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Mitral Annular Disjunction: Clinical Implications
and Surgical Considerations

Ling Zhu® ", Yeow Leng Chua?

Abstract

Mitral annular disjunction is a cardiac structural abnormality charac-
terized by the distinct separation between the top of the left ventricu-
lar myocardium and the mitral annulus supporting the posterior mitral
leaflet occurring during systole. It has recently gained wide attention
due to the increasing recognition of the link between mitral annular
disjunction and arrhythmogenic mitral valve prolapse, particularly,
with the increased risks of ventricular arrhythmias resulting in sud-
den cardiac death. This review has summarized the recent progress
in the diagnostic modalities, clinical implications of mitral annular
disjunction, and its specific surgical considerations.
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Introduction

Mitral annular disjunction (MAD) is a cardiac structural ab-
normality of the mitral valve (MV) characterized by the dis-
tinct separation between the left atrial (LA) wall-MV junc-
tion (mitral annulus) and the top of the left ventricular (LV)
free wall. It was described as early as 1980s by Hutchins et
al [1], when heart autopsies were performed for 25 cases of
mitral valve prolapse (MVP). MAD was identified as high as
92%, although little attention was paid by then as MAD was
deemed with no significant clinical consequence. Till 2005,
Eriksson et al reported that the recognition of MAD prior to
MYV repair [2], with modification of the surgical techniques
to correct the annular disjunction, were essential to achieve
durable long-term results. Subsequently, MAD started to gain
more clinical interest as it became more frequently recognized
by echocardiography. It was found by Carmo et al [3] that the
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displacement of the mitral annulus has substantially impaired
the mitral annular function, and the degree of the disjunction
was correlated with the incidence of non-sustained ventricular
tachycardia (NSVT).

To date, MAD has been widely reported to be associated
with MVP, mitral regurgitation (MR) and cardiac arrhythmia,
although the pathophysiology of MAD is yet fully understood.
This review will summarize the recent progress in the modali-
ties of diagnosis for MAD, the implications of MAD in differ-
ent clinical entities, and the surgical considerations in manag-
ing MAD.

Diagnosis of MAD

MAD is predominantly found in the posterior mitral leaflet
(particularly the P1 and P2 segments), where the mitral an-
nulus is in close relationship with the LV free wall. When the
posterolateral LV wall contracts during systole, the mitral an-
nulus slides and “detaches” from the LV myocardium, then
MAD occurs [4]. MAD can be diagnosed by various imaging
modalities.

In transthoracic echocardiogram (TTE), MAD can be as-
sessed in parasternal long axis view at the end of systole. The
distance of disjunction can be measured by from the insertion
point of the posterior leaflet on LA wall to the junction between
the LV and LA myocardium, as demonstrated in Figure 1.

In the TTE study of 979 patients of MVP with severe MR
(including 637 cases of Barlow’s disease and 342 cases of fi-
broelastic deficiency) by Mantegazza et al [5], MAD was de-
tected in 21.8% of patients with Barlow’s disease, versus 5.8%
of patients with fibroelastic deficiency (P < 0.001). The maxi-
mum disjunction distance was 6.7 = 2.2 mm, mainly located in
P1 and P2 segments (69.2%) compared to P3 segment (37.7%)
of the posterior leaflet.

In transoesophageal echocardiogram (TEE), the degree
of annular disjunction could be measured in the four-chamber
mid-esophageal view at 0° during systole. When applying a
threshold of > 5 mm by Eriksson et al [2], MAD was detected
in 98% of patients with advanced Barlow’s disease, and the
severity of the disjunction was significantly correlated with the
number of prolapsing segments.

Real-time three-dimensional TEE provides more quan-
titative details for the spatial relation between the LV, LA
and posterior leaflet attachment. In a total of 101 patients
with MVP, the prevalence of MAD was 42% when using a
threshold of > 5 mm, with mean disjunction distance of 8.9
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Figure 1. Mitral annular disjunction (MAD) on echocardiography. (a) Transthoracic echography (TTE) showed posterior leaflet
prolapse with eccentric mitral regurgitation, with MAD seen (double-arrow). (b) Transesophageal echocardiography (TEE) of
same patient also demonstrated MAD in systole (double-arrow). (c) MAD was demonstrated on parasternal long axis view on
TTE, with the distance between mitral valve leaflet-atrial wall and left ventricle measured at 7 mm (arrow). (d) The hypermobile
posterior annulus could be appreciated on the M-mode of TTE (arrow).

mm and circumferential extension of 87+41° [6]. Paradoxi-
cal systolic expansion and flattening of the annulus were de-
tected compared to patients without MAD, and the extent of
the disjunction correlated significantly with larger regurgi-
tant orifice.

Cardiac computed tomography (CCT) can also be uti-
lized to identify MAD. In the retrospective study of preopera-
tive CCT for 90 MVP cases by Putnam et al [7], MAD was
prevalent in 20% of the patients. The disjunction was typically
found adjacent to a prolapsed or flail segment in the poste-
rior mitral leaflet. Seventy-five percent of the MAD cases had
a maximum disjunction distance > 4.8 mm. The presence of
MAD was found to be associated with female gender, smaller
annulus size, and greater posterior leaflet length.

Cardiac magnetic resonance imaging (CMR) has been
found to be able to detect significantly higher prevalence of
MAD compared to TTE and TEE, with good agreement on
MAD identification with TEE [8]. In the study of 116 patients
with MAD by Dejgaard et al, the disjunction was identified
exclusively along the posterior mitral leaflet, with a circum-
ferential extension between 30° and 240° (with median of
150°) [9]. Additionally, CMR also provides valuable informa-
tion regarding the presence and extent of myocardial fibro-
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sis, which is common in patients with MVP (28-37%) [10,
11]. Myocardial fibrosis has been frequently detected near the
mitral annulus in the basal LV wall, including the papillary
muscles (PMs) and inferior wall. Late gadolinium enhance-
ment (LGE) within the PMs and mitral valve apparatus has
been found to be related pathophysiologically with arrhyth-
mia [12]. Strain patterns can also be evaluated by CMR in
the cases of MAD. In the case-control study of 63 patients by
Wang et al [13], cases with MAD and MVP had lower basal
longitudinal strain on TTE and lower magnitude in the ba-
sal inferolateral segments by circumferential and radial strain
on CMR, compared to those with MVP but without MAD or
controls. The abnormal strain patterns identified in the basal
segments by CMR would be useful to detect regional LV dys-
function associated with MAD.

For comprehensive assessment of MAD, an integrated
multi-imaging approach is recommended. Echocardiography
including TTE and TEE remains to be a fundamental tool to
assess the anatomic and hemodynamic features of the mitral
valve disease. CCT and MRI would be helpful to identify the
MAD with smaller length, to provide more anatomic details of
the mitral apparatus, and to examine the extent of myocardial
fibrosis and regional LV dysfunction.
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Clinical Implications of MAD
MAD and MVP

MAD is now known to be frequently associated with MVP. In
the systematic review including 19 studies of MAD by Bennett
et al [14], the pooled prevalence of MAD was 32.6% among
the patients with MVP and 50.8% among the subgroup of pa-
tients with Barlow’s disease. On the other hand, the prevalence
of MVP was reported at 78% among patients with MAD [9].

Mantegazza et al found that significant MR occurred at
an earlier age when MAD was present in patient with MVP
[5]. MAD was seen more frequently in the cases of bileaflet
prolapse (48.4% vs. 25.9%; P < 0.001) and Barlow’s discase
(87.4% vs. 60.7%; P < 0.001), while with lower incidence in
cases with chordal rupture (61.0% vs. 75.7%; P < 0.001).

In the analysis of 595 patients with isolated MVP [15],
Essayagh et al identified MAD to be present in 31% of the
cases, and 28% of the patients had severe MR. Advanced
myxomatous valve disease with bileaflet involvement and
significantly redundant leaflet tissue was independently asso-
ciated with MAD. Symptoms of syncope or palpitation were
more frequent in patients with MAD. Ventricular arrhythmia
(VA) was correlated with more redundant or longer MAD, and
larger ventricle size. Among the 183 patients (31%) who un-
derwent mitral valve surgery (93% repair, 7% replacement),
63 patients had MAD. The echocardiography after surgery
showed no MAD in 93% of the patients with MAD before op-
eration. The association between arrhythmic event and MAD
became weaker after mitral surgery, which was not affected by
the extent of leaflet involvement or redundancy, or MR sever-
ity (P <0.005).

Furthermore, Essayagh et al reported a study of 61 sur-
gical MVP patients with MAD (8 + 3 mm) present in 27
(44%) cases [16]. The mean effective regurgitant orifice area
was similar compared to patients without MAD. MAD was
more frequently seen in cases of bileaflet prolapse (52% vs.
18%, P = 0.004), and consistently involving P2 (P = 0.005).
Patients with MAD were identified with larger annular areas,
circumferences, and intercommissural diameters in diastole,
compared to those without MAD (P < 0.008). It is postulated
that the MAD has resulted in considerable annular expansion
during systole, thus affecting the leaflet coaptation, while the
myocardial and annular slippage also stimulates vigorous ven-
tricle function, leading to extensive myocardial fibrosis.

Although being frequently reported in cases with MVP,
MAD had been also detected in patients with almost otherwise
normal mitral valve. In the study of 718 consecutive cases re-
ferred for echocardiogram for any indication by Konda et al, 45
patients were identified with MAD [17]. The authors proposed
three variations of MAD. Type I is with hypermobile mitral
annulus but no distance of disjunction. Type II is with MAD
distance < 5 mm, and type III is with MAD distance > 5 mm.
Among all the MAD cases, three (7%) patients did not have
any MR, and 16 (36%) patients had only mild MR, with type I
MAD. When comparing the tissue doppler imaging (TDI), the
septal (12.0 +3.0 cm/s vs. 7.3 £2.9 cm/s, P < 0.0001), lateral

Articles © The authors | Journal compilation © Cardiol Res and Elmer Press Inc™

(13.0 £ 3.4 cm/s vs. 9.2 £ 3.3 cm/s, P < 0.0001) and posterior
(14.3+£3.2 cm/s vs. 9.5+ 3.4 cm/s, P <0.0001) velocities were
significantly greater in patients with MAD than those without.

MAD and arrhythmic MVP

There is an increasing awareness of the occurrence of arrhyth-
mia in patients with MVP (arrhythmic MVP). Patients could
present with frequent (> 5%) premature ventricular contrac-
tions (PVCs), or complex VAs, without any other well-defined
arrhythmic substrates except for MVP [18].

Two common phenotypes have been identified. The first
group is patients with MVP and severe MR, with increased
risk of mortality and sudden cardiac death (SCD), compared
to general population. For this group of patients, MV surgery
to correct the MR is beneficial to reduce the overall mortality
[19] and risk of SCD [20]. The other group is severe myxoma-
tous mitral valve disease with MVP, with variable MR sever-
ity. When there is no severe MR or LV dysfunction, the overall
survival of patients with MVP was believed to be equivalent
to that of the normal population. However, a small subset
of patients has been reported with a malignant course, who
would present with SCD without another relevant pathology
other than MVP [21]. MAD is often detected in this clinical
phenotype, with severe myxomatous degeneration, marked
redundant leaflets, which is linked to higher incidence of VA.

The mechanism of VA in MVP has been proposed as an
interplay of factors including myocardial fibrosis (substrate),
ventricular ectopy (trigger), and transient modulators (hyper-
adrenergic state, hemodynamics, electrolytes) [22]. Detailed
invasive voltage mapping in MVP patients with arrhythmias
has correlated the origin of PVCs with the PMs, fascicular sys-
tem, LV outflow tract and the mitral annulus. PVCs arising
from Purkinje tissue could trigger ventricular fibrillation (VF)
resulting in SCD [23]. Invasive voltage mapping of patients
with bileaflet MVP also revealed fractionated, split and de-
layed Purkinje potentials, indicating abnormal tissue contrib-
uting in arrhythmogenesis and risk of SCD [24].

It has been found that MAD with a distance > 8.5 mm was
associated with NSVT (odds ratio (OR): 10, 95% confidence
interval (CI): 1.28 - 78.1) and the longitudinal extent of dis-
junction in the posterolateral wall (OR: 1.16; 95% CI: 1.02
- 1.33) was predictive of VAs. LGE in the anterolateral PM
found in CMR was also strongly related to severe arrhythmias
(OR: 7.35; 95% CI: 1.15 - 47.02) [14].

In the study of 89 patients with MVP by Essayagh et al,
MAD was identified in 35% of the patients, more frequently
seen in myxomatous disease, bileaflet prolapse, with higher in-
cidence of NSVT, but not related to the severity of MR [25]. In
their subsequent study of 595 consecutive MVP patients [26],
frequent VAs were detected, including 9% of severe arrhyth-
mia. Severe VAs was independently associated with the pres-
ence of MAD (P < 0.0001), but not with the severity of MR or
LV function. Severe arrhythmia was also significantly asso-
ciated with higher mortality, particularly under medical treat-
ment (adjusted HR: 5.80; 95% CI: 2.75 - 12.23; P < 0.0001),
but weaker after mitral operation (adjusted HR: 3.69; 95% CI:
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0.93 - 14.74; P = 0.00).

The contribution of MAD to the occurrence of arrhythmia
is likely due to the progressive fibrosis of mitral apparatus,
which could be a result of mechanical stress exerted by the
excessive mobile basal anterolateral and posterolateral LV
segments. This can be demonstrated on echocardiogram as the
Pickelhaube sign, with a spiked systolic high-velocity signal >
16 cm/s at the lateral mitral annulus on tissue Doppler, which
resembles the spike that adorns the Pickelhaube helmet. It has
been proposed that this sharp spike is resulted by the exces-
sive tethering of the posterolateral LV wall due to the tugging
of the posteromedial PM by the myxomatous prolapsing leaf-
lets in mid-to-late systole. Pickelhaube sign has been proposed
as a novel echocardiographic risk marker for malignant MVP
syndrome [27]. Particularly, attention has been called for so-
nographers to interrogate the posterolateral annulus, where the
highest Pickelhaube signal velocity has been identified in the
majority of patients with bileaflet MVP [28].

In fact, MAD can be detected as early as in pediatric pop-
ulation, with the incidence as high as 50% in children with
MVP. The presence of Pickelhaube sign and myxomatous mi-
tral valve were found to be associated with significant VAs on
24-h Holter monitoring [29]. Although no difference in surviv-
al has been found in patients with MVP with or without MAD
in the first 10 years, the occurrence of arrhythmia is, however,
often delayed long after the diagnosis of MVP with MAD, and
SCD or the excess mortality often happens even much later
after the onset of severe arrhythmias [ 18]. Severe arrhythmia is
definitely associated with significantly increased mortality in
the long term. Arrhythmic MVP is a clinical phenotype domi-
nated by MAD, marked leaflet redundancy, and electrophysi-
ological abnormalities, with its strongly associated outcomes,
which warrants early detection and careful risk stratification to
guide its further management [26].

Surgical Considerations in MAD

MAD with severe MR

The presence of MAD should be examined routinely when
assessing any case of MVP. The recognition of MAD is im-
perative in the surgical planning in MV surgery. With modi-
fication of repair techniques, complete resolution of MAD
can be achieved in most patients after MV operation [2]. The
annuloplasty ring or band should be sutured to affix the mi-
tral annulus to the correct level of the myocardium in the LV,
to obliterate the gap caused by the disjunction, rather than to
be attached to LA wall (Fig. 2). The study of Essayagh et al
has shown that the presence of MAD does not affect the re-
pairability of prolapsed mitral valve per se [16]. MAD could
recede after MV repair, and severe arrhythmia was observed
with lower incidence post successful mitral surgery compared
to those patients under medical treatment. Whether the persis-
tence or recurrence of MAD after mitral surgery could result in
further myocardial fibrosis and severe arrhythmia still remains
unclear.

Tirone David’s group used to propose to detach and reduce
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the posterior leaflet height before reattaching to the proximal
musculature of the LV, followed by flexible annuloplasty ring.
They also advocated the usage of artificial chordae to improve
the long-term durability of the repair results [30]. Freedom
from valve-related morbidity and mortality was achieved at
90+2% by 5 years and 78+4% by 10 years. They also found
that the repair result in the case of Barlow’s disease and MAD
seemed to be enduring, but not as good as the result in re-
pairing an isolated prolapse of posterior leaflet. Myxomatous
mitral valve disease was postulated to be genetically mediated
disorder [31], and the pathologic expression is likely more pro-
nounced in cases with incomplete annulus fibrosus, which is
the case of MAD. This disjunction is further accentuated by
the increased leaflet volume and resultant increase in tension.
This may explain why 11.6% of the cases were detected with
moderate MR on follow-up post mitral surgery, although only
3% of them needed reoperation for the recurrence of severe
MR. It seems that MV repair in the case of MAD could slow
down but could not stop the degenerative process completely.

Up to date, there is inadequate evidence to support which
surgical approach (MV repair versus replacement) is more
beneficial or effective to reduce the postoperative arrhythmic
events per se. Both mitral annuloplasty (by using a prosthetic
ring) and mitral valve replacement (MVR, by using a pros-
thetic valve) can correct the MAD by collapsing of the area of
disjunction by either suturing the ring or the prosthesis to the
LV myocardium. The resolution of MAD has been shown to
reduce the arrhythmia burden in patients with MVP. Resolu-
tion of the Pickelhaube sign on echocardiogram has also been
observed after a successful MV repair surgery [32]. Otherwise,
the same surgical principles of MV surgery should be applied
in the cases of severe MR with or without MAD. As it has
been well established that for patients with degenerative MR,
MV repair is associated with lower surgical mortality, durable
long-term results with better survival, and fewer valve-related
complications compared to MVR across all age groups, MV
repair should remain as the first choice of surgical interven-
tion when the mitral anatomy is favorable [33, 34]. When MV
repair is not feasible, chord-preserving MVR would be the fa-
vored surgical approach.

MAD with arrhythmia

PVCs originating from PMs are common in patients with
MVP, which can trigger malignant VAs. Catheter ablation by
radiofrequency or cryoenergy has been established as an ef-
fective percutaneous intervention to treat the PM-PVCs in ad-
vanced MVP, however, with only modest (60-80%) success
rates due to the technical challenge in mapping and ablating
of PMs due to its complex anatomy, which often requires re-
peated procedures [23].

Successful correction of severe MR in MV surgery has
been proved to reduce the arrhythmia burden in patients with
degenerative MR due to MVP [35, 36]. Surgical ablation has
been used extensively to treat atrial fibrillation at the time of
cardiac surgery, with established long-term results. However,
surgical ablation for VA has so far been only limited to treating
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Figure 2. lllustrations of mitral annular disjunction (MAD) and surgical principles for mitral valve surgery. (a) Normal mitral valve:
mitral annular plane is in its normal position (dashed line). (b) Mitral valve prolapse (MVP) without MAD: mitral annulus plane
(dashed line) remains in its normal position despite prolapse of the mitral leaflet. (c) MVP with MAD: the mitral annulus is “dislo-
cated” away from the normal left ventricle-left atrial (LV-LA) myocardium junction resulting in MAD (double-arrow), and the mitral
annular plane (dashed line) has shifted towards LA. (d) MAD can be treated by mitral valve surgery, by suturing the prosthetic ring
or valve (arrowhead) to the correct level of the LV-LA myocardial junction. The mitral annulus is stabilized, and the MAD can be
obliterated after mitral surgery (arrow). Ao: aorta; LV: left ventricle; LA: left atrium; MV: mitral valve; MVP: mitral valve prolapse;

MAD: mitral annular disjunction.

the scar-related re-entrant VAs and outflow tract arrhythmias
[37].

Recently, cases of surgical cryoablation of the PMs under
direct vision during MV surgery have been reported [38, 39].
The origin of the PVCs at the PM-region was assessed based on
12-lead electrocardiogram. Cryoablation was then performed
at both the base and tip of the target PM, followed by MV sur-
gery. PVC burden was reduced > 90% in short-term follow-up,
although the long-term safety and efficacy still need to be ex-
amined in a larger group of cases. Randomized trial is needed
to assess if the additional PM ablation really contributes to fur-
ther reduction in the PVC burden postoperatively compared to
a successful mitral surgery to treat the severe MR alone.

The surgical indications in MVP patients with moderate
MR are yet to be determined. However, in MVP cases with
malignant arrhythmia but less than severe MR, mitral surgery
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may have a role in suppressing the progress of valve prolapse
to reduce the arrhythmia burden, thus, to prevent SCD. This
group of patients require close follow-up by a multidiscipli-
nary team involving mitral valve surgeon and cardiac electro-
physiologist. The knowledge gaps will need to be filled in by
further clinical trials to define the role of surgery in the treat-
ment of advanced MVP with different grades of MR.

Conclusions

The phenotypes of MAD, MVP, myxomatous mitral valve
degeneration are likely intertwining but comprising the com-
ponents of the same clinical spectrum, which over time con-
tributes strongly and independently to the occurrence of VAs,
with associated risk of SCD. As the current link between MVP
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with MAD and potential future VAs are better established, the
awareness and early detection of these clinical entities are be-
coming more and more important, to guide the strategies for
risk stratification and further intervention. MV surgery (to re-
pair if possible) remains the standard of care for patients with
severe degenerative MR. The surgical correction of MAD
seemed to be beneficial to reduce VA burden after surgery.
However, the role of MV surgery in treating arrhythmogenic
MVP with less severe MR and the role of surgical cryoablation
of the PMs have yet to be established, with the questions of the
benefit in reducing risk of SCD. The surgical strategies with
their long-term outcomes need to be further assessed in larger
prospective studies.
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