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Mitral valve prolapse (MVP) is the most common valve disease in the western world and recently
emerged as a possible substrate for sudden cardiac death (SCD). It is estimated an annual risk

of sudden cardiac death of 0.2 to 1.9% mostly caused by complex ventricular arrhythmias

(\VVA). Several mechanisms have been recognized as potentially responsible for arrhythmia

onset in MVP, resulting from the combination of morpho-functional abnormality of the mitral
valve, structural substrates (regional myocardial hypertrophy, fibrosis, Purkinje fibers activity,
inflammation), and mechanical stretch. Echocardiography plays a central role in MVP diagnosis
and assessment of severity of regurgitation. Several abnormalities detectable by echocardiography
can be prognostic for the occurrence of VA, from morphological alteration including leaflet
redundancy and thickness, mitral annular dilatation, and mitral annulus disjunction (MAD),

to motion abnormalities detectable with “Pickelhaube” sign. Additionally, speckle-tracking
echocardiography may identify MVP patients at higher risk for VA by detection of increased
mechanical dispersion. On the other hand, cardiac magnetic resonance (CMR) has the capability
to provide a comprehensive risk stratification combining the identification of morphological and
motion alteration with the detection of myocardial replacement and interstitial fibrosis, making
CMR an ideal method for arrhythmia risk stratification in patients with MVP. Finally, recent
studies have suggested a potential role in risk stratification of new techniques such as hybrid
PET-MR and late contrast enhancement CT. The purpose of this review is to provide an overview
of the mitral valve prolapse syndrome with a focus on the role of imaging in arrhythmic risk
stratification.

Clinical relevance statement—Mitral valve prolapse is the most frequent valve condition
potentially associated with arrhythmias. Imaging has a central role in the identification of
anatomical, functional, mechanical, and structural alterations potentially associated with a higher
risk of developing complex ventricular arrhythmia and sudden cardiac death.
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Introduction

Mitral valve prolapse (MVP) is the most common valve disease, affecting approximately
2-3% of the general population [1]. It is defined by the systolic displacement of one or both
mitral valve leaflets into the left atrium (LA) > 2 mm above the plane of the mitral annulus
in the sagittal view [1]. Two main etiologies have been described: the diffuse myxomatous
degeneration also called Barlow disease, which may present as a genetic disorder, and

the fibroelastic degeneration, due to an accelerated aging process [2]. Despite the lack of
specific criteria to distinguish Barlow disease (BD) from fibroelastic deficiency (FED), some
differences have been reported in imaging. Patients with BD usually show bileaflet MVP
with multiscallops involvement, elongated and thick chordae at a low probability of rupture,
higher prolapsed volume and height, and increased annular dimensions. Conversely, in FED,
a single-leaflet prolapse with focal myxomatous changes in chordae, chordal thinning at a
high probability of rupture is usually reported [2, 3].

MVP is associated with progressive mitral regurgitation (MR) with chronic volume overload
causing cardiac remodeling with left ventricular (LV) eccentric hypertrophy and dysfunction
[4, 5].

Therefore, MVP is more a cardiac disease than an isolated valve disease.

Although it is generally considered a benign condition, current research suggests that MVP
is associated with complex ventricular arrhythmias (VVA) and sudden cardiac death (SCD)

[6].

The prevalence and relative risk of SCD in MVP remains unsettled, due to low incidence
and potential confounding factors [7]. In the Veneto region cardiac pathology registry,
among 650 SCDs of young adults, 7% were attributed to

MVP [8]. In a meta-analysis of the SCD autopsy series, 22.1% had an undetermined cause
of death and MVP was present in 11.7% of cases [6].

Among unselected MVP patients, cohort studies suggest an annual SCD incidence below
1% and more likely around 0.1-0.4%, translating into very modest incremental risk due to
MVP [6, 9-11].

Data derived from SCD and out-of-hospital cardiac arrest series suggests that young females
may be at higher risk of malignant arrhythmias [8]. However, this is likely due to selection
bias as arrhythmic mitral valve prolapse (AMVP) seems to equally affect both sexes

[12]. Similarly, AMVP as a cause of SCD may be underestimated in older adults where
competitive causes may erroneously be attributed [13], and these patients may actually

be at higher risk due to degenerative MVP progression and development of arrhythmic
substrata [14]. Chest pain, palpitations, and dyspnea are frequently reported. However, these
symptoms are comparable among individuals with and without MVP [15] and between
MVP patients with and without arrhythmias [12]. Conversely, syncope is reported in up

to 35% of MVP patients with malignant arrhythmias and is infrequent in those without,
suggesting consideration as an important red flag [15-17]. T wave inversion in the inferior
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and lateral leads is prevalent among AMVP patients (up to 65%) and predicts malignant
arrhythmias [6]. Importantly, specificity remains low, T wave inversion being reported in
40% of unselected MVP patients [18]. Even if QT interval prolongation has been described
in MVP [19] its pre-dictivity for malignant arrhythmias remains uncertain [3]. Finally, QRS
fragmentation has been associated with malignant arrhythmias, although evidence remains
low [20].

Recently, the EHRA expert consensus statement [3] defined the AMVP complex by the
presence of (a) MVP (with or without mitral annular disjunction (MAD)), (b) ventricular
arrhythmia (frequent (= 5% total PVC burden) or complex (NSVT, VT, VF)) and (c)

the absence of any other well-defined arrhythmic substrate. The characteristics of AMVP
patients are poorly defined, identification and management of these patients represent an
unmet clinical need.

MVP as arrhythmogenic disease: mechanistic hypothesis

The postulated mechanism of sudden death in MVP has been life-threatening ventricular
arrhythmias [21].

As shown in Fig. 1, the underlying pathophysiology of ventricular electrical instability
in MVP patients involves the combination of myocardial fibrosis, premature ventricular
contractions (PVCs), and transient modulators such as a hyperadrenergic state,
hemodynamic conditions, and electrolyte imbalances [22].

Regional myocardial fibrosis in the left ventricular inferobasal wall and in the papillary
muscles has been initially recognized as a potential trigger of ventricular arrhythmia in
an autoptic study from the Padua group [8]. These findings were further supported by
subsequent autoptic studies [23-25].

Two types of myocardial fibrosis have been found in MVP patients: reactive interstitial
fibrosis and replacement fibrosis [26] with a significant endocardial-to-epicardial gradient
of cardiac fibrosis [24]. It has been postulated that myocardial fibrosis may result from
chronic injury related to mechanical stress caused by papillary muscle (PM) systolic stretch,
mitral annular disjunction, curling, and frictional contact between billowing mitral leaflets
and chordae on the endocardium [9, 27]. The genesis of malignant arrhythmias in MVP
probably recognizes the combination of the substrate (myocardial fibrosis) and the trigger
(mechanical stretch) eliciting premature ventricular arrhythmias at risk for SCD [27] (Table
1).

Indeed, the presence of fibrosis in the LV wall and PM sets an arrhythmogenic substrate,
increasing susceptibility to triggered activity or re-entry VA, which features a right bundle-
branch block pattern or polymorphic complex morphology [29].

Acute myocardial stretch can also cause changes in myocyte electrophysiology, such

as action potential duration shortening, decreased resting diastolic potential, and the
development of early afterdepolarizations, affecting cellular excitation—contraction coupling
[30].
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Remarkably, the PM, particularly the distal Purkinje fibers, are prone to afterdepolarization
and abnormal automaticity [9].

In fact, abnormal Purkinje signals have been observed preceding ventricular fibrillation-
triggering PVCs in patients with prior cardiac arrest and bileaflet MVP [31].

The local inflammatory process may account for an additional substrate for VA in MVVP. An
overlap with noninfectious myocarditis was previously described in a patient with MVP and
recurrent episodes of malignant VA triggered by PVCs [32].

Regional LV inflammation, mediated by macrophages, has been observed in the
peripapillary myocardium of MVP patients [25], and it could be strictly related to the
development of myocardial fibrosis. In fact, resident myocardial mast cells mediate pro

and anti-fibrogenic signals [33] and endothelial cells producing pro-inflammatory molecules
could be involved in recruiting lymphocytes and macrophages with fibrogenic potential,
explaining the perivascular fibrosis in pathological specimens [34].

An abnormal autonomic function, particularly an increase in circulating catecholamine
levels, has been reported to enhance myocardial tissue vulnerability to complex VA [35].
Activation of stretch receptors, induction of mechano-electric feedback, and unfavorable
modulation of ion-channel and calcium handling, further contribute to MVP-related
arrhythmogenesis [36].

Some studies based on endomyocardial biopsy [37, 38] have found increased right
ventricular fibrosis in patients with malignant ventricular arrhythmias and MVP as occurs in
patients with the biventricular cardiomyopathic process. Being based on right side puncture
of the interventricular septum, their results were considered questionable.

However, the mutation of the sarcomeric protein filamin C (FLNC), already known for other
cardiomyopathies, has been found to be associated with arrhythmogenic bileaflet forms

of MVP [39] as the mutation of Dachsousl1 gene (DCHSL1), a member of the cadherin
superfamily [3].

Altogether, the interplay between triggering PVCs, structural mitral valve abnormalities, and
myocardial fibrosis and inflammation, creates the conditions for the development of SCD in
susceptible MVP patients under transitory regulatory influences.

Echocardiographic predictors of arrhythmic MVP

Various echocardiographic signs have been associated with AMVP, from the severity of
regurgitation to several morphologic alterations including MAD (Table 2).

Mitral regurgitation

Mitral regurgitation severity and severe valve degeneration have been found to be associated
with higher mortality and SCD [48]. Severe degenerative mitral regurgitation is defined by a
regurgitant volume > 60 mL/beat and by an effective regurgitant orifice area = 40 mm?2. The
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mortality rate increases from 20 to 30 mm? of effective regurgitant orifice area with a linear
increase for larger values [31, 49].

Leaflet abnormalities

Bileaflet prolapse, thickening, and redundancy are frequent in patients with MV/P.
Echocardiography is more accurate than CMR for measuring leaflet thickness. Maximal
thickness should be measured during diastole in long axis views, and a thickness =5 mm
discriminates a classic MVP (Barlow’s disease) from non-classic MVP [50].

While some studies have shown a potential association between bileaflet prolapse and
cardiac arrest [31], conflicting results exist in the literature, and this relationship has not
been consistently reported [51, 52].

Mitral annular disjunction

Mitral annular disjunction (MAD) is defined as an abnormal systolic separation between

the basal left ventricular myocardium (lower limit) and the hinge point of the posterior
leaflet (upper limit), which is dislocated through the left atrial wall [53]. MAD evaluation

is typically done using long-axis echocardiographic views (preferably parasternal long-axis
view). Dynamic frame-by-frame evaluation of systolic images is required to spot excessive
posterior leaflet tissue of a normally implanted annulus that could incorrectly be interpreted
as MAD [3]. MAD is a common, but not exclusive, feature of patients with MVP [54]. MAD
length > 8.5 mm has been associated with non-sustained ventricular tachycardia [55], even
in patients without mitral regurgitation [56]. However, MAD has never been tested as an
independent risk factor for SCD in large studies.

Motion abnormalities and strain

Systolic curling of the basal posterior and lateral LV walls, caused by excessive mobility
of the leaflets and loss of mechanical annular function, is frequently associated with
MVP and MAD. This systolic curling accounts for a mechanical stretch of the infero-
basal wall and papillary muscles, leading to myocardial hypertrophy and scarring [56].
Similarly, the “Pickelhaube sign” [57] is a high-velocity (= 16 cm/s), spiked late-systolic
signal recorded by tissue Doppler imaging (TDI) at the lateral annular level (Fig. 2). It
has been related to the pulling of the posteromedial papillary muscle by the prolapsing
leaflets causing the adjacent basal left ventricular wall curling movement toward the
apex and thus the observed spiked configuration of the lateral annular velocities. This
echocardiographic marker has been found to be overrepresented in patients with arrhythmic
MVP, suggesting its role as a risk marker for malignant arrhythmias [58]. Additionally,
speckle-tracking echocardiography allows to study MVP-related myocardial mechanics.
Post-systolic deformation [59] double peak strain pattern (with two distinct peaks, one
before and the second after end-systole) [41] and mechanical dispersion [56] are peculiar
strain patterns observed in patients with MVP and associated with basal inferior-lateral
fibrosis at CMR, suggesting pathophysiological links between MVP-related mechanical
abnormalities and myocardial fibrosis, potentially serving as new imaging markers for
increased arrhythmic risk [41].
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CMR biomarkers defining AMVP

CMR has the unique capability to characterize MVP not only in terms of morphological
alteration and hemodynamic impact but also to evaluate the presence of tissue alterations as
fibrosis, providing a comprehensive characterization of higher risk features [60-63] (Table
3).

Mitral annular disjunction

MAD is measured as the distance of the posterior annulus to the base of the left ventricle

in end-systole preferably in the 3-chambers long axis view (Fig. 3) [64, 65]. The assessment
of frame-by-frame systo-diastolic modification is required in order to distinguish real MAD
from pseudo-MAD, the latter due to the systolic juxtaposition of the posterior leaflet on the
atrial wall [66]. CMR is more accurate than echocardiography in detecting MAD, especially
for small-length MAD [67]. The clinical significance of MAD is still debated: some authors
suggested that MAD could be a variant of the normal annular architecture [66, 68], while
others found MAD associated with complex VA [56, 65, 69-71], even in absence of MVP
[65]. Several values of MAD length were found to be associated with complex VA: 3 mm
[56], 4.8 mm [56], 10 £ 3 mm [54] and 8.5 mm [55]. However, despite the aforementioned
debate, MAD is a frequent finding in advanced myxomatous degeneration [71] and in
AMVP with LV fibrosis [45, 63], suggesting a potential role of MAD in scar development
due to excessive mobility of the leaflets and mechanical stretch of the myocardium [9, 65,
72].

Systolic curling of the postero-basal left ventricle and papillary muscle anomalies

Although it is not clear whether MAD is a degenerative, congenital, or acquired structural
abnormality, the association with the typical appearance of the posterolateral wall suggests a
degenerative pathway that involves, in addition to the valve, the stretched ventricular wall [9,
56].

Indeed, the mid-basal lateral wall shows a disarray appearance with a relative increase of
thickness in the basal segment compared to the mid one. In particular, a ratio > 1.5 between
basal to midventricular lateral wall at end-diastole indicates basal LV hypertrophy. Basal
LV hypertrophy is usually associated with systolic curling of the lateral and inferolateral
basal wall, which is considered severe when = 3.5 mm (Fig. 3) [70, 73-75]. CMR feature
tracking analysis may have a role in risk stratification [40, 45, 76], being able to detect
subtle alteration of wall deformation associated with scarring and arrhythmic substrate (Fig.
3).

Additionally, a recent study on a large population of arrhythmic patients noticed systolic
hypointensity of both papillary muscles (Dark-Paps) in end-systolic cine images acquired
early after gadolinium injection. This finding was associated with a higher prevalence of
MVP and MAD, and to a higher risk of cardiac event [77]. This phenomenon is probably
due to transitory perfusion defect of muscles during the peak of ventricle contraction [77]
and could have a potential prognostic role.
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Myocardial fibrosis: LGE and mapping

The prevalence of fibrosis in patients with MVP is not known; however, available clinical
studies show an association between fibrosis and complex VA and SCD [45, 58, 78-80].

Myocardial fibrosis in MVP correlates with a worse outcome regardless of the severity of
the prolapse [63] and of the regurgitant fraction [9, 80, 81]. The non-invasive standard for
the assessment of myocardial fibrosis is CMR using LGE and mapping technique (Fig. 4).

LGE images showed replacement fibrosis to be more prevalent in patients with MVP
than in patients with mitral regurgitation without prolapse [47]. It mainly involves the
posteromedial papillary muscle and the inferior and lateral basal wall of the left ventricle,
with non-ischemic or patchy appearance [63, 74] and less frequently with subendocardial
pattern [45, 47].

LGE extent is associated with MAD length [65] and prolapse severity [8].

Beyond LGE, recent findings highlighted a possible role of interstitial fibrosis in
arrhythmogenesis [8, 78, 82]. Native T1 and ECV allow the identification of fibrosis at an
earlier stage if compared to LGE and result in their association with ventricular arrhythmias
in MVP [24, 40, 44, 83]. Moreover, higher than normal native T1 and ECV values have
been found in the mid-basal left ventricle inferolateral wall even in the absence of focal
fibrosis [40, 44, 84]. Additionally, a diffuse global increase of native T1 [84] or a reduction
of post-contrast T1 [82] has been found in MVP suggesting diffuse interstitial derangement
with a larger amount of fibrosis occurring in the infero-lateral wall.

Characterization of inflammation in MVP Using 18F-FDG PET/MRI

While multiple clinical features have been identified as markers of increased risk, left
ventricular replacement fibrosis appears to be a consistent feature of arrhythmic MVP [8,

9, 47, 85]. However, the majority of patients who experienced MVP-related sudden cardiac
death have evidence of myocardial fibrosis, and ~ 25% of them do not have fibrosis [23,
47]. Within this patient group, subclinical myocardial inflammation [86] might explain why
patients with no fibrosis can still experience ventricular arrhythmia. This relationship was
recently reaffirmed by a study demonstrating histopathological evidence of regionalized left
ventricular inflammation and activated myofibroblasts in preclinical models of MVP [25]
(Table 4).

Positron emission tomography, using 18F-fluorodeoxyglucose ([X8F]JFDG PET), identifies
areas of increased glucose uptake. [18F]JFDG uptake is a recognized marker of inflammation
whereby inflammatory cells show increased metabolic activity compared to surrounding
tissue [93]. Additionally, integrated [18F]JFDG PET and magnetic resonance imaging
(Hybrid PET/MRI) allow for the simultaneous detection and quantification of cardiac
anatomy, function, and fibrosis with CMR, as well as providing metabolic information

with PET [94]. Hybrid PET/MRI has been helpful in the diagnosis and prognostication

of other inflammatory cardiac conditions (e.g., sarcoidosis, myocarditis) [97] In the MVP
setting, a previous study has shown that patients with significant mitral regurgitation due
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to degenerative mitral valve disease and a history of ventricular ectopy could have occult
inflammation in addition to myocardial fibrosis and that this inflammation could be detected
by Hybrid PET/MRI imaging [95]. This study showed that 85% of patients exhibited focal
or focal-on-diffuse uptake of [18F]JFDG, while 70% exhibited both focal uptake of [18F]FDG
and LGE (Fig. 5). Typical distribution (basal to mid inferolateral) was more commonly seen
in those patients with single leaflet (posterior) prolapse while atypical distribution (patchy,
involving multiple segments including anterior, apical, and basal inferolateral) was more
commonly observed in those with bi-leaflet MVVP. Another study performed in patients with
MVP and a history of ventricular ectopy but only mild to moderate mitral regurgitation
showed that focal [18F]FDG uptake and LGE were present in 75% of patients [96]. Taken
together, these results suggest that patients with MVP and different degrees of regurgitation
have evidence of myocardial inflammation that could be detected, quantified, and precisely
localized within the myocardium by means of hybrid PET/MRI.

Cardiac computed tomography in arrhythmic MVP

Cardiac CT has been demonstrated to be able to provide a comprehensive evaluation of
MV complex and morphological abnormalities with an accurate assessment of the annulus
anatomy, leaflet excursion and thickness [98], MAD presence and length [99, 100], and
valve dynamic changes over the cardiac cycle [5, 101]. Despite this anatomical advantages,
CT is rarely used for MV/P risk stratification. This is mainly related to its limited capability
to assess myocardial fibrosis. However, recent studies have suggested the possibility of
detecting myocardial scar in CT regardless of transmural involvement and underlying
cardiomyopathy [102-104] and also to quantifying ECV [104] similarly to CMR and with
good agreement [104, 105].

This would be important, considering that CT is commonly used for planning percutaneous
interventions and before surgery [66, 106]. Hence, the combined evaluation of scar and
ECV may improve risk stratification as recently demonstrated for aortic stenosis [107].
Additionally, hybrid PET-CT may combine anatomical with metabolic information [108]
providing information about anatomy, scars, and inflammation. However, few data are
currently available [32] (Fig. 6).

Conclusion

Funding

MVP can pose a risk of complex VA and SCD. The hypothesized mechanism for arrhythmia
onset in MVP is complex and multifactorial, mainly related to myocardial anatomical,
mechanical, and structural alterations. Imaging techniques, such as echocardiography and
CMR, play a crucial role in the identification of high-risk imaging biomarkers, providing
valuable insights into risk stratification and potential preventive measures for susceptible
patients. Hybrid PET/MR and cardiac CT may play a role in selected patients but available
data are limited. Further research is needed to better understand the pathophysiology of
arrhythmic MVP and to optimize risk prediction and management strategies.
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Key Points

Mitral valve prolapse is a common valve disease potentially associated with
complex ventricular arrhythmia and sudden cardiac death.

The mechanism of arrhythmogenesis in mitral valve prolapse is complex
and multifactorial, due to the interplay among multiple conditions including
valve morphological alteration, mechanical stretch, myocardial structure
remodeling with fbrosis, and infammation.

Cardiac imaging, especially echocardiography and cardiac magnetic
resonance, is crucial in the identifcation of several features associated with
the potential risk of serious cardiac events. In particular, cardiac magnetic
resonance has the advantage of being able to detect myocardial fbrosis which
is currently the strongest prognosticator.
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Fig. 1.
Pathophysiology of arrhythmogenic mitral valve prolapse
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Fig. 2.
Echocardiographic biomarkers of arrhythmic MVP in a 35-year-old woman with MVP,

moderate mitral regurgitation, and frequent premature ventricular contractions. A MAD. The
yellow arrow shows the distance between the basal ventricular myocardium and the hinge
point of the posterior leaflet in late systole. Bulging of the basal inferior-lateral myocardium,
typical of the systolic curling, was also present in this patient. B Pickelhaube sign. A spiked
late systolic high-velocity (21 cm/s) signal is recorded at the level of the lateral mitral
annulus in a four-chamber view. C Speckle tracking imaging. Late post-systolic shortening
(after aortic valve closure) of the basal inferior-lateral left ventricular wall (white arrow,
green line). D Mechanical dispersion. Prolonged time-to-peak longitudinal strain is observed
at the basal inferior, inferior-septal, and inferior-lateral walls and is related to myocardial
periannular fibrosis
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Fig. 3.

CI?/IR findings in MVP. In A and B are reported systolic (A) and diastolic (B) frames of

the same patient showing mitral annulus disjunction (double-headed arrow) that needs to

be distinguished from pseudo-MAD (E and F) due to the juxtaposition of the posterior
leaflet on the atrial wall in systole. C 3-chamber long axis showing severe bileaflet mitral
valve prolapse with high prolapse volume and a huge jet of regurgitation (asterisks). D
Basal LV hypertrophy with a ratio of LV thickness between basal and mid segments of the
inferolateral wall > 1.5 at end-diastole. G Curling distance by tracing a line between the top
of the LV | wall and the LA-MV leaflet junction, and from this line, a perpendicular line

to the lower limit of the mitral annulus at end-systole. H GLS analysis showing contractility
alteration of the inferolateral wall
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Fig. 4.
LGE patterns typically associated with arrhythmic MVP. LGE usually occurs at the level

of the LV inferolateral wall. Different LGE patterns have been described: non-ischemic mid-
wall LGE (white arrows in A and F, yellow arrow in E), subendocardial LGE (white arrows
in E and G), papillary muscle LGE (with arrow in H). Interstitial fibrosis documented by
native T1 mapping and ECV values has been found to be increased not only at the site of
LGE (white arrow in native T1 map in B) but also in LGE negative patients (case example
in C) with diffusely high ECV values which are higher in the inferior and inferolateral
mid-basal wall (white asterisks)
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Fig. 5.

HSbrid [18F]FDG PET/MRI in a patient with MV/P. An example of concordant [18F]FDG
uptake and LGE in an asymptomatic patient with chronic severe degenerative mitral
regurgitation and absent left ventricular remodeling (LVEF 60%, LVESD 38 mm). White
arrowheads indicate areas of either LGE or FDG uptake. LA indicates left atrium; LV, left
ventricle
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Fig. 6.
Cardiac CT in a patient with arrhythmic MVP. CT images show a bileaflet multiscallop

mitral valve prolapse (A) in a patient with MAD recognizable in systole (arrow in B) and
diastole (arrow in C), with curling of the inferolateral mid-basal wall (white asterisks in

B) and mild regurgitation due to a small coaptation defect (arrow in D). Late contrast
enhancement 3-chambers long axis (E) and 2-chambers short axis (F) documented a small
area of late enhancement in the mid inferolateral wall close to the posterior papillary muscle
insertion point (arrows in E and F)
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