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ABSTRACT

BACKGROUND Mitral valve prolapse (MVP) may be associated with ventricular arrhythmias (VA) even in the absence of
significant valvular regurgitation. Curling, mitral annulus disjunction (MAD) and myocardial fibrosis (late gadolinium
enhancement [LGE]) may account for arrhythmogenesis.

OBJECTIVES This study investigated the determinants of VA in patients with MVP without significant regurgitation.

METHODS This study included 108 patients with MVP (66 female; median age: 48 years) without valve regurgitation.
All patients underwent 12-lead electrocardiography, 12-lead 24-hour electrocardiographic Holter monitoring, exercise
stress test, and cardiac magnetic resonance. Patients were divided into 2 groups (arrhythmic and no-arrhythmic MVP),
according to the presence of VA with a right bundle branch block pattern.

RESULTS The 62 patients (57%) with arrhythmic MVP showed: 1) higher MAD (median length: 6.0 vs 3.2 mm;

P = 0.017); 2) higher prevalence of curling (79% vs 52%; P = 0.012); and 3) higher prevalence of left ventricular LGE
(79% vs 52%; P = 0.012). Mediation analysis showed that curling had both a direct (P = 0.03) and indirect effect
mediated by LGE (P = 0.04) on VA, whereas the association between MAD and VA was completely mediated by LGE.
Patients with severe VA showed more pronounced morphofunctional alterations, in terms of MAD (7.0 vs 4.6 mm;

P = 0.004) and presence and severity of curling (respectively, 91% vs 64%; P = 0.010; and 4 vs 3 mm; P = 0.004),
compared to those without severe VA.

CONCLUSIONS In patients with MVP the occurrence of VA with right bundle branch block morphology is the
expression of more severe morphologic, mechanical, and tissue alterations. Curling has both a direct and an
indirect effect on VA. (J Am Coll Cardiol EP 2024;10:670-681) © 2024 The Authors. Published by Elsevier on
behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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itral valve prolapse (MVP) is relatively

common, with a prevalence in the gen-

eral population of approximately 2%-
4%." However, in a minority of cases, MVP can be
complicated by malignant ventricular arrhythmias
(VAs)® and occasionally by sudden cardiac death
(SCD).2

Recent studies from our*® and other groups”®
suggested an association between malignant VAs and
left ventricular (LV) fibrosis detectable in vivo thanks
to late gadolinium enhancement (LGE) as assessed by
cardiac magnetic resonance (CMR).° Fibrosis in pa-
tients with MVP is localized not only in the papillary
muscles (PMs), but also, and mostly, in the LV basal
inferolateral wall.'® VAs arising from these areas have a
peculiar electrocardiographic (ECG) morphology
characterized by the presence of right bundle branch
block (RBBB) patterns with dominant R waves in V,."
Of note, these VA patterns have been observed in the
ECGs of cases of MVP complicated by cardiac arrest or
sudden death (Supplemental Table 1).**"2°

Mitral annulus disjunction (MAD) and the
abnormal movement of the adjacent LV wall (curling)
are other typical features associated with MVP.
Although it may be hypothesized that abnormal me-
chanical traction on some localized areas of the LV
may contribute to the genesis of myocardial fibrosis
and possibly of VAs,”' their role in arrhythmogenesis
is still unknown.

We hypothesized that in MVP, the presence of LV
VAs, is the expression of a more severe MVP, as
defined by the presence of more pronounced
morphologic (MAD), mechanical (curling) and LV
myocardial tissue (LGE) abnormalities. The aim of
this CMR study was to explore, in patients with MVP
and no mitral regurgitation, the relationship, and the
respective roles, of morphological (MAD), mechanical
(curling), and tissue abnormalities (LGE) in the pro-
duction of a specific VA pattern.

METHODS

STUDY POPULATION. We enrolled a consecutive se-
ries of patients referred to the Padua Cardiology
Department from September 1, 2010 to December 31,
2021, with a classical MVP (Barlow disease) echocar-
diographic diagnosis undergoing CMR for the pres-
ence of VAs, without valve regurgitation confirmed
on CMR. MVP was defined as >5-mm thickening and
>2-mm displacement of one or both mitral leaflets in
the left atrium, as viewed in the orientation of the LV
outflow tract.”*?*
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All patients underwent cardiovascular
evaluation that included history, physical
examination, 12-lead ECG, 2-dimensional
transthoracic echocardiography, 12-lead 24-
hour Holter monitoring, exercise stress test,
and CMR. Follow-up evaluation was per-
formed in all patients after CMR at 6- to 12-
month intervals.

Premature ventricular beats (PVBs)
morphology was classified as left bundle
branch block (LBBB) if the ectopic QRS com-
plex was predominantly negative in lead V,
and as RBBB if the ectopic QRS complex was
predominantly positive or isodiphasic in lead
V,. Patients were divided into 2 groups on the
basis of the presence or absence of >100 PVBs
in 24 hours® or =1 repetitive VA (couplets,
triplets, or nonsustained VT) PVBs with a
RBBB morphology and wide QRS complex
(>120 ms), suggesting the origin from the LV
(defined MVP related-morphology) (see
Supplemental Appendix).?®?” According to
the European Heart Rhythm Association
(EHRA) Expert Consensus Statement, in the
arrhythmic MVP group, a subgroup with “se-

vere” VAs (ventricular tachycardia [VT]

ABBREVIATIONS
AND ACRONYMS

CMR = cardiac magnetic
resonance

ECG = electrocardiography

EHRA = European Heart
Rhythm Association

ICD = implantable
cardioverter-defibrillator

LBBB = left bundle branch
block

LGE = late gadolinium
enhancement

LV = left ventricular

MAD = mitral annulus
disjunction

MVP = mitral valve prolapse
PM = papillary muscle

PVB = premature ventricular
beat

RBBB = right bundle branch
block

SCD = sudden cardiac death
VA = ventricular arrhythmia

VT = ventricular tachycardia

runs

=180 beats/min and/or history of sustained VT/ven-

tricular fibrillation) was also identified.?”

The study was approved by the Institutional Re-
view Board, and all patients gave their informed

consent.

CMR IMAGING. CMR was performed on a 1.5-T scan-
ner (Magnetom Avanto, Siemens Healthineers) using
a comprehensive dedicated protocol, including long-
and short-axis cine imaging and postcontrast LGE
images (Supplemental Appendix),*:5:29:28:29

STATISTICAL ANALYSIS. Descriptive statistics were
reported as median (Q1-Q3) for continuous variables
and absolute numbers (percentages) for categorical
variables. The Wilcoxon test was performed to
compare the distribution of continuous variables.
Chi-square test was performed to compare the dis-
tribution of categorical variables, whereas Fisher
exact test was used when any expected cell count was
below 5. Benjamini-Hochberg3® correction was per-
formed to account for the multiplicity of testing,
controlling for the false discovery rate. A multiplicity-
adjusted P < 0.05 was considered statistically
significant.

A mediation analysis®"3*

was used to test the po-
tential role of LGE as mediator in the relationship
between MAD/curling (as binary variables for their
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TABLE 1 Clinical Findings in MVP Patients With and Without MV-Related VAs
Overall MVP  Arrhythmic MVP  No-Arrhythmic
Patients Patients MVP Patients
(N =108) (n =62) (n = 46) P Value
48 (38-58) 43 (37-56) 50 (41-62) 0.20
Female 66 (61) 39 (63) 27 (59) 0.80
Symptoms 66 (61) 40 (65) 26 (57) 0.60
Dyspnea 1 (10) 6 (10) 5@ >0.90
Chest pain 6 (6) 5(8) 1) 0.40
Palpitations 57 (53) 33 (53) 24 (52) >0.90
Syncope 10 (9) 8 (13) 2(4) 0.30
Cardiac arrest 4 (4) 4 (7) 0 (0) 0.30
SCD family history 14 (13) 9 (15) 5 (1) 0.80
Severe VAs with RBBB 34 (30) 34 (55) 0 (0) <0.001
morphology (MV-related)
VAs with LBBB morphology 27 (25) 11 (18) 16 (35) 0.12
Negative T waves 19 (18) 14 (23) 571 0.30
Inferolateral negative T waves 18 (17) 13 (21) 5 (1) 0.30
Inferior negative T waves 14 (13) 1 (18) 3() 0.30
Lateral negative T waves 7@ 5(8) 2(4) 0.70
V3-V3 negative T waves 2(2) 23) 0 (0) 0.60
Values are median (Q1-Q3) or n (%).
LBBB = left bundle branch block; MV = mitral valve; MVP = mitral valve prolapse; RBBB = right bundle branch
block; SCD = sudden cardiac death; VA = ventricular arrhythmia.

clinical efficacy) and the development of PVB with
MVP-related morphology. CIs for average causal
mediation effect, average direct effect, and the pro-
portion mediated were computed using a quasi-
Bayesian approach®® with 5,000 draws. For curling
evaluation, intraobserver and interobserver mea-
surement reliability was assessed using intraclass
correlation coefficient. Analyses were performed with
R software (version 4.1.3, R Foundation)** and
R package mediation.*

RESULTS

Baseline clinical and ECG findings of the 108 enrolled
patients with MVP (66 female; median age: 48 years)
are summarized in Table 1. Patients with MVP and
arrhythmias were referred to our tertiary center after
the exclusion of severe valve disease as a cause of
arrhythmias; of note, the breakdown of enrollment
revealed the exclusion of 27% of patient with VAs for
the concomitant presence of mitral regurgitation
(from mild to moderate).

On the basis of VA burden, 62 patients (39 female;
median age: 43 years) were defined as “arrhythmic
MVP patients” because they exhibited VA
morphology with RBBB pattern, suggesting the origin
from LV.

The remaining 46 patients (27 female; median age:
50 years) were defined as “no-arrhythmic MVP
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patients” because they had either PVBs with LBBB
patterns (n = 16) or no VA (n = 30) (Table 1). No dif-
ferences in clinical findings and 12-lead basal ECGs
were found between the 2 groups. Representative
cases of patients with and without VAs with RBBB
pattern are shown on Figure 1.

CMR RESULTS. On morphofunctional CMR, arrhythmic
and no-arrhythmic MVP patients did not show dif-
ferences in volume and systolic function, which were
completely normal in all. Also, no differences were
found in terms of anterior, posterior, or bileaflet
prolapse (Table 2).

If compared to no-arrhythmic MVP patients,
arrhythmic ones showed more pronounced anatomic
and mechanical abnormalities at the level of the
annulus. In particular, these patients had a paradox-
ical increase of the mitral annulus diameter during
systole vs diastole compared to those without MVP-
related VAs (median variation: 10.3 vs 7.2;
P = 0.010). Moreover, arrhythmic MVP patients had:
1) a greater MAD dimension (median length: 6 vs
3.2 mm; P = 0.017); 2) increased prevalence of curling
(79% Vs 52%); and 3) more pronounced curling (me-
dian value: 4 vs 2.2 mm; P = 0.018), which was severe
in 58% of arrhythmic vs 35% of no-arrhythmic pa-
tients (P = 0.041) (Table 2). Intraobserver and inter-
observer reliability were excellent, with intraclass
correlation coefficient >0.90 both for curling pres-
ence and severity (Supplemental Table 2).

On postcontrast CMR, global LV LGE was more
frequently observed in arrhythmic MVP patients (49
of 62 patients, 79% vs 24 of 46 patients, 52%;
P = 0.012), with a greater prevalence at the level of
the LV basal inferolateral wall (69% vs 39%;
P = 0.012). Finally, the amount of LGE was greater in
arrhythmic MVP patients in comparison to those with
no-arrhythmic MVP (median percentage: 2 vs 0.8;
P = 0.003). In all patients the LGE pattern, when
present, was localized in the specific areas of the LV
inferolateral basal segment with midmural stria
and/or at papillary muscles; neither other LGE pat-
terns/location nor right ventricular LGE involvement
were founded.

ECG AND CMR FINDINGS IN PATIENTS WITH SEVERE
VAs. In the arrhythmic MVP group, according to the
EHRA Expert Consensus Statement,?” a subgroup of
34 patients (23 female; median age: 42 years) with
severe arrhythmic MVP was identified.

Within the arrhythmic MVP group, those with se-
vere VAs, if compared to those without severe VAs,
had more pronounced ECG depolarization abnormal-
ities such as negative T waves (35% Vs 7%; P = 0.008),
mostly in the inferolateral leads (32% vs 7%;
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FIGURE 1 Representative Cases of CMR Findings in Patients With and Without RBBB VAs
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On superior panel (A to E) a representative case (21-year-old woman with recurrent exertional palpitation) of a mitral valve prolapse (MVP) patient with severe
ventricular arrhythmia (VA) with right bundle branch block (RBBB) morphology. (A) Twelve-lead 24-hour Holter monitoring shows sinus rhythm with monomorphic
nonsustained ventricular tachycardia with RBBB morphology. (B) Cardiac magnetic resonance (CMR) demonstrates bileaflet MVP with mitral annulus disjunction, without
regurgitation. (C to E) Postcontrast CMR images reveal late gadolinium enhancement in the left ventricular basal inferolateral wall (C and D) (white arrows) and papillary
muscles (C and E) (white arrow). On inferior panel (F to J), a representative case of a patient with MVP (30-year-old man with palpitations) without VA. (F) Twelve-lead
electrocardiograph shows repolarization abnormalities on inferior leads. (G) CMR demonstrates bileaflet MVP without significant mitral annulus disjunction and
regurgitation. (H and J) Postcontrast CMR images documented the absence of any late gadolinium enhancement (H to J).
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TABLE 2 CMR Morphofunctional Findings in MVP Patients With and Without MV-Related VAs
Overall MVP Arrhythmic No-Arrhythmic
Patients MVP Patients MVP Patients
(N =108) (n =62) (n = 46) P Value

CMR morphofunctional findings

LV EDV, mL/m? 94 (82-108) 95 (84-109) 92 (75-105) 0.20

LV ESV, mL/m? 38 (30-45) 38 (32-48) 36 (29-44) 0.30

LV EF, % 60 (57-64) 60 (56-63) 60 (57-65) 0.60

LV mass, g/m? 54 (45-61) 56 (47-64) 50 (43-60) 0.30

RV EDV, mL/m? 80 (71-95) 82 (72-95) 79 (64-93) 0.50

RV ESV, ml/m? 33 (23-40) 33 (22-40) 32 (23-40) 0.80

RV EF, % 61 (56-67) 61 (57-68) 61 (55-66) 0.80
MVP leaflet involvement

Anterior 2(2) 0 (0) 2(4) 0.3

Posterior 29 (27) 15 (24) 14 (30) 0.6

Bileaflet 77 (71) 47 (76) 30 (65) 0.3
Prolapse distance, mm

Anterior leaflet 3.0 (1.0-4.8) 3.6 (1.4-5.6) 2.3 (0.0-4.4) 0.065

Posterior leaflet 5.7 (3.3-8.3) 7.0 (4.6-9.8) 4.3 (2.5-6.9) 0.003
LV lateral wall thickness, mm

Basal segment 8.0 (6.4-9.6) 8.1 (6.4-9.4) 8.0 (6.4-9.8) 0.8

Mid segment 4.6 (4.0-5.6) 4.7 (4.0-5.5) 4.5 (4.0-5.5) >0.9

Ratio LV basal-mid wall thickness 1.7 (1.5-2.0) 1.8 (1.5-2.0) 1.7 (1.5-2.0) 0.8
MVP-related morphofunctional alterations

Systolic-diastolic variation MAD, mm 9.0 (6.0-13.2) 10.3 (7.2-14.8) 7.2 (5.1-10.0) 0.010

Length of MAD, mm 5.0 (0.0-7.2) 6.0 (3.6-7.9) 3.2 (0.0-6.1) 0.017

Curling 73 (68) 49 (79) 24 (52) 0.012

Curling, mm 3.3 (0.0-4.5) 4.0 (2.5-4.6) 2.2 (0.0-4.1) 0.018

Severe curling (=3.5 mm) 52 (48) 36 (58) 16 (35) 0.041
MVP-related LV fibrosis

MVP LV LGE 73 (68) 49 (79) 24 (52) 0.012

Basal inferolateral wall LGE 61 (56) 43 (69) 18 (39) 0.012

Papillary muscles LGE 36 (33) 26 (42) 10 (22) 0.062

LGE quantification, % 1.7 (0.0-2.3) 2.0 (1.2-2.6) 0.8 (0.0-1.7) 0.003
Values are median (Q1-Q3) or n (%).

CMR = cardiac magnetic resonance; EDV = end-diastolic volume; EF = ejection fraction; ESV = end-systolic volume; LGE = late gadolinium enhancement; LV = left
ventricular; MAD = mitral annulus disjunction; RV = right ventricular; other abbreviations as in Table 1.

P = 0.015) (Table 3). On CMR, length of MAD (7.0 vs
4.6 mm; P = 0.004) and presence and severity of
curling (respectively, 31 vs 18; P = 0.010 and 4.0 vs
3.0 mm; P = 0.004) were more pronounced in
arrhythmic MVP patients with severe VAs in com-
parison to those with no severe VAs (Table 4). No
differences in term of LGE presence and amount was
found between the 2 groups.

MITRAL ANNULAR ABNORMALITIES EFFECT ON
MVP-RELATED MORPHOLOGIC ARRHYTHMIAS. Table 5
reports the results of the mediation analysis
showing that both curling and MAD had a signifi-
cant indirect (mediated by LGE) effect on PVBs with
a RBBB MVP-related morphology (P = 0.04 and
P = 0.03, respectively) (Central Illustration). The
proportion of the effect of curling mediated by LGE

was 23% (P = 0.04), and that of MAD was 26%
(P = 0.04). Moreover, curling not only had an in-
direct effect (P = 0.04) on RBBB arrhythmias as
mediated by LGE, but also showed a direct effect
(P = 0.03) on the genesis of RBBB PVBs. On the
other hand, the effect of MAD on VAs was pre-
dominantly mediated by the LGE, because no direct
effect of MAD on arrhythmogenesis was detected as
strictly significant (P = 0.06). Finally, LGE had a
direct effect on PVBs with a RBBB MVP-related
morphology (P = 0.004).

CLINICAL FOLLOW-UP. During a median follow-up
of 3.7 years (Q1-Q3: 1.9-7.2 years) after the initial
CMR imaging time, 8 arrhythmic events were recor-
ded: 2 patients had an unexplained syncope; 1 patient
had an unexplained syncope and an appropriate



JACC: CLINICAL ELECTROPHYSIOLOGY VOL. 10, NO. 4, 2024
APRIL 2024:670-681

implantable cardioverter-defibrillator (ICD) shock; 1
patient had an unexplained syncope and an aborted
SCD; 1 patient had an appropriate ICD shock; and 1
patient presented with an aborted SCD. Regarding the
indication for ICD, of 108 patients, 6 received an ICD.
Four patients underwent the ICD implantation for
secondary prevention—in 2 cases for primary pre-
vention. All the arrhythmic events were observed in
the group of arrhythmic MVP patients with severe
VAs (Supplemental Appendix).

DISCUSSION

This physiopathologic study was designed to evaluate
the possible relationships between the presence of
VAs with a specific morphology suggesting LV origin
and morphologic, functional, and myocardial tissue
alterations in patients with MVP without valve
regurgitation. Major findings of our study are the
following: 1) patients with arrhythmic MVP (ie, with
RBBB-like VAs) showed more severe morphologic
(MAD), mechanical (curling), as well as myocardial
tissue alterations (LGE); 2) among arrhythmic MVP
patients those with severe VA (as defined by the
EHRA Expert Consensus Statement) had even more
pronounced curling, MAD, and LGE alterations when
compared to those without severe arrhythmias; 3) the
effect of LGE on arrhythmogenesis was entirely
direct, whereas the systolic curling had both a direct
and indirect effect (mediated by LGE); and 4) MAD
had no direct effect on VA development, but MAD did
have a mediated effect through LGE.

VAs IN MVP. The detection of VAs in subjects with
MVP has been well-documented since the initial
observations®°3° and was recently reconsidered*®:*!
and deeply investigated thanks to studies in which
CMR was used.*>7-°"'-42 However, the true preva-
lence of VAs is difficult to determine exactly
because of the different MVP definitions, various
populations studied, the type of VAs considered,
and the eventual hemodynamical impairment, in
the presence of significant mitral regurgitation that
can affect the occurrence of VAs.38:394344 The
estimated rate of SCD in MVP ranges from 0.2% per
year to 0.4% per year in prospective follow-up
studies.> A more recent meta-analysis indicated
that the risk of SCD in patients with MVP is at least
3-fold higher than that of the general population
(0.1% per year).*> Recently, the Expert Consensus
Statement of the EHRA”’ provided suggestions for
arrhythmic risk stratification of patients with MVP.
Beyond the number of PVBs, VA morphology may
represent a gatekeeper in MVP because a specific
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TABLE 3 Clinical Findings in Arrhythmic MVP Patients With Severe and No Severe VAs

Arrhythmic
Arrhythmic MVP Patients
Overall Arrhythmic  MVP Patients With No
MVP Patients With Severe VAs  Severe VAs

(N =62) (n=34) (n =28) P Value
Age, y 43 (37-56) 42 (35-53) 44 (39-61)  0.226
Female 39 (63) 23 (68) 16 (57) 0.394
Symptoms 40 (65) 26 (76) 14 (50) 0.030
Dyspnea 6 (10) 309 3(1) 0.802
Chest pain 5(8) 3(9) 2 (18) 0.809
Palpitations 33 (53) 20 (59) 13 (46) 0.330
Syncope 8 (13) 7 (21) 1(4) 0.047
Cardiac arrest 4 (7) 4(12) 0 (0) 0.061
SCD family history 9 (15) 7 (21) 2(7) 0.033
VAs with LBBB morphology 1 (18) 103) 10 (36) 0.001
Negative T waves 14 (23) 12 (35) 2(7) 0.008
Inferolateral negative T waves 13 (21) 1 (32) 2(7) 0.015
Inferior negative T waves 1 (18) 9 (26) 2(7) 0.047
Lateral negative T waves 5(8) 4 (12) 1(4) 0.238
V1-V3 negative T waves 203 103) 1(4) 0.889

Values are median (Q1-Q3) or n (%).
Abbreviations as in Table 1.

RBBB morphology pattern was identified by a re-
view of case series provided in the published data
about subjects with MVP who experienced SCD and
in which the ECG was available (Supplemental
Table 1)."*?° So far, both the mechanisms underly-
ing the arrhythmogenesis in MVP without valve
regurgitation and the clinical strategy to prevent
SCD remain to be fully elucidated.

MYOCARDIAL FIBROSIS AND VAs. Myocardial scar-
ring represents a well-recognized risk factor for ma-
lignant VAs in different clinical settings.*® In patients
with MVP, fibrosis in the setting of LV remodeling due
to valve regurgitation is a well-known phenomenon.
Our group for the first time described the presence of
fibrosis with a nonischemic pattern also in patients
with MVP with no mitral regurgitation.*>°4>47 LGE
is not scattered but specifically concentrated in the
LV inferobasal wall PMs, which suggests a crucial role
of prolapse-induced mechanical forces on the
myocardium in generating an arrhythmogenic sub-
strate and triggering life-threatening arrhythmias.
However, not all patients with MVP and a history of
cardiac arrest have bileaflet MVP with focal myocar-
dial fibrosis,*® suggesting that LV fibrosis alone
cannot explain the pathogenesis of VAs in all
patients.

Our data indicate that the morphology of VA with
RBBB morphology is associated to a specific site of
LGE, underlying the role of LGE in arrhythmogenesis.
Of note, in our group of patients with RBBB
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TABLE 4 CMR Morphofunctional Findings in Arrhythmic MVP Patients With Severe and No Severe VAs
Overall MVP Patients MVP Patients
MVP Patients With Severe With No Severe
With MV-Related VAs MVP-Related VAs MVP-Related VAs
(N =62) (n=34) (n =28) P Value

CMR morphofunctional findings

LV EDV, mL/m? 95 (84-109) 102 (84-110) 92 (81-109) 0.492

LV ESV, mL/m? 38 (32-48) 40 (34-49) 38 (30-46) 0.358

LV EF, % 60 (56-63) 60 (56-61) 62 (56-64) 0.195

LV mass, g/m? 56 (47-64) 57 (51-65) 50 (47-63) 0.249

RV EDV, mL/m? 82 (72-95) 82 (71-92) 85 (73-99) 0.453

RV ESV, mL/m? 33 (22-40) 33 (22-37) 33 (27-45) 0.248

RV EF, % 61 (57-68) 62 (58-69) 61 (55-66) 0.325
MVP leaflet involvement

Anterior 0 (0) 0 0 -

Posterior 15 (24) 5(15) 10 (36) 0.055

Bileaflet 47 (76) 29 (85) 18 (64) 0.055
Prolapse distance, mm

Anterior leaflet 3.6 (1.4-5.6) 4.3 (1.5-6.0) 2.8 (1.0-4.0) 0.072

Posterior leaflet 7.0 (4.6-9.8) 8.1 (5.3-10.0) 6.3 (3.3-8.1) 0.029
LV lateral wall thickness, mm

Basal segment 8.1(6.4-9.4) 8.4 (6.5-9.4) 8.0 (6.3-9.6) 0.562

Mid segment 4.7 (4.0-5.5) 5.0 (4.0-5.4) 4.3 (4.0-5.8) 0.440

Ratio LV basal-mid wall thickness 1.8 (1.5-2.0) 1.8 (1.5-2.0) 1.8 (1.5-2.1) 0.760
MVP-related morphofunctional alterations

Systolic-diastolic variation MAD, mm 10.3 (7.2-14.8) 11.8 (7.2-16.0) 9.1 (7.3-13.3) 0.119

Length of MAD, mm 6.0 (3.6-7.9) 7.0 (5.4-9.0) 4.6 (0.0-6.2) 0.004

Curling 49 (79) 31 (91) 18 (64) 0.010

Curling, mm 4.0 (2.5-4.6) 4.0 (3.4-5.0) 3.0 (0.0-4.1) 0.004

Severe curling (=3.5 mm) 36 (58) 25 (74) 11 (39) 0.007
MVP-related LV fibrosis

MVP LV LGE 49 (79) 29 (85) 20 (71) 0.182

Basal inferolateral wall LGE 43 (69) 24 (71) 19 (68) 0.816

Papillary muscles LGE 26 (42) 18 (53) 8 (26) 0.053
LGE quantification, % 2.0 (1.2-2.6) 2.1 (1.6-2.6) 2.0 (0.0-2.5) 0.359
Values are median (Q1-Q3) or n (%).

Abbreviations as in Tables 1 and 2.

TABLE 5 Mediation Analysis of Risk of Developing MV-Related VAs in MVP Patients

Effect 95% CI P Value
Effect of curling on MV-related VAs, LGE as mediator
ACME: indirect effect of curling on MV-related VA 0.06980 0.00317-0.17 0.0364
ADE: direct effect of curling on MV-related VA 0.22053 0.02318-0.42 0.0292
Proportion mediated 0.22988 0.00899-0.81 0.0392
Effect of MAD on MV-related VAs, LGE as mediator
ACME: indirect effect of MAD on MV-related VA 0.07531 0.00495-0.18 0.0320
ADE: direct effect of MAD on MV-related VA 0.19827 -0.00474 to 0.40 0.0552
Proportion mediated 0.26382 0.01117-0.98 0.0404

The table reports the ACME and the ADE.

ACME = average causal mediation effect; ADE = average direct effect; other abbreviations as in Tables 1and 2.

MVP-related morphology, the presence and amount
of LGE did not differ between those with or without
severe arrhythmias, differently from MAD and curling
presence and severity that were more pronounced in
MVP with severe arrhythmias. In fact, our data indi-
cate that the trigger able to provide the additional
arrhythmogenic role to fibrosis is represented by the
presence of abnormal contractility of the LV basal
wall as expressed by the typical systolic curling mo-
tion of the mitral annulus and not by MAD per se. The
central role of curling in arrhythmic MVP, as
demonstrated by both its direct (mechanical) and
mediated (tissue abnormalities including by
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CENTRAL ILLUSTRATION Mediation Analysis for Development of Malignant Ventricular Arrhythmias in
Mitral Valve Prolapse Patients Without Valve Regurgitation

Indirect Path:
CURLING — LGE — VA*
(P =0.0064)
i 23%
LV fibrosis Curling
Direct Path: Direct Path:
LGE — VA* CURLING — VA*
(P =0.0292) (P =0.0292)
VA*

Perazzolo Marra M, et al. J Am Coll Cardiol EP. 2024;10(4):670-681.

Both curling and mitral annulus disjunction (MAD) have a significant indirect effect, mediated by late gadolinium enhancement (LGE), on the genesis of premature
ventricular beats (PVBs) related to the morphology of the mitral valve prolapse (MVP) (dashed arrows). Only curling presents a direct effect on the genesis of PVBs'
MVP-related morphology (black arrow). Ventricular arrhythmias (VAs) with right bundle branch block (RBBB) morphology are indicated as VA*.

mechanical traction) effect may suggest that the
“malignant MVP” is mainly the result of the unique
properties determined by mechanical abnormalities
in the mitral valve apparatus and adjacent
myocardium.
MYOCARDIAL STRETCHING AND VAs. A possible
explanation of VA in MVP without LGE includes the
abnormal mechanical traction in the presence of the
hypercontractile state of the basal to mid-lateral LV
myocardium.*® Experimental studies have demon-
strated that regions experiencing greater relative
stretch may act as "foci" for stretch-activated ar-
rhythmias under different dynamic ventricular
loading conditions such as intraventricular dyski-
nesia, or regional muscle traction, as in MVP syn-
drome.*® Early electrophysiological studies have
demonstrated that the most common site of origin of
PBVs is the basal inferolateral portion of the LV.3°
Our data are in favor of the hypothesis that iden-
tifies curling as a primary abnormality characterized
by a systematic and repetitive stretch on some
specific myocardial areas. This hypothesis has
been recently corroborated by an experimental
study: continuous stretch can produce, in a later
stage, fibrosis, thus reinforcing the hypothesis that
LGE is a subsequent phenomenon of mechanical

abnormalities.>® In our study, the results of the
mediation analysis showed that curling (the me-
chanical source of myocardial stretch) can induce
arrhythmias not only through myocardial fibrosis
produced through the years (indirect effect), but also
directly (Central Illustration).

Of note, in our group of patients with RBBB
MVP-related morphology, the presence and amount
of LGE did not differ between those with or without
severe arrhythmias, whereas MAD and curling pres-
ence/severity were more pronounced in MVP with
severe arrhythmias. This reinforces the hypothesis of
an additional arrhythmogenic role of the abnormal
mechanical forces induced by the hypercontractility
of the LV basal wall over fibrosis. The central role of
curling in arrhythmic MVP, as demonstrated by both
its direct (mechanical) and mediated (tissue abnor-
malities including by mechanical traction) effect may
suggest that the malignant MVP is mainly the result of
the unique properties determined by mechanical ab-
normalities in the mitral valve apparatus and adja-
cent myocardium.

Our study has demonstrated that arrhythmic MVP
patients, presenting PVBs with RBBB morphology,
have more pronounced anatomic and mechanical
abnormalities at the level of annulus, including
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paradoxical increase of the mitral annulus diameter
during systole, greater MAD, and higher prevalence of
curling.

THE ARRHYTHMOGENESIS IN MVP: THE INTERPLAY BETWEEN
STRETCH AND TISSUE HETEROGENICITY. Our data reinforce
the hypothesis that the mechanical traction and
myocardial stretch (expressed by curling) are directly
arrhythmogenic even in the absence of fibrosis. The
central role of hypercontractile state of LV basal
portion is also supported by the observation that MAD
alone per se has no direct effect on VA development
(Central Illustration). Interestingly, in the group of
arrhythmic MVP patients, the presence of severe VA
was the expression of a more pronounced abnormal
morphofunctional assessment, but not of a different
presence or amount of LGE. Patients with severe VAs
likely represent the subgroup at higher risk mostly
because their VAs are the expression of a more pro-
nounced localized mechanical abnormalities recog-
nized in the LV inferolateral region as early electrical
dysfunction.*®

Experimental studies have shown that increased
tension provoked by a prolapsing valve can induce a
reactive response in the suspensory apparatus (chor-
dae tendineae, annulus, and PMs) as well as regions
within the LV wall.”-®'° Induction of fibrosis and
inflammation likely commences at regions of highest
mechanical strain such as the papillary-chordal
junction.””' An animal model for MVP was tested
for regional fibrosis in areas that are most affected in
patients:?' this mouse (Dzip15'#®/*) recapitulated the
molecular and cellular changes observed in patients
with MVP and confirmed the replicated nature of LV
changes. These experimental observations support
the hypothesis that fibrosis represents a later stage of
the malignant disease process and that mechanisms
other than fibrosis per se serve as substrate for ma-
lignant arrhythmias in MVP and SCD.?" Moreover, the
progression on LGE development can also explain the
different range of LGE prevalence detected in
different studies (from 33% to 63%).'%**> These ob-
servations suggest that MVP-related mechanical ab-
normalities very likely play an important role in the
development of fibrosis.

THE ROLE OF MAD: REALLY ARRHYTHMIC? Recently,
MAD itself has been proposed as a determinant of VAs
in MVP;>! however, because VAs arise from the ven-
tricular myocardium, which is not histologically pre-
sent in the area of disjunction, the effect of MAD on
arrhythmias is likely indirect.*’ Mediation analysis
proposed in our study provides the evidence that
MAD itself is unable to cause directly RBBB
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arrhythmias, influencing arrhythmogenesis only
indirectly through LGE. In fact, MAD itself within the
first 10 years of follow-up was not linked to excess
mortality, because arrhythmia occurrence is often
delayed long after MVP and MAD diagnosis.”” Finally,
it has been recently suggested that the presence of
LGE itself is not able to provide arrhythmias, as evi-
denced in a recent study with MVP and different
grades of regurgitation, in which the incidence of
arrhythmias was evaluated by using loop-recorder,
and arrhythmias were present despite MAD.>3

CLINICAL IMPLICATIONS. The identification of sub-
jects with MVP at risk because of the presence of VAs
still represents a crucial clinical dilemma. On the ba-
sis of our results, the clinical profile of patients with
MVP without valve regurgitation needing more in-
depth evaluations are those experiencing VA with
RBBB morphology, indicating a more pronounced
mechanical and consequential tissue abnormalities.
Our study contributes to a better understanding of
the pathophysiologic explanation of the risk stratifi-
cation recently proposed by EHRA, also demon-
strating the clinical relevance of the so called severe
arrhythmias that are the expression of even more
pronounced morphofunctional alterations.?” Inter-
estingly, even if our own was not a survival follow-up
study, preliminary data indicate that all the unfa-
vorable events of our series of patients with MVP
occurred in those with severe VA with RBBB
morphology. As stated by EHRA Expert Consensus
Statement, the prognostic significance of the various
PVBs morphologies remains speculative, on the other
hand identification of RBBB morphology could be
believed crucial for the subsequent work-up.”” Our
study contributes to a better understanding of the
pathophysiology of the proposed risk stratification,
demonstrating also that the clinical relevance of the
so called severe arrhythmias is the expression of more
pronounced morphofunctional alterations (Table 3).
The main potentials of CMR in the identification of
patients with MVP at higher risk are represented by
its peculiar accuracy in assessing the entity of
morphologic and functional abnormalities (higher
than that offered by echocardiography) and the
unique capacity of identifying the presence of
myocardial tissue alterations. So, CMR should be
performed in patients with MVP and VAs with specific
morphology for more in-depth characterization and
quantification of anatomical, functional, and tissue
alterations. The demonstration that patients with
MVP and VAs with RBBB morphology present with
more pronounced morphological, mechanical, and
tissue alterations suggests that the mechanism of
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traction represents a source of arrhythmias, suggest-
ing the possibility for a surgery for reduce arrhythmic
burden in MVP.

STUDY LIMITATIONS. We performed a single-center
physiopathological study involving consecutive clas-
sical patients with MVP without valve incompetence.
Our center is a tertiary-level Centre for Cardiomyop-
athies and Sudden Death and the final enrolled pop-
ulation with the exclusion of valve regurgitation may
not represent the definite value of primary and sec-
ondary centers. Further multicenter studies,
enrolling a higher number of patients with MVP with
and without VAs with different PVBs morphologies,
including diurnal variation, are needed to confirm our
observations in order to design and validate a
possible new algorithm for risk assessment. This
study enrolled a “pure” MVP population with “clas-
sical” MVP without valve regurgitation. Further
studies are needed to evaluate arrhythmias in
different control sets, in particular, patients with
MVP with/without RBBB PVBs morphology with/
without mitral valve regurgitation to differentiate the
clinical meaning of substrates and prognosis. The
study was conducted before the publication of EHRA
Expert Consensus Statement,”’ thus explaining the
limited number of patients with an indication for ICD.

Despite the percentage of arrhythmic MVP patients
having a family history of SCD genetic data on
MVP-related gene mutations, screening was not
available in our population.”* The measurement of
CMR parameters was obtained in accordance with
previous studies;>”° however, definitive cutoffs and
consensus of MAD measurements are currently not
available.” Finally, measures of fibrosis other than
LGE as T,/T,/extracellular volume were not available
systematically.

CONCLUSIONS

In patients with MVP, the presence of VAs with a
RBBB morphology is associated with more severe

Perazzolo Marra et al
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mechanical and tissue abnormalities. Our data sug-
gest that abnormal contractility of the LV basal wall,
expressed by the typical systolic curling motion, has
both a direct and indirect (mediated by LGE) effect on
the genesis of PVBs. Finally, the effect of MAD on
RBBB PVBs is fully mediated by LGE, because no
direct effect on arrhythmogenesis was detected. In
the light of these observations, a more appropriate
utilization of CMR should be reserving this technique
to those patients with MVP with PVBs with RBBB
morphology.
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PERSPECTIVES

COMPETENCY IN PATIENT CARE AND PROCEDURAL
SKILLS: The presence of VAs with RBBB morphology, suggest-
ing the origin from the LV in patients with MVP and no mitral
regurgitation, is the expression of more pronounced morphologic
and mechanical mitral apparatus abnormalities as well as un-
derlying myocardial tissue abnormality.

TRANSLATIONAL OUTLOOK: Patients with MVP and VAs
with RBBB morphology present with more pronounced
morphological, mechanical, and tissue alterations that deserve to
be addressed with CMR. The mechanism of traction as a source of
arrhythmias suggests the possibility to use surgery to reduce
arrhythmic burden in MVP.
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