS Guidelines for the management of valvular heart disease. Eur. Heart J. 2017, 38, 2739–2791. [CrossRef] [PubMed]

39. Otto, C.M.; Nishimura, R.A.; Bonow, R.O.; Carabello, B.A.; Erwin, J.P.; Gentile, F.; Jneid, H.; Krieger, E.V.; Mack, M.;
McLeod, C.; et al. 2020 ACC/AHA Guideline for the Management of Patients With Valvular Heart Disease: A Report of the
American College of Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. Circulation
2020, CIR0000000000000923. [CrossRef]

40. Kamoen, V.; El Haddad, M.; De Backer, T.; De Buyzere, M.; Timmermans, F. Insights into functional mitral regurgitation using the
average pixel intensity method. Int. J. Cardiovasc. Imaging 2019, 35, 761–769. [CrossRef] [PubMed]

41. Garg, P.; Swift, A.J.; Zhong, L.; Carlhäll, C.-J.; Ebbers, T.; Westenberg, J.; Hope, M.D.; Bucciarelli-Ducci, C.; Bax, J.J.; Myerson, S.G.
Assessment of mitral valve regurgitation by cardiovascular magnetic resonance imaging. Nat. Rev. Cardiol. 2020, 17, 298–312.
[CrossRef] [PubMed]

42. Han, Y.; Peters, D.C.; Salton, C.J.; Bzymek, D.; Nezafat, R.; Goddu, B.; Kissinger, K.V.; Zimetbaum, P.J.; Manning, W.J.; Yeon, S.B.
Cardiovascular magnetic resonance characterization of mitral valve prolapse. JACC. Cardiovasc. Imaging 2008, 1, 294–303.
[CrossRef] [PubMed]

43. Delling, F.N.; Kang, L.L.; Yeon, S.B.; Kissinger, K.V.; Goddu, B.; Manning, W.J.; Han, Y. CMR predictors of mitral regurgitation in
mitral valve prolapse. JACC. Cardiovasc. Imaging 2010, 3, 1037–1045. [CrossRef] [PubMed]

44. Buchner, S.; Debl, K.; Poschenrieder, F.; Feuerbach, S.; Riegger, G.A.J.; Luchner, A.; Djavidani, B. Cardiovascular magnetic
resonance for direct assessment of anatomic regurgitant orifice in mitral regurgitation. Circ. Cardiovasc. Imaging 2008, 1, 148–155.
[CrossRef]

45. Scatteia, A.; Pascale, C.E.; Gallo, P.; Pezzullo, S.; America, R.; Cappelletti, A.M.; Dalla Vecchia, L.A.; Guarini, P.; Dellegrottaglie, S.
Abnormal Papillary Muscle Signal on Cine MRI As a Typical Feature of Mitral Valve Prolapse. Sci. Rep. 2020, 10, 9166. [CrossRef]

46. Koo, H.J.; Kang, J.-W.; Oh, S.Y.; Kim, D.-H.; Song, J.-M.; Kang, D.-H.; Song, J.-K.; Kim, J.B.; Jung, S.-H.; Choo, S.J.; et al. Cardiac
computed tomography for the localization of mitral valve prolapse: Scallop-by-scallop comparisons with echocardiography and
intraoperative findings. Eur. Heart J. Cardiovasc. Imaging 2019, 20, 550–557. [CrossRef] [PubMed]

47. Han, H.-C.; Ha, F.J.; Teh, A.W.; Calafiore, P.; Jones, E.F.; Johns, J.; Koshy, A.N.; O’Donnell, D.; Hare, D.L.; Farouque, O.; et al.
Mitral Valve Prolapse and Sudden Cardiac Death: A Systematic Review. J. Am. Heart Assoc. 2018, 7, e010584. [CrossRef]

48. Chahal, C.A.A.; Bouatia-Naji, N. Genetics of mitral valve prolapse and its clinical impact. E-J. Cardiol. Pract. 2019, 16, 35.
49. Basso, C.; Perazzolo Marra, M.; Rizzo, S.; De Lazzari, M.; Giorgi, B.; Cipriani, A.; Frigo, A.C.; Rigato, I.; Migliore, F.;

Pilichou, K.; et al. Arrhythmic Mitral Valve Prolapse and Sudden Cardiac Death. Circulation 2015, 132, 556–566. [CrossRef]
50. Perazzolo Marra, M.; Basso, C.; De Lazzari, M.; Rizzo, S.; Cipriani, A.; Giorgi, B.; Lacognata, C.; Rigato, I.; Migliore, F.;

Pilichou, K.; et al. Morphofunctional Abnormalities of Mitral Annulus and Arrhythmic Mitral Valve Prolapse.
Circ. Cardiovasc. Imaging 2016, 9, e005030. [CrossRef]

51. Jeresaty, R.M. Sudden death in the mitral valve prolapse-click syndrome. Am. J. Cardiol. 1976, 37, 317–318. [CrossRef]
52. Marks, A.R.; Choong, C.Y.; Sanfilippo, A.J.; Ferré, M.; Weyman, A.E. Identification of high-risk and low-risk subgroups of patients

with mitral-valve prolapse. N. Engl. J. Med. 1989, 320, 1031–1036. [CrossRef] [PubMed]
53. Zuppiroli, A.; Mori, F.; Favilli, S.; Barchielli, A.; Corti, G.; Montereggi, A.; Dolara, A. Arrhythmias in mitral valve prolapse:

Relation to anterior mitral leaflet thickening, clinical variables, and color Doppler echocardiographic parameters. Am. Heart J.
1994, 128, 919–927. [CrossRef]

54. Essayagh, B.; Sabbag, A.; Antoine, C.; Benfari, G.; Yang, L.-T.; Maalouf, J.; Asirvatham, S.; Michelena, H.; Enriquez-Sarano, M.
Presentation and Outcome of Arrhythmic Mitral Valve Prolapse. J. Am. Coll. Cardiol. 2020, 76, 637–649. [CrossRef]

55. Zouridakis, E.G.; Parthenakis, F.I.; Kochiadakis, G.E.; Kanoupakis, E.M.; Vardas, P.E. QT dispersion in patients with mitral
valve prolapse is related to the echocardiographic degree of the prolapse and mitral leaflet thickness. Europace 2001, 3, 292–298.
[CrossRef] [PubMed]

http://doi.org/10.1056/NEJM198511213132101
http://www.ncbi.nlm.nih.gov/pubmed/4058522
http://doi.org/10.1093/ehjci/jet105
http://www.ncbi.nlm.nih.gov/pubmed/23733442
http://doi.org/10.1016/j.jacc.2006.02.079
http://www.ncbi.nlm.nih.gov/pubmed/17174193
http://doi.org/10.1016/j.echo.2012.03.010
http://www.ncbi.nlm.nih.gov/pubmed/22537396
http://doi.org/10.1007/s10554-018-1324-2
http://www.ncbi.nlm.nih.gov/pubmed/29484557
http://doi.org/10.1093/eurheartj/ehx391
http://www.ncbi.nlm.nih.gov/pubmed/28886619
http://doi.org/10.1161/CIR.0000000000000923
http://doi.org/10.1007/s10554-018-1509-8
http://www.ncbi.nlm.nih.gov/pubmed/30511193
http://doi.org/10.1038/s41569-019-0305-z
http://www.ncbi.nlm.nih.gov/pubmed/31819230
http://doi.org/10.1016/j.jcmg.2008.01.013
http://www.ncbi.nlm.nih.gov/pubmed/19356441
http://doi.org/10.1016/j.jcmg.2010.06.016
http://www.ncbi.nlm.nih.gov/pubmed/20947049
http://doi.org/10.1161/CIRCIMAGING.107.753103
http://doi.org/10.1038/s41598-020-65983-1
http://doi.org/10.1093/ehjci/jey139
http://www.ncbi.nlm.nih.gov/pubmed/30325401
http://doi.org/10.1161/JAHA.118.010584
http://doi.org/10.1161/CIRCULATIONAHA.115.016291
http://doi.org/10.1161/CIRCIMAGING.116.005030
http://doi.org/10.1016/0002-9149(76)90328-3
http://doi.org/10.1056/NEJM198904203201602
http://www.ncbi.nlm.nih.gov/pubmed/2927482
http://doi.org/10.1016/0002-8703(94)90590-8
http://doi.org/10.1016/j.jacc.2020.06.029
http://doi.org/10.1053/eupc.2001.0186
http://www.ncbi.nlm.nih.gov/pubmed/11678387


Diagnostics 2021, 11, 467 14 of 15

56. Avierinos, J.-F.; Gersh, B.J.; Melton, L.J., III; Bailey, K.R.; Shub, C.; Nishimura, R.A.; Tajik, A.J.; Enriquez-Sarano, M. Natural
history of asymptomatic mitral valve prolapse in the community. Circulation 2002, 106, 1355–1361. [CrossRef] [PubMed]

57. Freed, L.A.; Levy, D.; Levine, R.A.; Larson, M.G.; Evans, J.C.; Fuller, D.L.; Lehman, B.; Benjamin, E.J. Prevalence and clinical
outcome of mitral-valve prolapse. N. Engl. J. Med. 1999, 341, 1–7. [CrossRef] [PubMed]

58. Martínez-Rubio, A.; Schwammenthal, Y.; Schwammenthal, E.; Block, M.; Reinhardt, L.; Garcia-Alberola, A.; Sierra, G.; Shenasa, M.;
Haverkamp, W.; Scheld, H.H.; et al. Patients with valvular heart disease presenting with sustained ventricular tachyarrhythmias
or syncope: Results of programmed ventricular stimulation and long-term follow-up. Circulation 1997, 96, 500–508. [CrossRef]
[PubMed]

59. Knackstedt, C.; Mischke, K.; Schimpf, T.; Neef, P.; Schauerte, P. Ventricular fibrillation due to severe mitral valve prolapse.
Int. J. Cardiol. 2007, 116, e101–e102. [CrossRef] [PubMed]

60. Sriram, C.S.; Syed, F.F.; Ferguson, M.E.; Johnson, J.N.; Enriquez-Sarano, M.; Cetta, F.; Cannon, B.C.; Asirvatham, S.J.;
Ackerman, M.J. Malignant bileaflet mitral valve prolapse syndrome in patients with otherwise idiopathic out-of-hospital cardiac
arrest. J. Am. Coll. Cardiol. 2013, 62, 222–230. [CrossRef]

61. Vaidya, V.R.; DeSimone, C.V.; Damle, N.; Naksuk, N.; Syed, F.F.; Ackerman, M.J.; Ponamgi, S.P.; Nkomo, V.T.; Suri, R.M.;
Noseworthy, P.A.; et al. Reduction in malignant ventricular arrhythmia and appropriate shocks following surgical correction of
bileaflet mitral valve prolapse. J. Interv. Card. Electrophysiol. 2016, 46, 137–143. [CrossRef] [PubMed]

62. Nordhues, B.D.; Siontis, K.C.; Scott, C.G.; Nkomo, V.T.; Ackerman, M.J.; Asirvatham, S.J.; Noseworthy, P.A. Bileaflet Mitral Valve
Prolapse and Risk of Ventricular Dysrhythmias and Death. J. Cardiovasc. Electrophysiol. 2016, 27, 463–468. [CrossRef]

63. Hiemstra, Y.L.; Tomsic, A.; Gripari, P.; van Wijngaarden, A.L.; van der Pas, S.L.; Palmen, M.; Klautz, R.J.M.; Pepi, M.;
Bax, J.J.; Delgado, V.; et al. Evolution from mitral annular dysfunction to severe mitral regurgitation in Barlow’s disease.
Interact. Cardiovasc. Thorac. Surg. 2020. [CrossRef]

64. Hutchins, G.M.; Moore, G.W.; Skoog, D.K. The association of floppy mitral valve with disjunction of the mitral annulus fibrosus.
N. Engl. J. Med. 1986, 314, 535–540. [CrossRef]

65. Eriksson, M.J.; Bitkover, C.Y.; Omran, A.S.; David, T.E.; Ivanov, J.; Ali, M.J.; Woo, A.; Siu, S.C.; Rakowski, H. Mitral annular disjunc-
tion in advanced myxomatous mitral valve disease: Echocardiographic detection and surgical correction. J. Am. Soc. Echocardiogr.
2005, 18, 1014–1022. [CrossRef] [PubMed]

66. Mantegazza, V.; Volpato, V.; Gripari, P.; Ghulam Ali, S.; Fusini, L.; Italiano, G.; Muratori, M.; Pontone, G.; Tamborini, G.; Pepi, M.
Multimodality imaging assessment of mitral annular disjunction in mitral valve prolapse. Heart 2021, 107, 25–32. [CrossRef]

67. Carmo, P.; Andrade, M.J.; Aguiar, C.; Rodrigues, R.; Gouveia, R.; Silva, J.A. Mitral annular disjunction in myxomatous mitral valve
disease: A relevant abnormality recognizable by transthoracic echocardiography. Cardiovasc. Ultrasound 2010, 8, 53. [CrossRef]

68. Lee, A.P.-W.; Jin, C.-N.; Fan, Y.; Wong, R.H.L.; Underwood, M.J.; Wan, S. Functional Implication of Mitral Annular Disjunction
in Mitral Valve Prolapse: A Quantitative Dynamic 3D Echocardiographic Study. JACC Cardiovasc. Imaging 2017, 10, 1424–1433.
[CrossRef]

69. Konda, T.; Tani, T.; Suganuma, N.; Nakamura, H.; Sumida, T.; Fujii, Y.; Kawai, J.; Kitai, T.; Kim, K.; Kaji, S.; et al. The analysis
of mitral annular disjunction detected by echocardiography and comparison with previously reported pathological data.
J. Echocardiogr. 2017, 15, 176–185. [CrossRef]

70. Mantegazza, V.; Tamborini, G.; Muratori, M.; Gripari, P.; Fusini, L.; Italiano, G.; Volpato, V.; Sassi, V.; Pepi, M. Mitral Annular
Disjunction in a Large Cohort of Patients With Mitral Valve Prolapse and Significant Regurgitation. JACC Cardiovasc. Imaging
2019, 12, 2278–2280. [CrossRef] [PubMed]

71. Dejgaard, L.A.; Skjølsvik, E.T.; Lie, Ø.H.; Ribe, M.; Stokke, M.K.; Hegbom, F.; Scheirlynck, E.S.; Gjertsen, E.; Andresen, K.;
Helle-Valle, T.M.; et al. The Mitral Annulus Disjunction Arrhythmic Syndrome. J. Am. Coll. Cardiol. 2018, 72, 1600–1609.
[CrossRef]

72. Park, J.; Geirsson, A.; Bonde, P.N. Mathematical Blueprint of a Mitral Valve. Semin. Thorac. Cardiovasc. Surg. 2019, 31, 399–411.
[CrossRef] [PubMed]

73. Blomme, B.; Deroanne, C.; Hulin, A.; Lambert, C.; Defraigne, J.-O.; Nusgens, B.; Radermecker, M.; Colige, A. Mechanical strain
induces a pro-fibrotic phenotype in human mitral valvular interstitial cells through RhoC/ROCK/MRTF-A and Erk1/2 signaling
pathways. J. Mol. Cell. Cardiol. 2019, 135, 149–159. [CrossRef]

74. Isselbacher, E.M.; Lino Cardenas, C.L.; Lindsay, M.E. Hereditary Influence in Thoracic Aortic Aneurysm and Dissection. Circulation
2016, 133, 2516–2528. [CrossRef] [PubMed]

75. Loeys, B.L.; Chen, J.; Neptune, E.R.; Judge, D.P.; Podowski, M.; Holm, T.; Meyers, J.; Leitch, C.C.; Katsanis, N.; Sharifi, N.; et al.
A syndrome of altered cardiovascular, craniofacial, neurocognitive and skeletal development caused by mutations in TGFBR1 or
TGFBR2. Nat. Genet. 2005, 37, 275–281. [CrossRef] [PubMed]

76. Hagler, M.A.; Hadley, T.M.; Zhang, H.; Mehra, K.; Roos, C.M.; Schaff, H.V.; Suri, R.M.; Miller, J.D. TGF-β signalling and reactive
oxygen species drive fibrosis and matrix remodelling in myxomatous mitral valves. Cardiovasc. Res. 2013, 99, 175–184. [CrossRef]
[PubMed]

77. Kitkungvan, D.; Nabi, F.; Kim, R.J.; Bonow, R.O.; Khan, M.A.; Xu, J.; Little, S.H.; Quinones, M.A.; Lawrie, G.M.; Zoghbi, W.A.; et al.
Myocardial Fibrosis in Patients With Primary Mitral Regurgitation With and Without Prolapse. J. Am. Coll. Cardiol. 2018,
72, 823–834. [CrossRef] [PubMed]

http://doi.org/10.1161/01.CIR.0000028933.34260.09
http://www.ncbi.nlm.nih.gov/pubmed/12221052
http://doi.org/10.1056/NEJM199907013410101
http://www.ncbi.nlm.nih.gov/pubmed/10387935
http://doi.org/10.1161/01.CIR.96.2.500
http://www.ncbi.nlm.nih.gov/pubmed/9244218
http://doi.org/10.1016/j.ijcard.2006.08.073
http://www.ncbi.nlm.nih.gov/pubmed/17137658
http://doi.org/10.1016/j.jacc.2013.02.060
http://doi.org/10.1007/s10840-015-0090-5
http://www.ncbi.nlm.nih.gov/pubmed/26768434
http://doi.org/10.1111/jce.12914
http://doi.org/10.1093/icvts/ivaa304
http://doi.org/10.1056/NEJM198602273140902
http://doi.org/10.1016/j.echo.2005.06.013
http://www.ncbi.nlm.nih.gov/pubmed/16198877
http://doi.org/10.1136/heartjnl-2020-317330
http://doi.org/10.1186/1476-7120-8-53
http://doi.org/10.1016/j.jcmg.2016.11.022
http://doi.org/10.1007/s12574-017-0349-1
http://doi.org/10.1016/j.jcmg.2019.06.021
http://www.ncbi.nlm.nih.gov/pubmed/31422124
http://doi.org/10.1016/j.jacc.2018.07.070
http://doi.org/10.1053/j.semtcvs.2019.01.008
http://www.ncbi.nlm.nih.gov/pubmed/30633976
http://doi.org/10.1016/j.yjmcc.2019.08.008
http://doi.org/10.1161/CIRCULATIONAHA.116.009762
http://www.ncbi.nlm.nih.gov/pubmed/27297344
http://doi.org/10.1038/ng1511
http://www.ncbi.nlm.nih.gov/pubmed/15731757
http://doi.org/10.1093/cvr/cvt083
http://www.ncbi.nlm.nih.gov/pubmed/23554457
http://doi.org/10.1016/j.jacc.2018.06.048
http://www.ncbi.nlm.nih.gov/pubmed/30115220


Diagnostics 2021, 11, 467 15 of 15

78. Bui, A.H.; Roujol, S.; Foppa, M.; Kissinger, K.V.; Goddu, B.; Hauser, T.H.; Zimetbaum, P.J.; Ngo, L.H.; Manning, W.J.;
Nezafat, R.; et al. Diffuse myocardial fibrosis in patients with mitral valve prolapse and ventricular arrhythmia. Heart 2017,
103, 204–209. [CrossRef]

79. Guglielmo, M.; Fusini, L.; Muscogiuri, G.; Baessato, F.; Loffreno, A.; Cavaliere, A.; Rizzon, G.; Baggiano, A.; Rabbat, M.G.;
Muratori, M.; et al. T1 mapping and cardiac magnetic resonance feature tracking in mitral valve prolapse. Eur. Radiol. 2020.
[CrossRef]

80. Garbi, M.; Lancellotti, P.; Sheppard, M.N. Mitral valve and left ventricular features in malignant mitral valve prolapse. Open Hear.
2018, 5, e000925. [CrossRef]

81. Muthukumar, L.; Jahangir, A.; Jan, M.F.; Perez Moreno, A.C.; Khandheria, B.K.; Tajik, A.J. Association Between Malignant Mitral
Valve Prolapse and Sudden Cardiac Death: A Review. JAMA Cardiol. 2020, 5, 1053–1061. [CrossRef] [PubMed]

82. Muthukumar, L.; Rahman, F.; Jan, M.F.; Shaikh, A.; Kalvin, L.; Dhala, A.; Jahangir, A.; Tajik, A.J. The Pickelhaube Sign: Novel
Echocardiographic Risk Marker for Malignant Mitral Valve Prolapse Syndrome. JACC.: Cardiovasc. Imaging 2017, 10, 1078–1080.

83. Syed, F.F.; Ackerman, M.J.; McLeod, C.J.; Kapa, S.; Mulpuru, S.K.; Sriram, C.S.; Cannon, B.C.; Asirvatham, S.J.; Noseworthy, P.A.
Sites of Successful Ventricular Fibrillation Ablation in Bileaflet Mitral Valve Prolapse Syndrome. Circ. Arrhythm. Electrophysiol.
2016, 9. [CrossRef]

84. Ermakov, S.; Gulhar, R.; Lim, L.; Bibby, D.; Fang, Q.; Nah, G.; Abraham, T.P.; Schiller, N.B.; Delling, F.N. Left ventricular
mechanical dispersion predicts arrhythmic risk in mitral valve prolapse. Heart 2019, 105, 1063–1069. [CrossRef]

85. Miller, M.A.; Dukkipati, S.R.; Turagam, M.; Liao, S.L.; Adams, D.H.; Reddy, V.Y. Arrhythmic Mitral Valve Prolapse: JACC Review
Topic of the Week. J. Am. Coll. Cardiol. 2018, 72, 2904–2914. [CrossRef]

86. Franz, M.R. Mechano-electrical feedback. Cardiovasc. Res. 2000, 45, 263–266. [CrossRef]
87. Quinn, T.A.; Kohl, P. Cardiac Mechano-Electric Coupling: Acute Effects of Mechanical Stimulation on Heart Rate and Rhythm.

Physiol. Rev. 2021, 101, 37–92. [CrossRef]
88. Basso, C.; Iliceto, S.; Thiene, G.; Perazzolo Marra, M. Mitral Valve Prolapse, Ventricular Arrhythmias, and Sudden Death.

Circulation 2019, 140, 952–964. [CrossRef]
89. Enriquez, A.; Shirai, Y.; Huang, J.; Liang, J.; Briceño, D.; Hayashi, T.; Muser, D.; Fulton, B.; Han, Y.; Perez, A.; et al. Papillary

muscle ventricular arrhythmias in patients with arrhythmic mitral valve prolapse: Electrophysiologic substrate and catheter
ablation outcomes. J. Cardiovasc. Electrophysiol. 2019, 30, 827–835. [CrossRef] [PubMed]

90. Fulton, B.L.; Liang, J.J.; Enriquez, A.; Garcia, F.C.; Supple, G.E.; Riley, M.P.; Schaller, R.D.; Dixit, S.; Callans, D.J.;
Marchlinski, F.E.; et al. Imaging characteristics of papillary muscle site of origin of ventricular arrhythmias in patients
with mitral valve prolapse. J. Cardiovasc. Electrophysiol. 2018, 29, 146–153. [CrossRef]

91. Lichstein, E. Site of origin of ventricular premature beats in patients with mitral valve prolapse. Am. Heart J. 1980, 100, 450–457.
[CrossRef]

http://doi.org/10.1136/heartjnl-2016-309303
http://doi.org/10.1007/s00330-020-07140-w
http://doi.org/10.1136/openhrt-2018-000925
http://doi.org/10.1001/jamacardio.2020.1412
http://www.ncbi.nlm.nih.gov/pubmed/32936277
http://doi.org/10.1161/CIRCEP.116.004005
http://doi.org/10.1136/heartjnl-2018-314269
http://doi.org/10.1016/j.jacc.2018.09.048
http://doi.org/10.1016/S0008-6363(99)00390-9
http://doi.org/10.1152/physrev.00036.2019
http://doi.org/10.1161/CIRCULATIONAHA.118.034075
http://doi.org/10.1111/jce.13900
http://www.ncbi.nlm.nih.gov/pubmed/30843306
http://doi.org/10.1111/jce.13374
http://doi.org/10.1016/0002-8703(80)90656-0

	Introduction 
	Mitral Valve Anatomy 
	Mitral Valve Prolapse 

	Mitral Valve Prolapse: A Historical Perspective 
	Diagnosis of MVP 
	Echocardiography 
	Cardiovascular Magnetic Resonance 
	Cardiac Computed Tomography 

	Multimodality Imaging Features Associated to Sudden Cardiac Death 
	Mitral Valve Leaflet Alterations 
	Mitral Valve Annulus Alterations 
	Myocardial Structural Abnormalities 
	Myocardial Contraction Abnormalities 
	Electrophysiologic Risk Factors 

	Recommendations 
	Conclusions 
	References

