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Mitral valve (MV) prolapse (MVP) is a not fully understood common MV disorder. The devel-
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opment of sophisticated cardiovascular magnetic resonance imaging (CMRI) sequences over the
last decades has allowed a more detailed assessment and provided better understanding of the
pathophysiology of MVP to guide management, interventions, and risk stratification of patients

affected. This review provides an overview of the most recent insights about this multifaceted
pathology, particularly regarding the emerging concepts of mitral annular disjunction (MAD),
and risk of arrhythmia and sudden death associated with myocardial fibrosis. We describe the
emerging role of CMRI in both diagnosis and, more importantly, risk assessment of this disease,
aiming to provide a comprehensive protocol for the assessment of MVP, which could represent a
practical guide to clinicians and MRI practitioners working in the field.

© 2021 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.

Introduction

Mitral valve (MV) prolapse (MVP) is a common disorder,
characterised by superior displacement of the leaflets into the
left atrium (LA). MVP is a clinical entity that is not fully un-
derstood, despite being known for more than a century.' The
development of sophisticated cardiovascular magnetic reso-
nance imaging (CMRI) sequences over the last decades has

allowed more detailed assessment of MVP and provided
insight and better understanding of its pathophysiology.
CMRI affords the advantage of assessing the severity of mitral
regurgitation (MR) associated with MVP, LA size, biventricular
volumes/function, and to exclude concurrent and coexisting
cardiovascular abnormalities of connective tissue disorders,
such as Marfan syndrome.> Most importantly, recent studies
have shown the value of native myocardial T1 mapping and
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late gadolinium enhancement (LGE) for the assessment of
myocardial fibrosis and risk prognostication. As such, there is
a growing need for the establishment of a standardised CMRI
protocol for comprehensive and detailed study of MVP.

Normal MV anatomy and nomenclature

MV apparatus comprises mitral leaflets, mitral annulus,
chordae tendineae, and papillary muscles (PMs). The two
mitral leaflets are described as posterior and anterior. The
posterior leaflet is commonly divided into three scallops by the
presence of indentations, or clefts, which partially extend from
the free edge into the body of the leaflet (known as P1, P2, and
P3). Although the free edge of the anterior leaflet is free from
indentations, three virtual scallops A1—3 corresponding to the
described posterior scallops are also identified (Fig 1).

The MV leaflets are attached to the PMs by sets of tendi-
nous chordae that are classified in three orders according to
their site of insertion to the leaflets. The primary chordae are
multiple and thin and insert on the free edge of the leaflet;
the secondary chordae attach on the ventricular surface of
the body of the leaflet, among them two are stronger and
thicker (strut chordae); the tertiary chordae origin from the
ventricular wall and insert to the basal portion of the pos-
terior leaflet only. Tendinous chordae arise from the tips of
two main PMs known as anterolateral and posteromedial
according to their position in the mid-apical LV wall.

Clinical classification and phenotypes of MVP

MVP is usually classified as primary (or non-syndromic) and
secondary (or syndromic) when encountered in the setting of
certain syndromes (Table 1).> Non-syndromic MVP is an
inherited condition with variable penetrance and high
phenotypic variability within the same family. Common ge-
netic syndromes that cause MVP include aortopathies such as
Marfan and Loeys—Dietz syndromes. Other syndromes, such as
trisomies 18, 13, and 15, lead to cardiac malformations and
valvulopathies including MVP. Patients with collagenopathies
such as Ehlers—Danlos syndrome may also present with MVP.
Other classical causes of MVP include syndromes that affect
skeletal muscles including pseudoxanthoma elasticum, osteo-
genesis imperfecta, Larsen-like syndrome, Borrone dermato-

Figure 1 (a) Surgical view of the mitral valve scallops as seen from
the left atrium. (b) CMRI “en face” view of the mitral valve scallops as
seen from the left ventricle (b).

Table 1
Clinical classification (syndromic versus non-syndromic MVP).

Syndromic MVP
Marfan syndrome/MASS phenotypes
Loeys—Dietz
Aneurysm—osteoarthritis syndrome
Ehlers—Danlos syndrome
Juvenile polyposis syndrome
Osteogenesis imperfecta
Pseudoxanthoma elasticum
BDCS or FTH syndromes
Larsen-like syndrome
Williams—Beuren syndrome
Syndrome with sinus node dysfunction, arrhythmias, LVNC (HCN4)
Trisomies 18, 13, 15

Non-syndromic MVP
MMVP1 (16p11.2-p12.1 locus)
MMVP2 (11p15.4 locus)
MMVP3 (13g31.3—31.2 locus)
Filamin A-MVP (FLNA)
DCHS1
Dilated cardiomyopathy (FLNC, LMNA)

MASS, mitral valve prolapse (M), nonprogressive aortic root dilatation (A),
musculoskeletal findings (S), and skin striae (S); BDCS, Borrone dermato-
cardio-skeletal; FTH, Frank-Ter Haar; LVNC, left ventricular non-compaction;
HCN4, hyperpolarisation-activated cyclic nucleotide channel 4; MMVP,
myxomatous mitral valve prolapse; FLNA, Filamin-A; DCHS1, Dachsous1;
FLNC, Filamin-C; LMNA, Lamin-A.

cardio-skeletal and Frank—Ter Haar syndromes.* MVP can
also present in the context of genetic dilated cardiomyopathies.

Further to its clinical classification, the MVP phenotype
exhibits high variability (Table 2). On one side of the spectrum
is the typical Barlow’s disease phenotype, affecting the
spongiosa, characterised by myxomatous degeneration of the
mitral leaflets, which are thickened, elongated, and prolapse.
On the other side of the spectrum is the clinical phenotype of
fibroelastic deficiency (FED) with the typical features of thin,
translucent leaflets of normal length in older patients, asso-
ciated with chordal rupture. In FED, histology demonstrates
deficiency in collagen, elastin, and proteoglycans. It should be
noted that these two clinical phenotypes (FED and Barlow’s
disease) are the two opposite ends of the spectrum, and that
in everyday clinical practice or within members of the same
family, there are overlapping phenotypes.

Diagnosis of MVP

The diagnosis of MVP relies predominantly on trans-
thoracic echocardiography (TTE). Based on the M-mode

Table 2

Phenotypes (Barlow versus fibroelastic) of mitral valve prolapse.
Characteristics Fibroelastic Barlow
Age at diagnosis >60 years <60 years
History of MR <5 years >5 years
Leaflet tissue Normal +++
Anterior leaflet tissue + +++
Posterior leaflet tissue ++ 4F-E

Segment affected

Chordae tendinae
Annular dilatation
Calcification

Single segment (P2) Multisegment

Thin and ruptured  Thickened and elongated
<32mm >36 mm

None S
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findings, the definition of MVP includes posterior
displacement of one or both leaflets >2 mm during late
systole or holosystolic displacement >3 mm.” On two-
dimensional (2D) echocardiography, MVP diagnosis is
based on parasternal long axis (PLAX) findings, where a uni-
or bi-leaflet systolic displacement during coaptation to-
wards the atrial side of the annulus, with no strict
consensus 2D criteria for the degree of displacement. Other
echocardiographic findings may include the myxomatous
appearance with thickening and elongation of the leaflets,
various degrees of MR ranging from absent to severe forms,
LA dilatation, with mitral annulus disjunction (MAD) and
hyper-contractility of the basal inferolateral wall. Trans-
oesophageal echocardiography (TOE) allows a better visu-
alisation of MV anatomy in MVP and assessment of the
exact mechanisms of MR, the number of prolapsing scal-
lops, etc. It also provides a detailed en-face view of the MV,

Table 3
Echocardiography versus cardiac magnetic resonance imaging in mitral valve
prolapse assessment.

PROS CONS

ECHO e Portability and availability o Limited cut planes
e High temporal resolution e Operator
e Visualisation of mitral valve scallops  dependent
and subvalvular apparatus e Acoustic window
e Assessment of valvular calcifications  limitations
o Assessment of left atrial size e Depending on geo-
e Assessment of bi-ventricular size and metric assumptions
function e Caveats in assess-
e Qualitative and quantitative assess- ment of eccentric jets
ment of mitral regurgitation e Semi-invasive if
e Quantification of pulmonary pressures trans-oesophageal
o Identification and quantification of study
mitral annular disjunction
e Visualisation of aortic root and
thoracic aorta
o Identification of associated abnor-
malities (e.g., atrial septal defect,
Ebstein’s)
o Intraoperative assessment with trans-
oesophageal study

CMRI e No body habitus/acoustic window o Not widely
limitations available

e Multiple imaging planes

e Accurate and reproducible

e Visualisation of mitral valve scallops
on multiple planes

e Claustrophobia
o Difficulties in
breath-holding
e Longer time of

e Assessment of subvalvular apparatus  acquisition
e Assessment of left atrial size e Compromised qual-
e Ventricular measurements without ity in case of

geometrical assumptions

e Qualitative assessment of mitral
regurgitation

e Accurate quantitative assessment of
mitral regurgitation (also for eccentric
jets)

o Identification and quantification of
mitral annular disjunction

e Visualisation of aorta in toto

o Identification of associated abnor-
malities (e.g., atrial septal defect,
Ebstein’s)

e Detection of myocardial fibrosis

arrhythmias
e Lower temporal
resolution
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like that seen by the surgeon from a LA perspective (the so-
called “surgical view”), thus facilitating operative planning.

Over the last decades, CMRI has gained growing influ-
ence in the evaluation of MVP, providing additional infor-
mation to the conventional echocardiographic assessment
(Table 3). On CMRI, there are no strict criteria for the diag-
nosis of MVP, although the typical M-mode definition of 2
mm seems to have excellent diagnostic accuracy for MVP
when using echocardiography as the reference standard.’
MVP diagnosis on CMRI typically relies on recognition of
other typical features, such as inspection of MV leaflet for
billowing, leaflet thickening/elongation, mitral annular
dilatation, and visualisation of the mitral regurgitation jet.
Other features may include a mildly dilated and hypokinetic
LV with typically hypercontractile basal inferolateral wall.®
On LGE sequences, there might be LV wall and PMs
enhancement as well as hyper-enhancement of the fibrotic
leaflets.

Prognosis of MVP

Overall, MVP is a benign condition with favourable
prognosis and estimated mortality risk of 5% at 10 years.”
Although most patients with MVP remain asymptomatic
and without complications throughout their lifespan,
approximately 10% of MVP patients present with progres-
sive deterioration to severe MR, as well as heart failure and
pulmonary hypertension. In a community cohort of 833
MVP patients, moderate to severe MR and left ventricular
ejection fraction (LVEF) < 50% were the strongest inde-
pendent predictors of cardiovascular mortality. Other sec-
ondary risk factors for cardiovascular morbidity were mild
MR, LA diameter >40 mm, flail leaflet, atrial fibrillation, and
an age >50 yealrs.7

In addition, certain subgroups of patients with MVP may
be at increased risk for arrhythmias and sudden cardiac
death (SCD) even in the absence of significant mitral
regurgitation (MR). A recent study from Essayagh et al.® in a
cohort of 595 consecutive patients with MVP, demonstrated
that ventricular arrhythmias are frequent but rarely severe.
The incidence of ventricular arrhythmias was indepen-
dently and strongly associated with specific electrocardi-
ography (ECG) and morphological patterns particularly ST-T
changes, the presence of MAD, and marked leaflet redun-
dancy, which suggested a higher risk phenotype, indepen-
dent of MR severity. Long-term severe arrhythmia was
associated with long-term excess mortality and lower
event-free survival.®

Triggered arrhythmias may result either from a patho-
logical substrate, i.e. LV or PMs scarring as the result of
increased transmitted tension from chordae to sub-valvular
apparatus, or even by the redundant tissue valve prolapsing
into the atrium in systole and ventricle in diastole.

Overall, the established markers of arrhythmic/SCD risk
in patients with MVP used in clinical practice are: severe
MR, LV systolic dysfunction, documented ventricular ar-
rhythmias, T-wave inversion in inferior leads, LV fibrosis in
inferolateral wall by CMRI, and family history of SCD.?
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Mitral annular disjunction and myocardial
fibrosis: emerging concepts and clinical
implications

MAD was first described more than three decades ago as
an abnormal atrial displacement of the hinge point of the
MV away from the ventricular myocardium, closely linked
to MVP.!°" Carmo et al.'" described MAD as a localised
abnormality usually affecting the ventricular myocardium
directly under the posterior mitral valve leaflet, typically in
the region of the P1 and P2 mitral valve scallops. Imaging
can detect not only the presence of MAD but also its location
and extent as well as the degree of associated myxomatous
MV disease and MR."”

MAD is detectable during ventricular systole only when
the mitral annulus “slides” and detaches from the ventric-
ular myocardium by a variable distance ranging from a few
millimetres to >10 mm.'? On echocardiography, this is most
commonly seen in the PLAX view. This “abnormal move-
ment” seems to contribute to annulus distortion and sys-
tolic dysfunction as well as to accelerated progression of the
underlying MV disease, leading to more complex MV le-
sions.!"'>!* It has been hypothesised that MAD may be a
precursor of degenerative MV disease and MVP, and ac-
cording to recent data, it is independently associated with
greater LV dimensions.'®

According to several reports, palpitations are the most
commonly reported symptom in patients with MAD, along
with frequent premature ventricular contractions. The
disjunctive areas along the mitral annulus may represent
vulnerable areas to longstanding mechanical stress and
clinical series have demonstrated that MAD is potentially
responsible for sustained ventricular tachycardia (VT) and
SCD, independently of concomitant MVP.5!"1®!7 In a cohort
of 595 patients with isolated MVP, MAD was indepen-
dently associated with long-term excess incidence of
clinical arrhythmic events but not with excess mortality
within 10 years from diagnosis.'® Markers of ventricular
arrhythmias are younger age, previous syncope, premature
ventricular contractions, PMs fibrosis, and MAD distance.’
An increased risk of arrhythmia has been associated with
MAD distance >8.5 mm.'"® CMRI may enhance risk
stratification by detecting myocardial fibrosis (most
frequently involving the basal inferior/inferolateral seg-
ments and the PMs) and measuring MAD distance in the
inferolateral wall.”>'®'® Mantegazza et al’’ supported
these findings and proposed that patients without MAD on
TTE but typical MAD-related symptoms or arrhythmias on
ECG/Holter should be additionally evaluated by TOE or
CMRI

To conclude, MAD is a rare morphological abnormality
seen in some patients with MVP, which can lead to an
increased risk of malignant ventricular arrhythmias and
SCD. Thus, there is a need to use multiple diagnostic tools to
help identify patients with MAD at increased risk of ma-
lignant arrhythmias that may benefit from additional in-
terventions (e.g., ICD implantation, VT ablation, or MV

surgery).

Proposed CMRI protocol for the
comprehensive assessment of MVP

Assessment of MVP requires detailed study not only of
valve morphology to identify the involved scallops, but also
thorough analysis of mitral sub-valvular apparatus, identi-
fication of MAD, and myocardial fibrosis. CMRI provides an
excellent visualisation and understanding of MR mecha-
nism and quantification of regurgitant volume/fraction
along with a comprehensive assessment of LA dimensions
and biventricular function and size.

In the following paragraph, we provide a detailed
description of suggested steps that should be followed
when scanning MVP to obtain all the above information and
identify possible associated anomalies (Fig 2).

MYV scallop assessment and sub-valvular apparatus
visualisation

A thorough assessment of the MV anatomy and function
is required to detect the mechanism underlying MR. Steady
state free precession (SSFP) cine images acquired in stan-
dard two-chamber (2C), three-chamber (3C), four-chamber
(4C) views, and short axis (SA) stack (from the mitral
annulus to the LV apex) allow visualisation of the MV
apparatus; however, a thorough imaging of the MV scallops
requires acquisition of additional imaging planes. A stack of
slices perpendicular to the central part of the coaptation
line (from the en-face valve view) and parallel to the three-
chamber view allows a comprehensive assessment of the
mitral valve scallops from A1-P1, adjacent to the antero-
lateral commissure, to A3-P3, close to the posteromedial
commissure, passing through A2-P2 in the middle (Fig 3a
and b). By using a section thickness of 5 mm with no inter-
section gap, 2—3 sections per scallop are usually obtained.
Additional cine images may be needed for an accurate vis-
ualisation of the commissural regions as the two ends of the
coaptation line often have oblique orientation. A stack of
thin slices parallel to the valvular plane may further
improve the ability to identify the mechanism of mitral
regurgitation and detect the origin of the regurgitation jet
(Fig 3c and d).

PMs anatomy and function are usually assessed on long-
axis and mid-ventricular SA cine images (Electronic
Supplementary Material Fig. S1); however, if PMs pathology
is suspected, an accurate evaluation requires 3D-SSFP se-
quences, which allow multiplanar reconstructions.

Evaluation of MAD

ECG-gated, breath-hold, SSFP images need to be acquired
in the 2C, 3C, and 4C long-axis views, and a SA stack
covering the entire LV (6-mm sections without a gap, 10—15
sections). The length of MAD is measured from the LA
wall—posterior MV leaflet junction to the top of the LV
inferior and lateral walls during end systole from 2C, 3C
(Electronic Supplementary Material Fig. S2a,b), and 4C LV
long-axis views.?! Mantegazza et al.’’ consider as reference
any MV annulus detachment >2 mm detected by CMRI. As a
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Scout imaging T1 mapping (basal, mid, and apical SA slices)

; 4C, 3C, 2C, and RVOT cine views wm EGE: 4C, 3C, 2C views

Contiguous LV SA stack cine views {4 )
; : LGE: 4C, 3C, 2C views, and SA stack

MV stack perpendicular to the coaptation line and
parallel to the valve plane (thin contiguous slices)

Main findings
Additional commissural cine views * Mitral valve anatomy, prolapsing scallops, MAD
* MR grading (RF, RVol)
* LVEDVi, LVESVi, LVEF
Through-plane 2D phase-contrast through the *  LAsize
aortic valve ¢ T1mapping / LGE
* RVEFRTR

In-plane 2D phase-contrast contiguous LVOT stack ~ Secondary findings
perpendicular to the MV commissures Thrombus, aorta diameter, atrial septal defect, Ebstein’s

4C: 4-chamber; 3C: 3-chamber; 2C: 2-chamber; RVOT: right ventricular outflow tract; LV: left ventricular; SA: short-axis; MV: mitral valve; LVOT: left ventricular outflow tract; EGE: early
gadolinium enhancement, LGE: late gadolinium enhancement; MR: mitral regurgitation; RF: regurgitant fraction; RVol: regurgitant volume; MAD: mitral annular disjunction; LVEDVi: left
ventricular end-diastolic volume index; LVESVi: left ventricular end-systolic volume index; LVEF: left ventricular ejection fraction; LA: left atrium; RVEF: right ventricular ejection fraction, TR:
tricuspid regurgitation.

Figure 2 Comprehensive protocol for the assessment of mitral valve prolapse. Sequences suggested for a proper morphological and functional
assessment of MV and ventricles, quantification of MR, identification of MAD, fibrosis, and associated findings.

‘.

)

(c)

Figure 3 Planning for mitral valve detailed scanning. Planning an “en-face view” (a) to obtain a mitral valve long-axis stack (b). Planning on 3C
view (c) to obtain a mitral valve short-axis stack (d).
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routine evaluation of MAD, it would be important to span
the entire MV annulus circumference as the MAD can
extend differently along the valve ring.'*!” Although several
studies have suggested that the greater the extent of MAD,
the higher the arrhythmic risk is, there is no consensus on
whether a specific cut-off in MAD length is associated with
malignant ventricular arrhythmias.'®'"'”*> The motion of
the mitral annulus is passive and determined by the
contraction and relaxation of adjacent atrial and ventricular
musculature. In normal conditions, the posterior mitral ring
and its adjacent myocardium move downwards and ante-
riorly in systole, in synchrony with the remainder of the LV.
In MAD patients, due to annular hypermobility, the severity
of unusual systolic motion of the posterior mitral ring on
the adjacent myocardium of the posterior MV leaflet
(defined as systolic curling) is associated with the length of
MAD. The quantitative assessment of curling is provided by
tracing a line between the displaced LV inferior/infero-
lateral wall and the LA wall—posterior MV leaflet junction,
and from this line, a perpendicular line to the lower limit of
the mitral annulus in end systole (a detailed description is
provided in Electronic Supplementary Material Fig. S2c).!

More recently, Zia et al.>> demonstrated the existence of
focal LV hypertrophy in the basal inferior/inferolateral wall
in MVP patients. A positive correlation between the degree
of basal LV hypertrophy and the excursion of the MV
annulus has been found. The abnormal contractility of this
LV region accounts in part for the so-called systolic curling
motion.”®> Therefore, the presence or absence of focal LV
hypertrophy should be included in the global assessment of
MAD.

Assessment of mitral regurgitation

Echocardiography remains the most established imaging
method for the initial assessment and follow-up of patients
with MR; however, it can be often limited by poor acoustic
window related to body habitus. Furthermore, MR can arise
from primary abnormalities of any part of the MV apparatus
(organic) or be secondary to geometrical remodelling of the
LV (functional). Consequently, the regurgitant jets may vary
in their anatomical and haemodynamic features and may
not be fully investigated by echocardiography. Notably, a
poor agreement between CMRI and TTE-derived MR
grading in patients with late systolic and multiple jets in the
context of organic MR has been reported.>* This highlights
how CMRI-derived regurgitant volume (RVol) can better
identify patients with severe MR, who warrant close follow-
up and, perhaps, earlier referral for MV surgery.’

Qualitative assessment

The CMRI SSFP sequence offers high intrinsic contrast
between blood and the surrounding cardiac structures, thus
allowing investigation of the blood flow pattern (manifest
as areas of MR signal void). Disease severity can be visually
graded according to the extent of signal loss into the
proximal chamber (LA, Electronic Supplementary Material
Fig. S3), ranging from grade 1 in cases with signal loss

limited to the valve plane, to grade 4 showing signal loss
throughout half of systole. This is a semi-quantitative
method, with unsatisfactory reproducibility as it is oper-
ator dependent and the extent of signal loss can be influ-
enced by acquisition parameters, such as echo time (TE).
Nevertheless, visualisation of distal flow disturbance re-
mains useful for the detection of regurgitation and evalua-
tion of MR jet origin and direction. Through-plane velocity
mapping is also recommended for a qualitative assessment
(rather than quantitative) of the regurgitation jet(s) on the
atrial side of the coaptation. In conclusion, a CMRI study
should always seek to identify the origin, direction, and
extension of the regurgitant jet, as these are key elements in
both the diagnosis and management of the MV disease.

Quantitative assessment

The key parameters for the quantitative grading of MR
are regurgitant volume (RVol) and regurgitation fraction
(RF). RVol represents the amount of blood flowing retro-
gradely in the LA during each systole, while RF is derived
from the ratio between RVol and the total stroke volume
(SV) expressed as a percentage.”> When dealing with
semilunar valves, phase contrast sequences can directly
quantify the anterograde and retrograde flow volume. On
the contrary, phase contrast imaging of MV is challenging
because of the movement of the mitral annulus during
systole requiring alternative indirect approaches.”” In
normal haemodynamic conditions, the LVSV (calculated as
difference between end-diastolic and end-systolic volume)
equals the RVSV, and these match the blood volume
measured on through-plane phase-contrast sequences
across aortic (Qs) and pulmonary (Qp) valves respectively
(Table 4). Given the above, in the absence of other regur-
gitant lesions, MV-RVol can be calculated by subtracting the
RVSV from the LVSV; however, the calculation of RVSV is
less reproducible compared to LVSV due to the extensive
trabeculation of RV.”° Moreover, associated tricuspid
regurgitation is reported in a high percentage of patients
with significant MR, and this invalidates the use of RVSV to
determine the RVol. A more accurate method to quantify
the amount of blood flowing retrogradely in the atrium
rather than crossing the aortic plane during the LV
contraction, namely the RVol, is to subtract the aortic flow
from LVSV. This method of quantifying mitral regurgitation
applies even in the presence of aortic regurgitation as long
as only the systolic forward flow in the aorta is taken as the
aortic SV.*°

CMRI reference values for MR quantification, although
not as firmly established as in echocardiography, have been
recently reported in a consensus statement by Garg et al.?’
and are outlined in Table 5.

Although the 2D phase-contrast sequences are consid-
ered the standard approach to MR quantification, 4D phase-
contrast flow imaging is increasingly used to study the
haemodynamic of valves and shunts. This technique allows
tracking of valve motion throughout the cardiac cycle and
direct measurement of MR, this being particularly useful in
pathologies involving multiple valves.?® Fidock et al.?’
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Table 4
Quantitative assessment of mitral regurgitation.

LVSV =

LVEDV - LVESV

RVEDV - RVESV

Mitral Rvol =

Mitral Rvol =
LVSV = Qs in the absence of MR

LVSV - RVSV

LVSV - Qs

100 x RVol / LVSV

LVSV: left ventricular stroke volume; LVEDV: left ventricular end-diastolic volume; LVESV: left ventricular end-
systolic volume; RVSV: right ventricular stroke volume; RVEDV: right ventricular end-diastolic volume; RVSEV: right
ventricular end-systolic volume; RVol: regurgitant volume; Qs: systemic flow; RF: regurgitant fraction.

recently demonstrated that 4D flow-derived MR volume is
similar to that derived using 3D TOE, and shows high
reproducibility and consistency. As such, 4D phase-contrast
flow imaging could be considered in those centres with
extensive training and experience, particularly where
further clarification of MR is needed.

Biventricular size and function assessment

The accurate assessment of ventricular volumes is crucial
in the study of MVP. An increase in LV size or a reduction in
LV ejection fraction are associated with a worse prognosis
and are considered as an indication for surgery in patients
with primary MR.>? A thorough measurement of ventricular
volumes is also required to reliably calculate the mitral RVol
as the difference between LV—SV and aortic forward flow
(or LVSV—RVSV in the absence of other valvular disease).
The analysis of LV volumes by CMRI is based on the Simp-
son’s method of disks. A stack of SSFP SA cine images is
acquired from the base of the LV to the apex. The mitral
valve annulus is conventionally considered the landmark
that separates the LV from the LA; however, this approach
has been proven to be inaccurate in patients with significant
MVP and a three-long-axis method, which considers the
mitral leaflets as the base of the LV, has been proposed to
correct for this volume.>! In fact, the prolapsing leaflet in
systole creates a space behind the mitral annulus, which is
considered part of the LA although it contains the LV blood
pool (Electronic Supplementary Material Fig. S4). The

conventional strategies, which ignore this part of the LV
blood pool between the mitral annulus and the prolapsed
leaflets, underestimate LVESV and consequently over-
estimate LVEF. A previous study has demonstrated that this
“dead pool” could contribute along with the transvalvular
MR to LV overload and remodelling.*? This concept could
explain the LV dilatation disproportionate to the degree of
MR, which has been described in patients with MVP, hence
questioning the presence of a Barlow disease
cardiomyopathy.®*>*

Assessment of left atrial size

In the clinical setting, LA diameters, areas, and volume
are usually measured from SSFP cine images in different
views and the values are indexed for body surface area
(BSA). The LA appendage should be included as part of the

Table 5
Classification of mitral regurgitation severity by cardiac magnetic resonance
imaging.

Mild Moderate Severe Very

severe
RF >50%

RF <20% RF 20—-39% RF 40—-50%
RVol >55—60 ml

Secondary MR RVol <30 ml RVol 30—60ml RVol >60 ml

Primary MR

Adapted from Garg P, Swift AJ, Zhong L et al. Assessment of mitral valve
regurgitation by cardiovascular magnetic resonance imaging. Nat Rev Cardiol.
2020; 17:298-312.

MR, mitral regurgitation; RVol, regurgitant volume; RF, regurgitant fraction.
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LA size while the pulmonary veins excluded; however, in
daily practice both structures are excluded. Measurements
are taken at maximal LA dimension, which is achieved
during ventricular systole, defined as the last image before
opening of the mitral valve on cine images. LA longitudinal
and transverse diameters and area must be measured on 2C,
3G, and 4C cine bSSFP images (as illustrated in Electronic
Supplementary Material Fig. S5), while LA volume can be
measured by the modified Simpson’s method or the biplane
area—length method. Corresponding references values have
been reported in the 2020 update for reference ranges for
CMRI in adults and children.*®

Secondary findings

Once MVP is diagnosed, other associated cardiac defects
should be spotted as prolapsing MV seems to be relatively
common in a wide variety of congenital heart diseases.
Specifically, MVP has been reported to be associated with
secundum atrial septal defects and a consistent number of
cases of association with Ebstein’s abnormality has been
described in literature as well.>® In addition, MVP may be
found in the context of connective tissue disorders (such as
Marfan syndrome, Loeys—Dietz syndrome, Ehlers—Danlos
syndrome), aortic dilatation should always be excluded
once a diagnosis of MVP is made. Should any of the above

Table 6
Imaging protocols for associated abnormalities.

Scanning of secundum atrial Scanning of dilated aorta Scanning of
septal defect Ebstein’s
abnormality

¢ 4C cine view to measure RV e Transverse image stack e Transaxial
size and identify the ASD through thorax to guide cine stacks for
o Ventricular SA cine stack  to the aortic anatomy volume anal-
for volume analysis e Oblique sagittal image ysis and

o Atrial SA cine stack to stack through the longi- assessment of
identify the ASD tudinal plane of the TV coaptation
o Modified 4C view through aorta. e 4C, 2C, and
the ASD to visualise anterior e The “candy-stick” cine RVLA cine
and posterior septal rims view to display the views to visu-
o Oblique coronal view to thoracic aorta in a single alise the TV

visualise superior and infe-  slice leaflets
rior rims. e Transaxial aortic im- e RVOT cine
e Modified oblique coronal  ages to measure aortic views to

view including IVC diameters assess

¢ En-face views of the ASD in e Oblique coronal images anatomy

the modified 4C and oblique of the descending aorta e Through-
coronal views e LVOT view and LVOT  plane flow

e Through-plane flow above cross-cut cine views for just above the
the PV and AV to quantify assessment of the sinuses PV for pulmo-

Qp/Qs and proximal ascending nary flow

o Flow through the ASD on  aorta e Through-

en-face view e 3D-SSFP and contrast-  plane flow
enhanced MR just above the
angiography to visualise TV for TR

complex anatomy and
detect dilation/stenosis

quantification

4C, four-chamber; 2C, two-chamber; RV, right ventricle; ASD, atrial septal
defect; IVC, inferior vena cava; PV, pulmonary valve; AV, aortic valve; Qp,
pulmonary flow, Qs, systemic flow; 3C, three-chamber; LVOT, left ventricular
outflow tract; SSFP, steady state free precession; MR, magnetic resonance;
TV, tricuspid valve; RVLA, right ventricular long axis; RVOT, right ventricle
outflow tract; TR, tricuspid regurgitation.

abnormalities be suspected, a dedicated study is recom-
mended to assess their severity and haemodynamic effects
(Table 6).37

LGE patterns

Several studies have described the presence of LGE in
MVP patients.'%?8~4! Dye to the potential association be-
tween MVP and ventricular arrhythmias/SCD, it is always
recommended to complete the CMRI study with contrast-
enhanced imaging.'"'?*? Ten minutes after the administra-
tion of 0.1-0.2 mmol/kg gadolinium contrast agent, LGE se-
quences, i.e. inversion recovery (IR) or phase-sensitive
inversion recovery (PSIR), should be acquired in the 2C, 3C,
4C and SA. Variable patterns of LGE (mid-wall, patchy, or
subendocardial) have been documented, mainly in the
inferior/inferolateral wall and/or the PMs (Electronic
Supplementary Material Fig. $6).*° Kitkungvan et al.** found
the mid-wall striae as the most common pattern (12.6%),
followed by patchy (8.1%) and subendocardial patterns
(0.8%). The prevalence of replacement fibrosis among pa-
tients with MVP was more pronounced in the basal or mid
inferolateral wall or basal inferior wall, which are the
segments adjacent to the posteromedial PM. Perivalvular
ventricular fibrosis and PMs fibrosis have been also
described in pathology studies, and several reports have
attributed PM scarring to abnormal tension with subsequent
ischaemia.*>*® The substrate of electric instability in MVP
may be the scarring of the PMs and of the LV inferolateral
wall, in keeping with the anatomical origin of ventricular
arrhythmias.”' An autopsy series has confirmed these find-
ings, suggesting that LGE may enhance risk stratification of
MVP patients considered as high-risk by clinical markers and
especially complex ventricular arrhythmias.*! Interestingly,
in the study of Pradella et al*° LGE was identified in about
half of the MVP patients, independently of the degree of
valve dysfunction and it was equally present in patients with
or without arrhythmias. A recent review of the literature
highlighted the controversial association of MVP with ven-
tricular arrhythmias and SCD, emphasising the need for more
evidence on its prognostic significance.>”

Myocardial T1 mapping

The qualitative analysis of unenhanced and contrast-
enhanced T1 maps is helpful to confirm the areas of
fibrosis showed by LGE. Patients with MVP have higher
native T1 values and increased ECV compared to controls
even in the absence of LGE.*C Diffuse fibrosis of the LV
septum and higher ECV values may be found in MVP pa-
tients although their prognostic significance remains
unknown.*?

Summary

In conclusion, further to the assessment of MVP by echo-
cardiography, a comprehensive CMRI study of MVP may
provide additional findings regardless of the severity of valve
dysfunction. CMRI allows comprehensive evaluation of the
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prolapsing valve and its haemodynamic impact on cardiac
chambers, as well as the presence of mitral annulus disjunc-
tion, focal LV hypertrophy, and myocardial fibrosis, which are
well-established markers of arrhythmic/SCD risk in MVP.
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