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A B S T R A C T

Mitral valve prolapse (MVP) is the most common nonischemic mitral regurgitation etiology and mitral abnor-
mality requiring surgery in the Western world. There is an increasing awareness that pathological findings in MVP
are not confined to the valve tissue; rather, it is a complex disease, involving the mitral valve apparatus, cardiac
hemodynamics, and cardiac structure. Imaging has played a fundamental role in the understanding of the diag-
nosis, prevalence, and consequences of MVP. The diagnosis of MVP by imaging is based upon demonstrating valve
leaflets ascending into the left atrium through the saddle-shaped annulus. Transthoracic and transesophageal
echocardiography are the primary modalities in the diagnosis and assessment of MVP patients and must include
careful assessment of the leaflets, annulus, chords, and papillary muscles. High-spatial-resolution imaging mo-
dalities such as cardiac magnetic resonance images and cardiac computed tomography play a secondary role in
this regard and can demonstrate the anatomical relation between the mitral valve annulus and leaflet excursion
for appropriate diagnosis. Ongoing development of new methods of cardiac imaging can help us to accurately
understand the mechanism, diagnose the disease, develop an appropriate treatment plan, and estimate the risk for
sudden death. Recently, several new observations with respect to prolapse have been derived from cardiac im-
aging including three-dimensional echocardiography and tissue-Doppler imaging. The aim of this article is to
present these new imaging-derived insights for the diagnosis, risk assessment, treatment, and follow-up of patients
with MVP.
A B B R E V I A T I O N S 2D, Two-dimensional; 2D-TTE, Two-dimensional transthoracic echocardiography; 3D, Three-dimensional; 3D-
TEE, Three-dimensional transesophageal echocardiography; 3D-TTE, Three-dimensional transthoracic echocar-
diography; AML, Anterior mitral leaflets; API, Average pixel intensity; BD, Barlow disease; BMVP, Bileaflet MVP;
CCT, Cardiac computed tomography; CMRI, Cardiac magnetic resonance images; cVAs, Complex ventricular ar-
rhythmias; EF, Ejection fraction; EROA, Effective regurgitant orifice area; FED, Fibroelastic deficiency; LA, Left
atrium; LV, Left ventricle; LVSV, Left ventricular stroke volume; MA, Mitral annulus; MAD, Mitral annular
disjunction; MDCTA, Multidetector CT angiography; ML, Mitral leaflet; MR, Mitral regurgitation; MRF, Mitral
regurgitant fraction; MVP, Mitral valve prolapse; PISA, Proximal isovelocity surface area; PM, Papillary muscles;
PML, Posterior mitral leaflets; SCD, Sudden cardiac death; STE, Speckle-tracking echocardiography; TI, Trans-
illumination; VAs, Ventricular arrhythmias; VCW, Vena contracta width.
Introduction

Based upon the Carpentier classification,1 mitral valve prolapse
(MVP) is the most common etiology of nonischemic mitral regurgitation
(MR). It is a heterogeneous disorder with diversity in pathological,
clinical, and imaging presentations.2 In the Western world, prolapse is
a, MD, Division of Cardiovascula
2037
ria).

evier Inc. on behalf of Cardiovasc
-nd/4.0/).
the most common mitral abnormality requiring surgery.3 Imaging has
played a fundamental role in the understanding of the diagnosis, prev-
alence, and consequences of MVP.

Recently, several new observations with respect to prolapse
have been derived from cardiac imaging. The aim of this article
is to present these new imaging-derived insights for the
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diagnosis, risk assessment, treatment, and follow-up of patients
with MVP.
Mitral Valve Anatomy

The MV apparatus is a complex three-dimensional (3D) structure
including anterior (AML) and posterior mitral leaflets (PML), poster-
omedial and anterolateral papillary muscles (PMs), and chordae tendi-
nae, which attach the inferior surface and free edge of the leaflets to the
PMs. The leaflets are suspended from an annulus, which is saddle shaped
with 2 superior arcs peaking anteriorly and posteriorly and 2 inferior arcs
reaching nadir medially and laterally.4,5 The annulus is anchored to the
left atrium (LA) superiorly and left ventricle (LV) inferiorly. Thus, mitral
valve dysfunction may be due to disorders of any of the structures of the
apparatus from atrium to ventricle.

The most common classification of mitral leaflet (ML) anatomy is
the Carpentier1 classification. In this classification, the PML is
anchored to the fibrous skeleton of the annulus while the AML is
contiguous with the aortomitral curtain (intervalvular fibrosa), which
is located between the 2 trigones. The PML is typically divided by 2
small clefts into 3 scallops named P1, P2, and P3 and numbered from
the anterolateral commissure (near the LA appendage) toward the
posteromedial commissure (near the interatrial septum). PML ac-
counts for two-thirds of the mitral annular circumference but only for
one-third of the total leaflet area. The AML accounts for one-third of
the mitral annular circumference and two-thirds of the total leaflet
area. The AML is longer and typically has no visible clefts; to
correspond to the scallops of the PML, it is divided into 3 segments:
A1, A2, and A3. It is important to note that there is significant
variability in the ML anatomy and that variations from the Carpentier
system occur in a substantial number of patients.

MVP has been described as being either primary or secondary. Pri-
mary MVP is a structural disease of the MLs themselves while secondary
MVP results from an imbalance between the size of the leaflets and the
volume of the LV.6 This review will deal only with primary mitral pro-
lapse and the resulting attendant syndrome. The gross pathologic criteria
for diagnosing primary MVP are (a) hooding of the intracordal ML
structure toward the LA; (b) thickening and elongation of the involved
Figure 1. Two-dimensional transthoracic echocardiography parasternal long-a
disjunction in left ventricle systolic phase. Blue dash lines represent schematic lin
than 2 mm displacement of mitral leaflets beyond the annulus identifies MVP. The
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MLs and subsequent increased valve area; (c) annular dilation present
typically with MR7 (Supplemental Video 1).
Mitral Annular Disjunction
Mitral annular disjunction (MAD) is a controversial structural ab-

normality defined as a separation between the annulus and the superior
aspect of the LV wall8 (Figure 1). In this context, the mitral annulus (MA)
is not positioned at the junction of the atrium and ventricle but may be
displaced above that junction. Accordingly, the disjunctive annulus is
decoupled functionally from the ventricle, whichmay lead to paradoxical
annular dynamics with systolic expansion and flattening and significant
MR.9 MAD may account for excessive mobility of the leaflets, visualized
as systolic curling, and for the stretch-related myocardial remodeling of
the inferobasal wall.10 LV fibrosis is a very frequent feature of MVP with
MAD and can result in an increased incidence of arrhythmias and risk of
sudden cardiac death (SCD). Accordingly, MAD has implications for
surgical intervention and should be evaluated routinely in MVP
patients.10,11

The prevalence of actual MAD versus an elongated PML abutting the
posterior LA wall remains controversial, as does its relation to MVP. In
their original publication, Hutchins and Moore described MAD in a small
number of autopsies, with a disproportionate prevalence in MVP subjects
and also in otherwise normal subjects.8 The prevalence of MAD varies in
recent studies from 98% to 16% dependent upon the severity of MVP and
MR present and the diagnostic modality used.12,13 It is more prevalent in
populations with severe MVP/MR and those studied by transesophageal
echo. MAD was detected in both “Barlow disease” (BD) and fibroelastic
deficiency (FED) patients, suggesting that it is a primary anatomic ab-
normality of the annulus. In a recent report, MAD was identified as a risk
of progression of the underlying MV disease, although it did not seem to
compromise MV surgical repairability.13 Given the marked variability in
the literature, it is clear that the prevalence and clinical significance of
MAD need to be studied in a systematic manner in a larger population
with a longer follow-up duration.

Mitral Cleft
Deep clefts are defined as an indentation extending more than half of

the depth of the ML. Clefts are to be distinguished from commissures,
xis images of a patient with mitral valve prolapse (MVP) þ mitral annular
e connecting the posterior and anterior attachment points of mitral leaflets. More
red arrow represents the length of posterior annulus mitral annular disjunction.
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which run the entire length of the leaflet, and the normal indentations of
the PML dividing it into 3 scallops defined by Ranganathan in 1970.14

The nomenclature of clefts has varied, as has the prevalence and relation
to MVP and, to some extent, the very existence.15 Ring et al.16 used 3D
transesophageal echocardiography (3D-TEE) to acquire images of normal
subjects and MR patients with and without MVP. Clefts were seen in 7 of
57 (12%) normal population, in 64 of 76 (84%) MVP patients, while
occurring rarely in patients with alternative causes of MR. Of importance,
in 50 patients undergoing surgery (with MVP38), they found a close
correlation of the findings directly observed at surgery with the 3D echo
findings yielding a sensitivity of 93% and a specificity of 92%. In their
study, clefts always appear either in prolapsing regions or when framing
them and occur in increasing numbers in line with the proportion of the
valve that is prolapsing. They concluded that clefts may have an impor-
tant role in the mechanism of MVP.16

Role of Cardiac Imaging in Understanding the Pathophysiology and
Etiology of MVP

Structural degeneration of the mitral valve has 2 main phenotypes.
One phenotype is diffuse myxomatous degeneration, frequently termed
BD, which may present as a genetic disorder, while a second markedly
different disorder is FED, which appears to be caused by an accelerated
aging process.17,18 While not perfect, clues to distinguish BD from FED
have been provided by cardiac imaging, especially echo and cardiac
magnetic resonance images (CMRI). BD patients have higher prolapsed
volume and height and increased annular dimensions. Also BD patients
have bileaflet and multisegmented prolapse with elongated and thick
chordae, while FED patients usually have single-leaflet prolapse with
focal myxomatous changes in chordae19,20 (Table 1). While these fea-
tures may help clinicians differentiate FED from BD, studies are needed to
Table 1
The rules of different echo modalities in characterization of BD and FED

Study Modality

Chandra et al.19 3D-TEE Billow
Billowi

Matsumaru et al116 2D-TTE Billowing of m

Bile
Elongation o

Clavel et al.117 2D-TTE Bile
Redundant valv
degeneration ca

or
3D-TEE Larger systolic

anteroposteri
Larger annul

Larger m
Larger prolap

Apor et al.118 3D-TEE Dilated, rem
hypod

Sturla et al.119 CMRI Significantly inc
compare

Rounder annula
Significantly hi

volume
Significant diffe
an abnormal ann

mid a
Kagiyama et al.120 3D-TEE Greater prolaps

Greater prolapse
ratio (P

Vo et al.20 4D-MV Assessment Significantly i
dimensions

interregional
distance) compa

4D-MV, four dimensional mitral valve; BD, Barlow disease; CMRI, cardiac magnetic re
echocardiography.
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define the sensitivity and specificity of imaging modalities in discrimi-
nating between these two.

Recent studies have identified a “prolapse volume,” consisting of the
blood positioned between the MA and the height of the prolapsed leaflets
in systole, that is neither part of forward flow nor ejected into the LA at
end-systole.21 For patients with prominent MVP, the Simpson’s method
may underestimate the LV end-systolic volume (LVESV) as it only con-
siders the volume located between the apex and the MA and neglects the
prolapse volume. Thismay lead to an underestimation of LVESV, resulting
in an overestimation of LV stroke volume (LVSV) and MR.22 This blood
volume is also excluded from the LV systolic volume and the calculated LV
ejection fraction (EF).23 Bach23 called this phenomenon “the clinical dead
pool.” The prolapse volume represents an additional LV volume load
beyond that of the regurgitation,which results in an overestimated EF and
could lead to discordant LV and LA size.21,24 Amongpatientswith bileaflet
MVP (BMVP), increase of both MR and prolapse volume was associated
with proportionate increases in LV diastolic volume.21

LV dysfunction is present in a number of MVP patients. Kitkungvan
et al.25 observed that LV fibrosis is more prevalent in CMRI of MVP pa-
tients than in other types of MR, suggesting an additional pathophysi-
ology for LV dysfunction beyond that of volume overload. Later, Miller
et al.26 analyzed 20 MVP patients referred for valve repair who under-
went hybrid positron emission tomography/magnetic resonance imag-
ing. They found that myocardial segments with fluorodeoxyglucose
uptake in MVP patients frequently matched areas of myocardial fibrosis
on CMRI. Based on their findings, these authors suggested that an in-
flammatory component could be prodromal to the development of
myocardial fibrosis in MVP,26 providing a potential target for therapy. An
alternate explanation for LV dysfunction in MVP relates to the redun-
dancy and degeneration of the leaflets and the elongation of the chordal
apparatus that, together with the dilation and flattening of the MA, result
BD FED

ing height >1
ng volume >1.15

Billowing height >1
Billowing volume <1.15

ultiple segments of the
leaflets

aflet prolapse
r thickening of chorda

Commonly single-leaflet prolapses (most of
the time posterior leaflet) - focal

myxomatous changes with torn chordae

aflet prolapse
e tissue with myxomatous
using prolapse of multiple
all scallops

Posterior prolapse, single-scallop
involvement

intercommmissural and
or diameters than FED
ar dimension than FED
itral leaflet area
se volume and height

Dimensions of the mitral annulus remain
relatively normal

arkably flattened, and
ynamic annulus

Dilated annulus but relatively preserved
saddle-shape and contractile function

reased annular dimensions
d to NLs and FED
r shape cf. to NL and FED
gher prolapse height and
than FED and NLs
rence during systole with
ular enlargement between
nd late systole

Nonsignificant increased annular
dimension compared with NLs.

Rounder annular shape compared with NL,
lower decrease in eccentricity compared

with BD
Significantly higher prolapse height and

volume than NLs

e volume and height than
FED

volume to prolapse height
V/PH) than FED

Lower prolapse volume, height, and PV/PH
than BD

ncreased mitral annular
(area, circumference,
distance, septal-lateral
red to FED and secondary

MR

Significantly increased mitral annular
dimensions (area, circumference,

Interregional distance, septal-lateral
distance) compared with secondary MR

sonance imaging; FED, fibroelastic deficiency; NL, normal; TEE, transesophageal
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in a complex interaction between these structures and the LV. During
systole, forces producing mitral closure are transmitted to the chordal
apparatus and the PMs, causing abnormal traction and excursion. The
MA moves toward the LV apex at peak systole, while the PM tips tend to
be drawn in the opposite direction.25,27,28 Such morphological and me-
chanical abnormalities might be responsible for a continuous insult to the
myocardium and PM stretch, ultimately leading to the development of
myocardial hypertrophy and PM or LV fibrosis.11,29 Focal hypertrophy of
the basal LV segments has been demonstrated in MVP and correlated to
the excursion of the annulus, suggesting that disproportionately
increased regional myocardial function could be responsible for remod-
eling.29 Finally, Hei et al.30 have shown that late systolic MVP on echo is
associated with abnormal superior shifts of the MLs and PM during sys-
tole. The MV and PM shifts were correlated with an augmented superior
force associated with annular dilation and disappeared after surgical MV
annuloplasty. These data suggest that MA dilatation may promote sec-
ondary superior shifts of the MV contributing to subvalvular PM
traction.30
Role of Cardiac Imaging in the Diagnosis, Localization, and
Treatment Plan of MVP

Noninvasive imaging modalities are of value in documenting leaflet
morphology so as to accurately diagnose MVP and define an appropriate
treatment plan.31,32 Precise definitions of MV morphology and periop-
erative monitoring of MV anatomy, function, and pathology are essential
for successful mitral repair.33 The historical practice of MV repair based
principally on surgical exploration is being transformed into a new
standard with shared contributions from both imaging and surgery.34
Echocardiography
For years, 2D-transthoracic echocardiography (2D-TTE) was the best

and standard modality for the diagnosis of MVP.28,35,36 Multiple 2D-TTE
planes provide cross-sectional anatomy of different components of the
mitral apparatus.37 Current echocardiographic criterion for diagnosis
includes>2 mm displacement of 1 or both mitral valve leaflets above the
annulus within the LA in end-systole.38 2D-TTE has very good diagnostic
accuracy and high reproducibility in localizing the ML scallops and/or
segments.39 The middle scallop of the PML is the most commonly
involved segment in MVP and can easily be observed in the parasternal
long-axis view by 2D-TTE (Supplemental Video 1). Lateral scallop pro-
lapse can be seen in the 4-chamber view by 2D-TTE.40,41 Subsequently, it
was found that 2D-TEE was superior to 2D-TTE for diagnosis of MVP and
yielded more precise localization42,43 (Supplemental Video 2). Most
4

recently, 3D TTE has been found to most accurately identify MVP and
quantify the complex 3D-shaped annulus.44,45

A comparison of the ability to identify diseased scallops revealed
similar sensitivity (94% vs 91%), specificity (100% vs 96%), and accu-
racy (100% vs 94%) for 3D-TTE and 2D-TEE, respectively.46 Assessment
of the central scallop had the highest accuracy by both 2D-TEE and
3D-TTE methods.47 However, real-time 3D TEE has now been shown to
be superior to any 2D technique and 3D-TTE for identifying the number
of prolapsing segments, their location and extent, the presence of flail
segments, disparity in scallop heights, regurgitant orifice area, associated
ruptured chordae, and commissural dysfunction44-48 (Figure 2) (Table 2).

Studies employing a multidisciplinary approach to intervention that
include imaging protocols for screening, disease severity stratification,
and guidance are strongly encouraged at the present time.34 MV
morphology is crucial in determining the feasibility, timing, and
complexity of repair49 (Figure 2). The planning and success of inter-
ventional procedures rest on accurate MV anatomic assessment and the
detection of those lesions that may predict unsuccessful repair.50 Quan-
tification of prolapsing or billowing volume, in addition to morphology,
can distinguish between more complex versus less important lesions.
High-risk criteria would include larger billowing volume, large anterior
MV surface area, and multisegmented or bileaflet involvement.19,34 In
this regard, greater agreement has been reported between qualitative
assessment of 3D images and surgical findings as compared to 2D im-
ages.51 3D-TEE has the additional advantage of simulating the surgeon’s
view and appears to be a significant advance for preoperative and
intraoperative use.52 The 3D zoom image is more commonly utilized in
the operating room for evaluation of the MV. In this mode, the acquired
image can highlight the precise pathology.53 Echo-guided MV repair is
associated with a higher rate of initial success as well as excellent
long-term results relative to the national average for unguided proced-
ures.34 Repair of posterior leaflet MVP, commonly involving leaflet
resection and annuloplasty, has excellent immediate and long-term
outcome.54,55 Central mitral regurgitant jet direction, calcification and
marked dilatation of the annulus, and extensive leaflet disease (3 or
greater prolapsed or flail segments/scallops seen on intraoperative
multiplane TEE) have been shown to be independent predictors of un-
successful MV repair.50 The presence of severe bileaflet prolapse or BD
was an exclusion criteria for transcatheter edge-to-edge mitral repair in
the EVEREST II trial that established the efficacy of this procedure.56

Although recent studies showed that some devices can be used in the
setting of severe bileaflet prolapse, this method requires grasping an
extensive amount of hypermobile, redundant leaflet tissue. This may
require using multiple clips to address the large regurgitant orifice that is
often present, as well as to stabilize clip mobility.57 This is an evolving
Figure 2. Three-dimensional transesophageal echocardi-
ography (3D-TEE) zoom mode acquisition showing en face
surgical view of mitral valve with prolapse in the P3
scallop, primarily (red arrow). Leaflet prolapse is diagnosed
when there is systolic excursion of the leaflet body into the left
atrium due to excess leaflet tissue, with the leaflet-free edge
remaining below the plane of the mitral annulus. The mitral
valve is oriented with the aortic valve at the 12-o’clock position.
Abbreviations: AML, anterior mitral leaflet; AV, aortic valve;
LAA, left atrial appendage; PML, posterior mitral leaflet.



Table 2
Studies on various echo modalities and their rules on MVP characterization

Study Modality Patients Findings

García-Orta et al.44 2D-TEE-3D-TEE vs surgical findings MVP-MR undergo surgery 3D accurately classified A1 segment
defects, commissural dysfunction.

The 2D study incorrectly classified 22
segments, mainly corresponding to

complex disease.
Delabays et al.45 3D-reconstruction TEE vs surgery MVP þ severe MR Excellent correspond between

echocardiographic localization of prolapse
and surgery inspection

Excellent correspond between
echocardiographic volume of prolapse and

surgically resected tissue
Sharma et al.46 2D-TEE

RT-3D-TEE vs surgical findings
MR undergo surgery Both modalities were accurate without

significant difference
Guti�errez-Chico et al.47 2D-TEE vs 3D-TTE MVP patients Segmental analysis is feasible on both

modalities with same accuracy
Pepi et al.51 2D-TTE, 3D-TTE before surgery

2D-TEE, 3D-TEE during surgery
MVP patients with severe MR Accuracy in diagnose MV lesion: 3D-TEE

(95.6%) > 3D-TTE (90%) and 2D-TEE
(87%) > 2D-TTE (77%)

La Canna et al.121 2D-TTE, RT-3D-TTE, 2D-TEE, RT-3D-TEE
vs. surgical findings

MVP-MR undergo surgery Accuracy in characterized the MV anatomy
and identification of prolapse: RT-3D-TEE
(92%) > 2D-TEE (78%) > RT-3D-TTE

(52%) > 2D TTE (35%)
Akhter et al.122 2D-TEE, 2D-TTE, 3D-MPR

Assess the agreement with surgery
MVP who underwent MV repair or

replacement
3D-MPR þ 2D-TTE: moderately strong
agreement for the A2 strong for the A3

AML, P2, PML.
2D-TEE: Moderately strong agreement for
A2, AML strong agreement for the P2, PML

Manda et al.123 2D-TEE and RT-3D-TEE vs surgical findings Flail MV þ MR/undergo surgery 3D-TEE was superior 2D-TEE in the
evaluation of MVP and associated ruptured

chordae
Grewal et al.48 2D-TEE

RT-3D-TEE
vs surgical findings

MR undergo MV repair 3D-TEE imaging was superior to 2D-TEE
imaging in the diagnosis of P1, A2, A3, and

bileaflet disease

Abbreviations: MPR, multiplanar reconstruction; MR, mitral regurgitation; MV, mitral valve; MVP, mitral valve prolapse; TEE, transesophageal echocardiography;
TTE, transthoracic echocardiography.
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field, and its precise place in the intraoperative imaging algorithm will
become established in the next few years.

Transillumination
Transillumination (TI) is a new 3D tool that improves the visualiza-

tion of cardiac structures due to shadow effects achieved by the use of a
freely movable virtual light to enhance image details and depth.58 Vol-
pato et al.59 compared the diagnostic accuracy of TTE-TI side by side with
standard 3D-TTE display in 50 patients undergoing surgery for MVP.
Surgical valve inspection was used as a reference standard. The corre-
lation of TI with surgery was good for prolapse detection (intraclass
correlation [ICC] ¼ 0.78) and chordal rupture localization (ICC ¼ 0.73).
The correlation was fair for detection of mitral cleft (ICC ¼ 0.66).
Compared with the surgical reference, TI added accuracy to 3D-TTE
imaging for the identification of prolapsing scallops (94% vs 89%),
chordal rupture (98% vs 92%), and cleft localization (87% vs 54%). They
concluded TI modality may contribute to improved personalized pre-
surgical planning.59

Cardiac Magnetic Resonance Imaging
Recently, CMRI has emerged as an important noninvasive modality to

characterize MVP (Supplemental Video 3). Advantages over echocardi-
ography include the ability for tissue characterization, unlimited imaging
planes, no dependency on an acoustic window, and accurate determi-
nation of LV volumes and function.60,61 Also, CMRI may better define
MAD of minor degree (MAD < 4 mm)62 (Figure 3).

However, due to insufficient spatial resolution and volume averaging
effect, CMRI failed to demonstrate valve thickening in a recent study.63

Han et al. analyzed the 2D-TTE and cine CMRI images of 25MVP patients
and 25 healthy volunteers to define diagnostic MVP criteria by CMRI.
They demonstrated that CMRI identifiedMVPby the echo criteria of 2mm
displacement beyond the annulus with 100% sensitivity and
5

specificity.115 A reduced signal and darker appearance of the PM have
been shown to accurately differentiate MVP from normals and those with
conditions involving the mitral subvalvular apparatus.64 Regarding the
role of CMRI in clinical decision-making, it can provide high-resolution
volumetric images of the LV, as well as quantitative assessment of regur-
gitant volume (RV), although compared with 2D-echo, MR fraction and
RV measured by CMRI are typically lower.65,66 CMRI has proven to be
accurate in evaluating the annulus dimensions, which may be important
whenever an MV prosthesis implantation or repair is planned.67

Cardiac Computed Tomography
Cardiac computed tomography (CCT) provides high-resolution volu-

metric data sets that can be postprocessed to provide views suitable for
MVP diagnosis. After data acquisition, cine reconstruction methods,
particularly volume-rendered images, are useful for demonstrating MV
structure.2 The relation between leaflets and annulus can be studied, and
the degree of leaflet displacement can be measured. An important
advantage of CCT over echocardiography is that it allows for the visu-
alization of adjacent anatomic structures, such as the coronary sinus and
coronary arteries, which cannot be easily demonstrated by echocardio-
gram. Nazari et al.68 measured the mitral valve leaflet thickness and
leaflet billowing of 40 MVP patients who had undergone both TTE and
CCTwithin a 3-month period. In their study, a 68% direct correlationwas
observed between leaflet thickness measured by TTE and multidetector
CT angiography (MDCTA). The correlation between leaflet billowing
measured by TTE and MDCTA was 94% (p < 0.001). MDCTA measured
leaflet billowing with a sensitivity and specificity of 68.4 and 95.2%,
respectively, in their study.

Several studies of the diagnostic accuracy of CCT to define the culprit
scallop found sensitivities and specificities of 84%-96% and 93%-100%,
respectively, compared with echo and had an excellent agreement with
operative findings.69,70 Radiation exposure, poor temporal resolution,



Figure 3. Cine cardiac magnetic resonance parasternal images of patients with MVP þ MAD during cardiac cycle. The red arrow points to abnormal atrial
displacement of mitral valve hinge point which identifies MAD. The white arrow points to more than 2 mm displacement of mitral leaflets beyond the annulus,
identifies MVP. Abbreviations: MAD, mitral annular disjunction; MVP, mitral valve prolapse.
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and limited ability to examine each leaflet are some of the important
limitations of cardiac CCT in the evaluation of MVP71 although CCT
technology has been rapidly evolving in recent years to overcome these
historical limitations. While CCT can accurately evaluate LV volume, it is
not routinely used to estimate the severity of MR. Thus, although MVP
imaging with CCT is possible, it is not used as the primary imaging
modality, unless other structural information, such as coronary evalua-
tion, is needed.69

Role of Cardiac Imaging in Risk Stratification of MVP

Prognosis in MVP patients varies widely from a condition with little
morbidity and normal life expectancy in half of patients to subsets with
high morbidity and mortality directly related to MVP and its complica-
tions.72 The major complications are infective endocarditis, heart failure,
stroke, and even SCD.66,73 Findings that have been observed in
MVP-related SCD include left ventricular myocardial fibrosis detected by
CMRI or autopsy and complex ventricular ectopy.74 LV fibrosis, especially
near the PM, provides the substrate for the development of ventricular
arrhythmias (VAs).66,75,76 Although the value of routine utilization of
CMRI in MVP patients is yet to be studied, in the presence of high-risk
factors for arrhythmic MVP such as MAD, marked leaflet redundancy,
and repolarization abnormalities, CMRI should probably be performed.77
Echocardiogram
A variety of abnormalities detectable by echo can be prognostic for

the occurrence of VAs and SCD. The most common findings in patients
who have experienced SCD are bileaflet involvement, high degree of
leaflet redundancy, mitral annular dilatation, and leaflet thickness
greater than 5 mm. Pathology in other valves, reduced LV function, and
larger LA and LV end-systolic diameter also are present in SCD
patients.11,63,73,78,79 MAD by echo, when severe, has been shown to
predict the occurrence of nonsustained VAs by significantly disturbing
mitral annular function.80 Although prior studies have shown the cor-
relation between higher MR severity and VAs, a recent systematic review
reported that nonsevere MR was present in the majority of patients who
experienced cardiac arrest.81,82 Hourdain et al.,83 in an international case
series, gathered data of 42 resuscitated patients from SCD in whom MVP
was the only detectable cause. They observed a common phenotype
characterized by syncope, frequent and repetitive premature ventricular
contractions originating from the posterior PM, “severe myxomatous
MVP disease” defined as combined myxomatous thickened leaflets,
BMVP, and MAD. The majority of patients did not have severe MR.83

Speckle-Tracking Echocardiography and Tissue-Doppler Imaging
Speckle-tracking echocardiography (STE) may identify MVP patients

at higher risk for VAs by detection of increased mechanical dispersion.84
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The association between mechanical dispersion and MVP-related
arrhythmic complications was reported to be independent of LV sys-
tolic function, degree of MR, and type of leaflet involvement. In pediatric
patients with MVP,85 global early diastolic strain by STE was shown to be
a sensitive marker of early subtle myocardial injury. Muthukumar et al.86

examined the pulsed-wave tissue Doppler of 21 myxomatous MVP pa-
tients and identified a subset with a spiked high-velocity systolic signal of
the lateral annulus of�16 cm/s. This subset did not significantly differ in
regard to the severity of prolapse, leaflet thickness, medial annulus
Doppler velocity, MR severity, and LVEF. VAs (67% vs 22%) and need of
an implantable cardioverter defibrillator (40% vs 0%) were significantly
higher in those with the systolic spike. The configuration, which they
named the “Pickelhaube” spike, represents altered myocardial defor-
mation and is a risk marker for malignant arrhythmias in patients with
myxomatous MVP. They proposed that “the tugging of the posteromedial
PM in mid-systole by the myxomatous prolapsing leaflets causes the
adjacent posterobasal LV wall to be pulled sharply toward the apex,
resulting in the observed spiked configuration.”86 Subsequently, the
highest Pickelhaube signal velocity was found in the posterolateral
annulus of BMVP patients, an unconventional site of interrogation.87

Recently, Muthukumar et al.86 used STE to identify arrhythmogenic
substrate in 44 patients with myxomatous BMVP. They observed that the
mean Pickelhaube spike, billowing extent, and basal and mid-lateral wall
postsystolic index tend to be higher in patients with malignant arrhyth-
mogenic BMVP. In their study, CMRI evidence of late gadolinium
enhancement was reported only in 33% of patients, which suggests that
fibrosis occurs at a later stage in the disease. Thus, tissue-Doppler im-
aging and STE may identify patients at risk of malignant VAs in myxo-
matous MVP earlier, before the development of fibrosis.88

Cardiac Magnetic Resonance Imaging
CMRI can have a pivotal role in identifying fibrotic myocardial tissue

replacement by T1 mapping (T1-map) and abnormal myocardial strain
by CMRI feature tracking.60,89,90 Following gadolinium administration,
delayed enhancement and increased extracellular space may represent
fibrosis or proteoglycan deposition, both of which are strong predictors
of VA events, SCD or heart failure. Therefore, such findings may be useful
for clinical decision processes and prognostication.91,92 Unlike ischemic
heart disease or nonischemic cardiomyopathies, even a small focal late
gadolinium enhancement burden has been associated with SCD in MVP
patients. Basso et al.66 reviewed the cardiac pathology of 43 patients in
whom MVP was the only identifiable cause of SCD. LV fibrosis was
detected by histology at the PM level in all patients, and in the infer-
obasal wall in 88%; suggesting that myocardial stretch by the prolapsing
leaflet is the structural hallmark of MVP and may correlate with VAs.
Living patients with MVP with and without complex VAs (cVAs) under-
went a study protocol including contrast-enhanced CMRI. Patients with
either right bundle branch block-type or polymorphic cVAs showed a



Figure 4. Two-dimensional transthoracic echocardiography apical 3-chamber view of a mitral valve prolapse patient with mitral regurgitation. (a) Without
and (b) with color Doppler fellow. The red arrow points to proximal convergence signal, and white arrows to the eccentricity of the mitral regurgitant jet.
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bileaflet involvement in 70% of cases. LV late enhancement was observed
to be more intense in MVP patients than in controls (93% vs 14%). Later,
Bui et al.93 showed that MVP may be associated with diffuse late
enhancement as suggested by reduced postcontrast T1 times. In their
study, diffuse interstitial LV myocardial fibrosis was linked to subclinical
systolic dysfunction and may contribute to cVAs in MVP-related MR,
even in the absence of focal fibrosis.93 In the study of Marra et al.,11 MAD
was a constant feature of arrhythmic MVP with LV fibrosis. They iden-
tified myocardial hypertrophy and scarring secondary to excessive
mobility of the leaflets as a reason of mechanical stretch of the origins of
VAs, inferobasal wall and PM.11
Cardiac Imaging and Assessment of MR in MVP

MR in MVP patients may be severe and may result from either pro-
gressive myxomatous degeneration or chordal rupture with leaflet flail.
MR can cause significant morbidity and mortality.39,94 CMRI and echo-
cardiography/Doppler imaging are the best modalities for evaluation of
MR severity.95 Published literature has shown general agreement be-
tween MR severity assessed on CMRI and on echocardiography/Doppler
imaging, but disparity can occur.72,95,96 Newer technologies, including
4D flowmagnetic resonance imaging, are showing promise for improving
the reliability of CMRI measurements.97

Echocardiography
TTE is used as a primary tool for the comprehensive assessment of

MVP-related MR and can estimate MR severity by using various
methods including qualitative (e.g., color Doppler area), semi-
quantitative (vena contracta width [VCW]), and quantitative (e.g.,
proximal isovelocity surface area [PISA] method), the latter to estimate
the effective regurgitant orifice area (PISA-EROA) and the RV (PISA-
RV)98 (Figure 4).

There is evidence that these methods can misclassify MR severity,
primarily because they measure a single point in time, and since MR is
dynamic, the single point in time estimate may not reflect the largest
ERO. Enriquez-Sarano et al.99 observed phasic changes of MR in MVP;
from early to mid-late systole, the RV increases due to concomitant in-
crease in both the ERO and the regurgitant velocity. In late systole,
despite an increase in regurgitant orifice, the decrease of the ven-
triculoatrial gradient that was observed results in a decrease in regur-
gitant velocity. These changes can lead to overestimation of the overall
degree of regurgitation, but properly timed measurements made by using
the PISA method allow a useful estimation of the overall effective
regurgitant orifice.99 Topilsky et al.100 observed that assessment of
purely mid-late systolic MR in the MVP patient may be misleading
because jet area and ERO by flow convergence appear similar to those
with holosystolic MR. They thus point out that, for the same ERO, the
consequences of the MR (increased RV, LA volume index, and RV
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pressure) are less severe/smaller, and the outcomes better in mid-MR to
late MR.

Haddad et al.101 tried to avoid geometric assumptions and take into
account the entire systolic cycle and duration of MR by using a novel
echocardiographic method that graded MR based on pixel intensity
analysis of the continuous-wave Doppler signal. They assessed MR in 290
MVP patients using average pixel intensity (API), color Doppler imaging,
VCW, and PISA method. They found that indices of MR severity, such as
left ventricular and atrial dimensions and pulmonary arterial pressure,
significantly correlate with API severity. The API method showed a
linear correlation with color Doppler (r ¼ 0.79), VCW (r ¼ 0.68),
PISA-EROA (r ¼ 0.72), and PISA-RV (r ¼ 0.67). Additionally, the API
showed a stronger intraobserver and interobserver agreement than other
methods.102 However, the API method has not been recognized in pub-
lished guidelines, and further study is needed to determine the clinical
application of this method.

Strain echo by STE is a reliable, angle-independent modality to
quantify LV and even LA deformation. Although dependent upon
loading, it is independent of myocardial translation and tethering during
systolic contraction. As such it is capable of identifying myocardial
dysfunction even in the absence of abnormal EF, strain, and has been
used in the assessment of MVP patients with MR. Malev et al.103

compared strain in 58 asymptomatic MVP patients to that of 60 sex- and
age-matched healthy subjects. Regional, longitudinal, circumferential,
and radial strain, and strain rates were decreased in MVP group only in
septal segments. El-Tallawi et al.104 quantitated patient-specific strain of
the MLs in normals and MVP patients, both with and without significant
MR, and assessed the determinants of strain by 3D-TEE. Their study
showed that prolapsing MV leaflets have higher strain than normal
valves, particularly the posterior leaflet. Higher strain measurements
were associated with greater MR, as well as larger valves and annuli and
increased leaflet thickness. Thus, the underlying MV pathology was the
most significant independent determinant of valve deformation in their
study.

TEE can also be used in follow-up of MVP-related MR. Ma et al.105

followed up 82 asymptomatic MVP patients with mild or moderate MR
for over a 4.5-year period to evaluate the progression to severe MR. No
mild MR progressed to become severe, but 50% of moderate MR pro-
gressed to become severe. Only mean MA with a cutoff of 39.6 mm had a
good accuracy (area under the curve 0.78, sensitivity 100%, and speci-
ficity 63.8%) for progression to severe.105

To compare the accuracy of various echocardiographic methods to
evaluate MR severity, Yosefy et al.106 compared 3D-derived vena con-
tracta (VC) area and width, 2D VCW, and effective EROA in 45 patients
with more than mild MR. In their study, real time three dimensional
echocardiography VC area correlated and agreed well with EROA for
both central and eccentric jets. However, real time three dimensional
echocardiography overestimated VCW for eccentric jets compared with
3DE and correlated more poorly with EROA, causing clinical
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misclassification in 45% of patients with eccentric MR. Overestimation
may occur because of the oblique 2D plane relative to the minor axis of
the VC, so that the apparent VC width measured is not necessarily the
true narrowest neck of the jet107 (Supplemental Video 4).

Cardiac Magnetic Resonance Imaging
Assessment of the mechanism of MR, jet direction, and systematic

valve mapping is feasible using the CMRI protocol.108 The preferred
CMRI method for MR severity is measuring the mitral RVol computed as
the difference between the LVSV and aortic forward SV. However,
several alternate methods for quantifying RV with CMRI have been
described, including LVSV-PA forward SV; LVSV-RVSV; mitral inflow
SV-AO total forward SV.109-111 Compared with echocardiography, CMRI
has several potential advantages for the evaluation of LV volumes,
including improved endocardial definition and fewer geometric as-
sumptions.72 Delling et al.112 tried to assess the correlation between MV
characteristics and MR severity in MVP patients by using cine CMRI.
They assess annular dimensions, maximum systolic anterior and poste-
rior leaflet displacement, PM distance to coaptation point and prolapsed
leaflets, as well as diastolic anterior and posterior leaflet thickness and
length and LV volumes and mass. They used velocity-encoded CMRI to
obtain aortic outflow and to quantify MR volume. In their study, AML
length, PML displacement, PML thickness, and the presence of flail are
the best CMRI valvular determinants of MVP-related MR.

CMRI helps to quantify MR by using phase-contrast velocity mapping,
which, unlike Doppler measurements, are not angle-dependent. CMRI
mitral regurgitant fraction (MRF) has the highest diagnostic value to
discriminate significant MR.96,113 The Simpson’s method only considers
the volume located between the apex and the MA and neglects the pro-
lapsed volume. In severe MVP, this may lead to an underestimation of
LVESV and result in an overestimation of LVSV and MR. Vincenti et al.22

tried to assess the impact of prominent MVP on MR quantification. In
patients with MVP (and no more than trace tricuspid regurgitation), MR
was quantified by calculating the RV as the difference between LVSV and
right ventricular SV. LVSV uncorrected was calculated conventionally as
LV end-diastolic volume minus LVESV. A corrected LVESV corrected was
calculated as the LVESV plus the prolapsed volume. For MR grading, the
2 methods were concordant in only 34% of patients, as the uncorrected
method indicated a 1-grade higher MR severity in 66% patients. In severe
BMVP patients, the correction of the LVSV for the prolapse volume is
suggested as it modified the assessment of MR severity by 1 grade in a
large portion of patients.22

Le Goffic et al.113 tried to evaluate the accuracy of quantitative
assessment of MRF by echo and CMRI. MRF by CMRI (volumetric
method) and 3D echo MRF have the highest diagnostic value to detect
significant MR, whereas the diagnostic value of 2D echo MRF and
CMRI-MRF (phase contrast) have been lower.113 In practice, CMRI
should be used as a complementary approach in case of doubt in MR
severity after echocardiography or in situations when echocardiography
indices are not feasible or suboptimal (i.e., after MV repair or mitral clip
procedure, in case of multiple regurgitant jets, periprosthetic leaks, or
late-systolic MR.23,114

Conclusion

MVP, the most common etiology of nonischemic MR, is diagnosed by
imaging modalities by demonstrating valve leaflets ascending into the
LA, passing the saddle-shaped annulus. There is an increasing awareness
that pathological findings in MVP are not confined to the valve tissue
only and that MVP is a complex disease, which primarily involves the MV
apparatus morphology, cardiac hemodynamics, heart chambers di-
mensions, and ventricular function.

Echocardiography has a central role in diagnosis and assessment of a
patient and must include a detailed echocardiogram using high-quality
2D and 3D imaging to define the pathogenesis, involving careful
assessment of the leaflets, annulus, chords, and PMs. High-spatial-
8

resolution imaging modalities such as CMRI and CCT play a secondary
role in this regard and can demonstrate the anatomical relation between
the MV annular line and leaflet excursion needed for appropriate diag-
nosis. CMRI is becoming an essential complement to echocardiography
for accurate assessment of LV volumes and function, MR quantification,
and arrhythmic risk stratification in MVP.

Imaging in MVP is important not only for diagnosis of the disease and
assessment of severity of MR but also for prognostic purposes and setting
treatment plan. Ongoing development of new methods in cardiac imag-
ing modalities help us to accurately understand the mechanism, diagnose
the disease, appropriately plan treatment, and estimating the SCD risk in
patients.
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