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Arrhythmic mitral valve prolapse (MVP) is characterized by 
left ventricular (LV) fibrosis at the level of papillary mus-

cles (PMs) and inferobasal wall.1 We provided evidence of this 
structural substrate for electric instability both by histopathol-
ogy in sudden cardiac death (SCD) patients with myxomatous 
mitral valve (MV) and by late gadolinium enhancement (LGE) 
on contrast-enhanced cardiac magnetic resonance (CE-CMR) in 
arrhythmic MVP patients, with the morphology of arrhythmias 
well correlating with the site of scarring.1 Thus, we hypothesized 
a localized mechanical stretch on the LV myocardium by the 
prolapsing leaflets producing replacement-type fibrosis.
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Myxomatous MV is characterized by leaflet thickening 
and redundancy, interchordal hooding, chordal elongation, and 
annular dilatation because of accumulation of proteoglycans.2 In 
1986, Hutchins et al3 first advanced a role of the mitral annular 
disjunction (MAD), defined as a separation between left atrial 
(LA) wall at the level of MV junction and the LV free wall, in 
disease pathogenesis. According to their hypothesis, this pecu-
liar anatomy of the mitral annulus could trigger a mechanical 
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stress on the leaflets, leading to myxomatous degeneration, as a 
consequence of an excessive mobility of MV apparatus.

Although MAD has been evaluated in MVP patients 
with severe valve regurgitation,4 its role in arrhythmic MVP 
remains to be elucidated.

Because MVP is a relatively common echocardiographic 
finding and only a small proportion of MVP patients is char-
acterized by ventricular arrhythmias, our aim was to assess 
whether morphological and functional characteristics of the 
MV apparatus could explain the propensity in some patients 
to develop a regional LV fibrosis at risk of electric instability.

Methods

Study Populations
The study included consecutive arrhythmic patients (either right bun-
dle branch block or polymorphic ventricular arrhythmias) referred to 
our Cardiology Clinic from January 2010 to July 2014 with echo-
cardiographic diagnosis of MVP and who underwent CE-CMR for 
the identification of LGE as previously defined. Complex ventricular 
arrhythmias consisted of ventricular fibrillation and ventricular tachy-
cardia, either nonsustained or sustained.1

MVP patients with LGE on CE-CMR constituted our study popu-
lation, whereas those without LGE on CE-CMR, enrolled in the same 
period, served as control group. Patients with an echocardiographic 
diagnosis of MVP but without history of arrhythmias did not undergo 
CE-CMR.

Exclusion criteria were moderate-to-severe mitral regurgitation, 
tricuspid dysplasia or regurgitation, cardiomyopathies or congenital 
heart abnormalities, hemodynamic unstable conditions, and contra-
indication to CE-CMR. The institutional review board approved the 
study, and all patients gave informed consent.

Among 60 MVP patients with mild or trivial regurgitation, 8 were 
excluded for either contraindication to CMR (n=6) or poor image 
quality (n=2).

The pathology arm of the study included SCD patients with MVP 
and LV fibrosis.1 Hearts from sex- and age-matched patients who died 
suddenly as a result of extracardiac causes served as controls.

Protocols of Investigation

Clinical Study
All patients underwent cardiovascular evaluation that included histo-
ry, careful physical examination, 12-lead ECG, 2-dimensional trans-
thoracic echocardiography, 12-lead 24-hour Holter monitoring, and 
CE-CMR. Cardiac auscultation was performed in all patients, paying 
particular attention to the detection of midsystolic click and late sys-
tolic murmur, progressively anticipated in systole by postural chang-
es.5–7 CMR was performed on a 1.5-T scanner (Magnetom Avanto, 
Siemens Medical Solutions, Erlangen, Germany). All patients under-
went a detailed CE-CMR study protocol as previously described.1,8

On CMR, a series of morphofunctional parameters were care-
fully evaluated. MAD was defined as a separation between the LA-
valve junction and the atrial aspect of the LV free wall.3 According 
to this definition, the length of MAD (or elongated mitral annulus) 
was measured from the LA wall–posterior MV leaflet junction to the 
top of the LV inferobasal wall during end systole4,9 (Figure 1A; Data 
Supplement). In particular, the upper limit of MAD was defined at the 
level of P2 scallop insertion to the LA wall, whereas the lower limit 
was defined at the level of LA connection with LV myocardium.4

All these measurements were calculated from the 3-chamber view 
for the LV outflow tract long-axis view, equivalent to the transtho-
racic parasternal long-axis view, obtained by an image plane perpen-
dicular to the mitral annular major axis centered at the aortic outflow 
track10, and from 4-chamber view11 (Figure 1).

According to previous studies on MVP,9–12 additional morphofunc-
tional parameters were evaluated: (1) ventricular volumes; (2) lengths 
of MV leaflets; (3) prolapsed distance (measured as the maximum 

prolapsed distance during peak systole beyond the mitral annulus) 
(Figure 1B); (4) diastolic maximum MV leaflet thickness; (5) mitral 
annular diameter during end systole and end diastole; and (6) ratio of 
basal to midventricular end-diastolic wall thickness (Figure 1C). The 
last parameter was expressed both as continuous variable (millime-
ters) and as a cutoff defined on the basis of median value.

Finally, the presence of the so-called curling, defined as an un-
usual systolic motion of the posterior mitral ring on the adjacent myo-
cardium,13 was also evaluated (Data Supplement). When present, a 
quantitative assessment of curling was provided, by tracing a line be-
tween the top of LV inferobasal wall and the LA wall–posterior MV 
leaflet junction, and from this line a perpendicular line to the lower 
limit of the mitral annulus was traced and expressed in millimeters 
(Figure 1D). Curling was defined as severe when the value was higher 
than the median value.

All these morphofunctional parameters were independently as-
sessed by 2 experienced observers (M.P.M. and B.G.) who were 
blinded to clinical data.

Pathological Anatomy Study
Formalin-fixed hearts from patients who died suddenly with myxo-
matous MV degeneration and LV replacement-type fibrosis at the 
level of PM and inferobasal wall were examined to assess the pres-
ence of MAD, as previously defined.3 To this aim, longitudinal full 
thickness samples of the left atrioventricular junction along the lateral 
and posterior walls, including the LA wall, the LV wall, and the at-
tachment of the posterior MV leaflet, were obtained for histology. 
Five-micrometer-thick sections were stained with hematoxylin–eo-
sin, Weigert–van Gieson, and Heidenhain trichrome. Morphometric 
analysis was performed with an Image-Pro Plus program (version 
4.0. Media Cybernetics) to measure the MAD at ×2 magnification 
expressed both in micrometers and millimeters. Quantitative analysis 
was performed by 2 blinded expert pathologists (C.B. and S.R.).

Statistical Analysis
Results were expressed as median and quartiles because data were 
not normally distributed. Normal distribution was assessed with the 
Shapiro–Wilk test. Categorical data were expressed as number and 
percentage of population. In case of categorical variable, differences 
between groups were evaluated by the χ2 test or Fisher exact test as 
appropriate. Wilcoxon rank-sum test was used for quantitative vari-
ables. The interobserver agreement for CMR and histopathology 
measurements of MAD were evaluated with the Lin14 Concordance 
Correlation Coefficient and the 95% confidence interval calculated 
with the bootstrap method considering 2000 resamplings. The linear 
correlation was expressed with Spearman correlation coefficient. In 
all the analyses, a value of P<0.05 was considered statistically sig-
nificant. Statistics were analyzed with SPSS version 19 (SPSS, Inc, 
Chicago, IL) and SAS 9.4 (SAS Institute, Inc, Cary, NC).

Results
MVP Patients With LGE
The baseline clinical and CMR findings of the 36 (27 female 
patients; median age: 44 years) arrhythmic MVP patients with 
LV fibrosis identified as LGE (median LV LGE 1.5%) are 
summarized in Table 1. The control group consisted of MVP 
without LGE (n=16; 6 female patients; median age: 40 years).

A higher prevalence of midsystolic click (72% versus 
38%; P=0.018), late systolic murmur (69% versus 25%; 
P=0.003), complex ventricular arrhythmias originating from 
the LV (32/36 [89%] versus 1/16 [6%]; P<0.001), and bileaflet 
MVP (26/36 [72%] versus 5/16 [31%]; P=0.005) was found in 
MVP patients with LV LGE as compared with those without.

Moreover, MVP patients with LGE had a longer MAD 
(median: 4.8 versus 1.8 mm; P<0.001) and higher preva-
lence of curling (34 [94%] versus 3 [19%]; P<0.001). A 
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representative case of a patient with curling and LV fibrosis is 
shown in Figure 2. The median value of the depth of curling 
was 3.5 mm in the overall population, with a statistically sig-
nificant higher value in MVP patients with LGE (4.8 versus 0 
mm; P<0.001). Using the median value as a cutoff for severe 
curling, it was more prevalent in MVP patients with LGE 
(25% versus 1%; P<0.001). A linear correlation was found 
between MAD and curling (R=0.85; Figure 3) and between 
MAD and extent of LGE (R=0.61; Figure 4).

Patients with LV LGE showed an increased leaflet thick-
ness both for anterior (median: 3.5 versus 3 mm; P=0.008) 
and posterior leaflet (median: 4 versus 3 mm; P=0.001) and 
a more pronounced prolapsed distance (anterior prolapsed 
distance median value: 4.9 versus 1 mm; P=0.004 and pos-
terior prolapsed distance median value: 7.1 versus 2.1 mm; 
P<0.001). The median value of ratio between basal and mid 
portion of lateral wall thickness was 1.5 in the overall popu-
lation, with no differences between the 2 groups. By apply-
ing the median value of 1.5 as a cutoff for increased ratio, it 
was more prevalent in the LGE MVP group (22 [61%] versus 
4 [25%]; P=0.016). Both end-systolic (median: 41.2 versus 
31.5; P=0.004) and end-diastolic mitral annular diameters 
(median: 35.5 versus 31.5; P=0.042) differed between the 2 

groups with a paradoxical increase of the mitral annulus diam-
eter during systole versus diastole in the LGE group. The val-
ues of interobserver agreement are shown in Table 2. Patients 
with bileaflet MVP (n=31) had a longer MAD (4.8 versus 
2.5; P<0.001), higher prevalence of curling (28 [90%] versus 
9 [43%]; P<0.001) and of LGE (26 [84%] versus 10 [48%]; 
P=0.005) as compared with patients with single (posterior) 
leaflet MVP (n=21).

MVP Patients With Midsystolic Click
On the basis of auscultatory findings, 32 MVP patients had a 
midsystolic click. Patients with midsystolic click showed an 
elongated MAD (median 4.8 versus 3 mm; P=0.1), curling 
(84% versus 50%; P=0.008), severe curling (≥4 mm in 63% 
versus 30%; P=0.023), LGE (81% versus 50%; P=0.018), and 
complex ventricular arrhythmias (75% versus 45%; P=0.029) 
as compared with those without click (Table 3).

MVP Patients With Curling
The 37 MVP with curling had a higher prevalence of negative 
T waves (32% versus 13%; P=0.3), LGE (92% versus 13%; 
P<0.001), and amount of LGE (1.6% of LV mass versus 0; 
P=0.001) as compared with those without curling.

Figure 1. Cardiac magnetic resonance mea-
sures in patients with mitral valve prolapse. 
A, On 3-chamber, long-axis view, the length 
of mitral annulus disjunction (MAD; continu-
ous white line) is measured from the left 
atrial (LA) wall–posterior MV leaflet junction 
to the top of the left ventricular (LV) infero-
basal wall during end systole. B, On the 
same systolic frame, the prolapsed distance 
is measured as the maximum distance of 
the leaflet beyond the mitral annulus (white 
arrows). C, The LV thickness of basal and 
mid segments of the inferolateral wall is 
measured in the same long-axis view on 
diastole. D, The quantitative assessment of 
curling (white arrow) is provided by tracing 
a line between the top of LV inferobasal wall 
and the LA wall–posterior MV leaflet junc-
tion, and from this line, a perpendicular line 
to the lower limit of the mitral annulus during 
end systole.
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MVP SCD Patients With LV Fibrosis
MV leaflets were redundant, thick, and elongated, with either 
isolated posterior (n=18, 36%) or bileaflet (n=32, 64%) 
involvement in a consecutive series of 50 SCD Patients (30 
female patients; median age 36 years) with MVP and LV 
fibrosis. SCD patients with MVP had a longer MAD as com-
pared with a series of 20 (14 female patients; median age: 34 
years) SCD hearts without MVP (median: 3 versus 1.5 mm; 
P≤0.001; Figure 5). The values of interobserver agreement are 
shown in Table 2.

Discussion
We have recently demonstrated that arrhythmic MVP is charac-
terized by myxomatous MV and LV fibrosis at the level of PM 
and inferobasal wall, by assessing a consecutive series of patients 
who either died suddenly or presented with complex ventricu-
lar arrhythmias.1 The present study clearly shows that MAD and 
systolic curling of the posterior MV leaflet are associated with 
LV fibrosis, accounting for the excessive mobility of the MV 
apparatus and systolic stretch of the myocardium closely linked 
to the valve. The distribution of LV fibrosis, as demonstrated 

Table 1.  Clinical and CMR Characteristics

Variables Overall MVP (52 Patients) MVP With LGE (36 Patients) MVP Without LGE (16 Patients) P Value

Age, y 44 (33–54) 44 (36–55) 40 (23–53) 0.351

Female, n (%) 33 (63) 27 (75) 6 (38) 0.010

Complex ventricular arrhythmias, n (%) 33 (63) 32 (89) 1 (6) <0.001

Physical examination

 ��� Midsystolic click 32 (62) 26 (72) 6 (38) 0.018

 ��� Murmurs 29 (56) 25 (69) 4 (25) 0.003

CMR morphofunctional findings

 ��� LV EDV, mL/m2 91 (86–94) 91 (89–99) 91 (81–93) 0.581

 ��� LV EF, % 65 (62–68) 64 (60–65) 67 (65–71) 0.001

 ��� LV mass, g/m2 62 (59–64) 62 (59–64) 63 (49–64) 0.691

 ��� RV EDV, mL/m2 77 (71–80) 77 (70–80) 77 (75–83) 0.527

 ��� RV EF, % 64 (64–68) 64 (62–68) 65 (64–68) 0.534

 ��� Posterior MVP, n (%) 21 (40) 10 (28) 11 (69) 0.005

 ��� Bileaflet MVP, n (%) 31 (60) 26 (72) 5 (31) 0.005

Mitral leaflets thickness, mm

 ��� Anterior 3 (3–4) 3.5 (3–4) 3 (3–3) 0.008

 ��� Posterior 3 (3–4) 4 (3–4) 3 (2.5–3) 0.001

LV lateral wall thickness, mm

 ��� Basal segment 8 (6.5–8.9) 8 (6.1–8.9) 8 (7.1–9.1) 0.834

 ��� Mid segment 5 (4.2–6) 5 (4–6) 5.3 (4.8–6.8) 0.154

Ratio LV lateral mid/basal wall thickness 1.5 (1.2–1.9) 1.7 (1.3–2) 1.3 (1.2–1.5) 0.168

LV lateral mid/basal wall ratio ≥1.5, n (%) 26 (50) 22 (61) 4 (25) 0.016

Prolapsed distance, mm

 ��� Anterior leaflet 3.7 (0.5–6.3) 4.9 (1.4–7.9) 1.0 (0–2.8) 0.004

 ��� Posterior leaflet 4.9 (3–10) 7.1 (4–11) 2.1 (2.0–3.7) <0.001

Mitral annular diameter, mm

 ��� End-systolic 38.5 (31.5–44.5) 41.2 (35.1–45.5) 31.5 (29–36.5) 0.004

 ��� End-diastolic 34 (30–38) 35.5 (31–38) 31.5 (26–33.5) 0.042

 ��� Systolic–diastolic variation 4 (0.25–7.85) 6.2 (1.5–9.5) 1.5 (0.2–4) 0.016

Length of MAD, mm 4.6 (2.8–6.4) 4.8 (3.2–7) 1.8 (0–3.8) <0.001

 ��� Curling, n (%) 37 (71) 34 (94) 3 (19) <0.001

 ��� Curling, mm 3.5 (0–5) 4.8 (3–6) 0 <0.001

 ��� Severe curling (≥3.5 mm), n (%) 26 (50) 25 (69) 1 (6) <0.001

Categorical variables are presented as number of patients (%). Continuous values are expressed as median with 25th and 75th percentiles. CMR indicates cardiac magnetic 
resonance; EDV,  end-diastolic volume; EF, ejection fraction; LV, left ventricular; MAD, mitral annular disjunction; MVP, mitral valve prolapse; and RV, right ventricular.
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by histopathology and CE-CMR, was in fact in keeping with a 
mechanical injury of the myocardium caused by the continuous 
traction of the prolapsing leaflets and elongated chordae.

Mitral Annulus Disjunction and MVP
The mitral annulus is a component of the MV apparatus and con-
sists of a cord-like ring of collagen and elastic fibers distributed 
along the atrioventricular junction and giving support to the MV 
leaflets. It is conventionally divided into anterior and posterior 
portions, although the real annulus is the one that serves as hinge 

point for the mural posterior leaflet of the MV. The concept of 
MAD was originally introduced by Bharati et al15 and then sys-
tematically investigated by Hutchins et al3 in the 1980s, referring 
to an anatomic variation of the fibrous mitral annulus. In the latter 
pathological study of 900 hearts from adult autopsies, 25 (3%) 
had a morphologically typical floppy MV and 23 of them (92%) 
showed a MAD. This was defined as a variation in the attachment 
of the posterior MV leaflet, that accounts for a wide separation 
between the LA wall–MV junction and the LV attachment.3 In 
other words, the posterior annulus seemed stretched curtain-like, 

Figure 2. Representative case of arrhythmic mitral valve prolapse with mitral annular disjunction, curling, and late gadolinium enhance-
ment (LGE). A 36-y-old woman with mitral valve prolapse and complex ventricular arrhythmias. On cine cardiac magnetic resonance 
(CMR) 3-chamber, long-axis view (diastolic frame A, systolic frame B), a mitral annulus disjunction is detectable; on contrast-enhanced 
CMR, a midmural LGE in the LV inferobasal region under posterior valve leaflet is visible (C). The 12-lead ECG (D) shows a negative T 
wave in III-aVF. Nonsustained ventricular tachycardia with right bundle branch block morphology originating from the LV inferobasal wall 
near the mitral annulus is also recorded in the 24-h Holter ECG (E).
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as compared with the normal cord-like structure.16 In the same 
series, MAD was rare in hearts without floppy MV (42 cases, 
5%). Because these patients were significantly younger than 
those with a floppy MV, the authors suggested that this anatomic 
variation could play a role in the pathogenesis of myxomatous 
valve degeneration, by means of increased mechanical stress 
induced by the excessive mobility of the MV apparatus.3

To the best of our knowledge, this structural abnormality of 
the mitral annuls remained mostly forgotten and just a matter 
of speculation for pathologists up to 2005, when Eriksson et al4 
observed MAD by direct surgical inspection in some patients 
undergoing MV repair with advanced myxomatous disease. 
By applying a standardized transesophageal echocardiogra-
phy protocol, the same authors found a 98% of prevalence of 
MAD in a surgical series of MVP patients with severe mitral 

regurgitation. Furthermore, a positive correlation between the 
severity of MAD and the number of diseased MV scallops 
was demonstrated, supporting the concept of an association 
between MAD and the severity of MVP. These authors also 
emphasized that impact of MAD on mitral annular function. 
In fact, in advanced MV disease, they did not observe any sig-
nificant diastolic–systolic change in annular diameter, suggest-
ing that not only mitral annulus geometry but also function is 
altered with loss of systolic contraction. On the basis of these 
findings, and the possible increased failure risk of MV repair 
because of an unrecognized MAD, Eriksson et al4 modified 
their surgical repair technique to optimize long-term results.

Later on, Carmo et al9 for the first time demonstrated that 
MAD is easily detectable and measurable also by routine trans-
thoracic echocardiography. Using this technique in patients with 

Figure 4. Relationship between length of 
mitral annular disjunction and amount of 
late gadolinium enhancement in vivo. A 
significant correlation (R=0.61) between the 
length of mitral annulus disjunction (MAD; 
expressed as mm) and the amount of late 
gadolinium enhancement (LGE; expressed 
as percentage of left ventricular [LV] mass) 
on cardiac magnetic resonance is observed.

Figure 3. Relationship between length of 
mitral annular disjunction and curling in vivo. 
A significant correlation (R=0.85) between 
the depth of curling and length of mitral 
annulus disjunction (MAD; both expressed 
as mm) on cardiac magnetic resonance is 
observed. LGE indicates late gadolinium 
enhancement.
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myxomatous MV, including different degrees of mitral regur-
gitation, they found a MAD prevalence of 55%, more common 
in women (63% versus 38%) and often associated with chest 
pain.9 In this study, an association between MAD and mitral 
annulus dysfunction was also evidenced, with a paradoxical 
systolic increase of the mitral annulus diameter. Noteworthy, 

although sustained ventricular arrhythmias were not detected, 
an increased frequency of premature ventricular beats and non-
sustained ventricular tachycardia in patients with MAD versus 
those without was reported: the wider the magnitude of MAD, 
the higher the incidence of nonsustained ventricular tachycardia.

In our study, we provide the evidence that MAD is asso-
ciated with arrhythmic MVP, a theory previously only sup-
posed.3,9 In our series, a quantifiable MAD was always 
detectable in both arrhythmic MVP patients with LV LGE 
(median: 4.8 mm) and SCD cases with LV fibrosis (median: 
3 mm), mostly located close to the annulus in the inferobasal 
wall. The slight difference between CMR and histopathol-
ogy MAD values is most likely the consequence of artifacts 
because of partial volume effects, as previously described in 
other echocardiographic studies.16,17 Moreover, the higher val-
ues reported by Eriksson et al4 (10±3 mm) can be explained 
by their peculiar study population that included patients 
with severe mitral regurgitation, that, on the contrary, were 
excluded in our series. Interestingly, Carmo et al9, by studying 
MVP patients with the entire spectrum of mitral regurgitation, 
demonstrated an intermediate value of MAD of 7.4±8.7 mm.

Systolic Curling of the Mitral Annulus and MVP
The motion of the mitral annulus is passive and determined 
by the contraction and relaxation of adjacent atrial and ven-
tricular musculature. As consequence, in normal condition, 
the posterior mitral ring and its adjacent myocardium move 
downward and anteriorly in systole, in synchrony with the 
remainder of the LV.16

Gilbert et al13 in 1976 provided the first echocardiographic 
demonstration of a peculiar functional abnormality of the mitral 
annulus in MVP patients, describing an unusual systolic curling 
of the posterior mitral ring on the adjacent myocardium, so that 
the systolic movement of the ring was primarily downward with 
little, if any, anterior motion, thus resulting in a curled appearance 
when visualized in real-time motion. The authors concluded that 
the cause of curling in MVP was uncertain because, differently 
from previous reports, they did not visualize LV motion abnor-
malities either by echocardiography or angiography.

In our series of arrhythmic MVP patients, we demonstrate 
for the first time that curling of the mitral annulus is asso-
ciated with MAD and accounts for annular hypermobility. 
Furthermore, a linear correlation has been found between the 
length of MAD and the severity of curling. These data create a 
link between the hypothesis made by Hutchins et al3 and early 
angiographic observations of contractility abnormalities in MVP 
patients characterized by an arrhythmic profile, thus advancing 
the hypothesis of MVP as a cardiomyopathic condition.18–20

Basal LV Hypertrophy and MVP
A relative increase of the LV mass, which does not seem to be 
caused by mitral regurgitation, has been recognized in MVP since 
many years, suggesting that myocardial involvement is an inte-
gral part of arrhythmic MVP.21 On the basis of few observations 
of MVP patients with asymmetrical LV hypertrophy isolated to 
the inferobasal wall, Maron et al22 even advanced the hypothesis 
of a novel form of hypertrophic cardiomyopathy. More recently, 
Zia et al11 performed a CMR study demonstrating the existence 
of a relative concentric basal LV hypertrophy, focal and localized 

Table 2.  The Inter- and Intraobserver Agreement for CMR 
and Histopathology Measurements

Variables
Concordance 

Correlation Coefficient 95% CI

Anterior mitral leaflets 
thickness

0.9628 0.9034–0.9954

Posterior mitral leaflets 
thickness

0.9551 0.8915–0.9892

Anterior leaflet prolapsed 
distance

0.9998 0.9994–0.9999

Posterior leaflet prolapsed 
distance

1 0.9999–1

End-systolic mitral annular 
diameter

0.9997 0.9999–1

End-diastolic mitral annular 
diameter

0.9981 0.9963–0.9992

Basal lateral wall thickness 0.9998 0.9996–0.9999

Mid lateral wall thickness 0.9998 0.9995–1

MAD at CMR 0.9997 0.9991–0.9999

Curling 0.9997 0.9995–0.9999

MAD at histopathology 0.9981 0.9971–0.9988

CI indicates confidence interval; CMR, cardiac magnetic resonance; and 
MAD, mitral annular disjunction.

Table 3.  CMR Findings According to Midsystolic Click on 
Auscultation

Variables

MVP With 
Midsystolic Click 

(32 Patients)

MVP Without 
Midsystolic Click 

(20 Patients) P

Length of MAD, mm 4.8 (3 to 7) 3 (2.3 to 4.8) 0.089

Curling, n (%) 27 (84) 10 (50) 0.008

Curling, mm 4.8 (1.8 to 5.5) 1.2 (0 to 4) 0.009

Severe curling (≥3.5 
mm), n(%)

20 (63) 6 (30) 0.023

LGE, n(%) 26 (81) 10 (50) 0.018

MV annulus systolic 
variation, mm

5.5 (0.8 to 9.5) 2.5 (−1.4 to 5.2) 0.042

Bileaflet MVP, n (%) 22 (69) 9 (45) 0.089

Prolapsed distance 
anterior leaflet, mm

4.9 (1 to 7.4) 1.8 (0 to 4.1) 0.050

Prolapsed distance 
posterior leaflet, mm

6.3 (3.5 to 11.4) 3.7 (2.1 to 5.8) 0.032

Complex Ventricular 
Arrhythmias, n (%)

24 (75) 9 (45) 0.029

Categorical variables are presented as number of patients (%). Continuous 
values are expressed as median with 25th and 75th percentiles. CMR indicates 
cardiac magnetic resonance; LGE, late gadolinium enhancement; MAD, mitral 
annular disjunction; MV, mitral valve; and MVP, mitral valve prolapse.
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to the base in MVP patients as compared with controls. More-
over, they found a significantly increased ratio of basal to mid-
ventricular end-diastolic wall thickness mostly in the lateral wall, 
compared with all other segments. A positive correlation between 
the degree of relative basal LV hypertrophy and the excursion of 
the MV annulus, defined as the distance between the position of 
the annulus in end diastole and end systole, was also detected.

All these findings are in keeping with a locally increased 
myocardial function adjacent to the prolapsed MV leaflet, even-
tually leading to focal hypertrophy of the LV base. The abnormal 
contractility of this LV region accounts in part for the so-called 
systolic curling motion. Noteworthy, original angiographic stud-
ies evidenced a bulging on the inferobasal wall, because of the 
abnormal contractility of the basal portion compared with the 
mid one, as to resemble the so-called ballerina-foot pattern.18,23–28

In our arrhythmic MVP patients, we also found a rela-
tive hypertrophy of inferobasal wall, as compared with the 
adjacent mid portion. Moreover, a midmural LGE in the LV 

inferobasal wall was demonstrated in 72% of cases, all with 
MAD and curling. On the contrary, in the study by Zia et 
al,11 no fibrosis as LGE was detectable in the context of basal 
hypertrophy. This discrepancy may be explained by the selec-
tion of MVP population, because we included MVP patients 
without mitral regurgitation, but with LGE and arrhythmic 
profile, differently from Zia et al,11 who included retrospective 
patients with MVP and various degrees of valve regurgitation.

Arrhythmic MVP: From Mitral Annulus 
Disjunction to LV Inferobasal Stretch
Although we demonstrated the role of LV fibrosis as a substrate 
of electric instability in arrhythmic MVP, a systematic investi-
gation of morphofunctional abnormalities of the MV apparatus, 
capable to explain why a subgroup of MVP patients develop LV 
fibrosis, was still missing. The present study clearly demonstrates 
that, in arrhythmic MVP patients, the MV is characterized by 
MAD, systolic curling, and myxomatous leaflets thickening.

Figure 5. Length of mitral annular disjunc-
tion (MAD) in sudden cardiac death (SCD) 
patients: controls vs mitral valve prolapse 
(MVP) patients. The length of MAD (mea-
sured as micrometers) in SCD patients with 
MVP is significantly higher than in controls 
(A). Representative histology of the mitral 
annulus showing the absence of MAD in a 
SCD control (B) as compared with an elon-
gated MAD in a SCD patients with MVP (C).
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On the basis of our previous observations in arrhythmic 
MVP1 and the results reported in this study, the following cas-
cade of events can be hypothesized. MAD is the cause of sys-
tolic curling motion; this morphofunctional alteration represents 
the basis for paradoxical increase of the MV annulus diameter 
during systole, myxomatous degeneration of MV leaflets, and 
myocardial stretch in the LV inferobasal segment. Our data in 
the subset of patients with arrhythmic MVP confirm, and fur-
ther extend, the previous observation made by Hutchins et al.3

This impairment in the mitral annulus contractility not only 
influences the geometry and function of mitral ring and adja-
cent LV segments with relative hypertrophy but also involves 
a complex force balance of all MV components including 
PMs. As a result of the abnormal contractility produced by 
MAD, the mechanical stretch is directly transmitted to PMs 
that can also show LGE in the stretched areas. The regional 
area of hypercontraction, originally hypothesized and defined 
of unknown cause by Nutter et al23, has a clear anatomic basis 
in the association of MAD with systolic curling. This associa-
tion can increase wall stress in the inferobasal wall and PM, as 
evidenced by hypertrophy and replacement-type fibrosis, both 
documented at postmortem by histology and confirmed in vivo 
as LGE by CE-CMR in our previous study. The frequent obser-
vation of T-wave abnormalities on inferolateral leads at 12-lead 
ECG possibly suggests a disturbed repolarization of the area 
with abnormal contractility, as previously advanced.1,6,29

The genesis of malignant arrhythmias in MVP probably 
recognizes the combination of the substrate (myocardial fibro-
sis) and the trigger (mechanical stretch) eliciting premature 
ventricular beats.1,30 Noteworthy, Vaidya et al31 reported a 
series of cases where the surgical correction of bileaflet MVP 
was associated with a reduction in malignant arrhythmia and 
appropriate implantable cardioverter defibrillator shocks. In 
other words, mitral valve repair could relieve the mechanical 
stretch of the myocardium, thus leading to a reduction, but no 
disappearance, of ventricular arrhythmias, as to confirm a key 
role of abnormal mechanical forces.

When comparing bileaflet and single-leaflet MVP patients, 
the former have longer MAD and higher prevalence of curling 
and LGE. The fact that most of our arrhythmic patients had a 
bileaflet MVP is probably because of the entry criteria, since  
only patients with mild or absent mitral regurgitation were 
enrolled to exclude a confounding effect of hemodynamic 
impairment. In fact, it is likely that a retained coaptation of 
the leaflets does occur when both leaflets are involved.

Midsystolic Click, Arrhythmias, and MVP
In the past, following the original description of Barlow and 
Bosman32 and Barlow et al,33 many studies addressed the syn-
drome of midsystolic click, late systolic murmur, and bal-
looning posterior mitral leaflet as a cause of distressing chest 
pain and life-threatening arrhythmias.6,18,27,34–36 More recently, 
because of the progressive disappearance of auscultation in 
the clinical setting,37 the role of midsystolic click as a marker 
of malignant MVP was overlooked.

In our series, most of MVP patients with LGE had a midsys-
tolic click on auscultation. Noteworthy, by reclassifying the pop-
ulation on the basis of presence of midsystolic click, those with 
click had curling, LGE, and arrhythmias more frequently. In 

other words, MVP patients presenting with midsystolic click on 
auscultation, MAD, curling, and mitral annular abnormal con-
tractility are those who need further evaluation for arrhythmic 
risk stratification through CE-CMR. On the basis of our data, 
this auscultatory finding is likely because of the tension pro-
duced on the MV apparatus by the abnormal systolic curling.7

In light of these considerations, it is not surprisingly that 
in the early era of MVP, its diagnosis, being based on classi-
cal auscultatory findings, allowed the identification of patients 
with high prevalence of severe ventricular arrhythmias at risk 
of SCD.6,18,27,33–36 Arrhythmic MVP should be kept clearly 
distinct from the echocardiographic MVP, which is defined 
simply as single-leaflet or bileaflet prolapse of at least 2 mm 
beyond the long-axis annular plane. Although the latter is a 
relatively common condition with a benign behavior,38–41 no 
data are available on the prevalence of the nosographic entity 
of arrhythmic MVP and further studies are needed.

Conclusions
An association between MAD, curling, and LV fibrosis has been 
first detected by CMR in MVP patients with an arrhythmic malig-
nant profile and then confirmed by histology in SCD patients 
with MVP. This unique annular morphology may account for the 
excessive mobility of the leaflets, as visualized by systolic curling 
and clinically suggested by auscultatory midsystolic click, and 
for the stretch-related myocardial remodeling of the inferobasal 
wall. Further studies are needed to confirm this hypothesis.
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CLINICAL PERSPECTIVE
We aimed to assess whether morphological and functional characteristics of the mitral valve (MV) apparatus could explain the 
propensity in some patients to develop a regional left ventricular fibrosis. The present study shows that mitral annulus disjunction 
and systolic curling of the posterior MV leaflet are associated with basal–mid left ventricular relative hypertrophy and fibrosis 
and account for the excessive mobility of the MV apparatus and systolic stretch of the myocardium closely linked to the valve. 
Thus, the nosographic entity of arrhythmic MV prolapse should be kept clearly distinct from the echocardiographic MV prolapse, 
which is defined simply as single-leaflet or bileaflet prolapse of at least 2 mm beyond the long-axis annular plane. Moreover, on 
the basis of our findings, MV prolapse patients presenting with midsystolic click on auscultation, MV leaflets thickening, and 
annulus abnormalities, ie, mitral annulus disjunction and curling, are those who need further evaluation for arrhythmic risk strati-
fication through contrast-enhanced cardiac magnetic resonance. Prospective studies are warranted to assess the role of targeted 
catheter ablation and surgical repair in selected MV prolapse patients with a high arrhythmic burden.
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SUPPLEMENTAL MATERIAL 
 
SUPPLEMENTAL FIGURE 
 

 
 
 
Figure Legend. Measurement of Mitral Annular Disjunction. 

On panel A) transthoracic echocardiography scheme, parasternal long axis view: the length of 

MAD is measured from the left atrial (LA) wall-mitral valve posterior leaflet junction to the top of 

the LV posterior wall during end-systole (from Carmo et al1, ©2010, Carmo et al). On panel B) 

transesophageal echocardiography scheme, bileaflet mitral valve prolapse and posterior annular 

disjunction: the dotted line 1 represents the original annulus, the dotted line 2 the displaced annulus 

and the solid brown line the MAD between dotted arrows (from Eriksson et al2, with permission of 

the publisher ©2005, Elsevier).  On panel C) CMR image, 3-chamber long-axis view during end-

systole: the MAD is measured as in A and B, according to Carmo et al and Eriksson et al, 

respectively (Perazzolo Marra et al, current study). 

	
SUPPLEMENTAL MOVIE 

Supplemental Movie Legend. Representative case of curling in a mitral valve prolapse patient 

on cine cardiac magnetic resonance. The so called “curling” is defined as an unusual systolic 

motion of the posterior mitral ring on the adjacent LV myocardium. 
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