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Arrhythmic Mitral Valve Prolapse Phenotype: An Unsupervised Machine Learning
Analysis Using a Multicenter Cardiac MRI Registry

Article Type: Original Research.

Summary Statement
e In patients with mitral valve prolapse, cardiac MRI parameters pinpointing
degenerative changes of the mitral apparatus, left and right chamber remodeling and

myocardial fibrosis identified a phenotype at increased arrhythmic risk.

Key Points

e Unsupervised machine learning was applied to 474 patients with mitral valve prolapse
without moderate-severe mitral regurgitation or left ventricular dysfunction undergoing
cardiac MRI and clinical follow-up evaluating an arrhythmic endpoint (i.e.,
unexplained syncope, sustained ventricular tachycardia or sudden cardiac death).

e Among the two phenotypic clusters identified, cluster-2 patients (n=199/474, 42%) had
more severe mitral valve degeneration, left and right heart chamber remodeling, and
myocardial fibrosis than those in cluster-1; demographic and clinical features had
negligible contributions in differentiating the clusters.

e C(Cluster-2 patients showed a higher risk of developing the arrhythmic endpoint (HR:

3.91, 95% CI: 1.22-12.47) over a median follow-up of 3.3 years.
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Abbreviations

LGE: Late Gadolinium Enhancement;
LV: Left Ventricle;

MAD: Mitral Annulus Disjunction;
MVP: Mitral Valve Prolapse;

RV: Right Ventricle:

SCD: Sudden Cardiac Death;

VT: Ventricular Tachycardia.
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Abstract

Purpose: To use unsupervised machine learning to identify phenotypic clusters with
increased risk of arrhythmic mitral valve prolapse (MVP).

Materials and Methods: This retrospective study included patients with MVP without
significant mitral regurgitation or left ventricular (LV) dysfunction undergoing late gadolinium
enhancement (LGE) cardiac MRI between October 2007 and June 2020 in 15 European tertiary
centers. The study endpoint was a composite of sustained ventricular tachycardia, (aborted)-
sudden cardiac death, or unexplained syncope. Unsupervised data-driven hierarchical k-mean
algorithm was utilized to identify phenotypic clusters. The association between clusters and
the study endpoint was assessed by Cox proportional hazards model.

Results: Four-hundred-seventy-four patients (mean age, 47 + [SD] 16 years; 244 female, 230
male) Two phenotypic clusters were identified. Cluster-2 patients (n=199/474, 42%) had more
severe mitral valve degeneration (i.e., bi-leaflet MVP and leaflet displacement), left and right
heart chamber remodeling, and myocardial fibrosis by LGE cardiac MRI than those in cluster-
1. Demographic and clinical features (i.e., symptoms, arrhythmias at Holter monitoring) had
negligible contribution in differentiating the two clusters. Compared with cluster-1, the risk of
developing the study endpoint over a median follow-up of 39 months was significantly higher
in cluster-2 patients (hazard ratio: 3.79, 95% CI:1.19-12.12, p=0.024) after adjustment for LGE
extent.

Conclusion: Among patients with MVP without significant mitral regurgitation or LV
dysfunction, unsupervised machine learning enabled the identification of two phenotypic
clusters with distinct arrhythmic outcomes based primarily on cardiac MRI features. These
results encourage the use of in-depth imaging-based phenotyping for implementing arrhythmic
risk prediction in MVP.

Keywords: Cardiac MRI; Mitral Valve Prolapse; Cluster Analysis; Ventricular Arrhythmia;
Sudden Cardiac Death; Unsupervised Machine Learning.
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Introduction

Mitral valve prolapse (MVP) is the most common valvular disease, with a prevalence of 2-3%
in the general population and an overall good prognosis in the absence of significant mitral
regurgitation or left ventricular (LV) dysfunction.! This scenario is challenged by growing
evidence suggesting that a subset of patients with MVP is exposed to sustained ventricular
tachycardia (VT) and sudden cardiac death (SCD) despite the absence of moderate-to-severe
mitral regurgitation or LV dysfunction.? This entity is referred to as ‘arrhythmic MVP’ and
represents a conundrum for physicians given the difficulty in estimating the arrhythmic risk.
Recent cross-sectional studies identified some clinical and imaging features associated with the
arrhythmic phenotype,’ including mitral annulus disjunction (MAD), prolapse severity, and
myocardial fibrosis.>® However, the relative importance of each of these components in
compounding the arrhythmic risk remains uncertain. For instance, our group has recently
disputed the role of MAD as an arrhythmic maker highlighting, in contrast, the importance of
myocardial fibrosis as identified by late gadolinium enhancement (LGE) cardiac MRI.3

The multidimensionality and complexity of demographic, clinical and cardiac MRI features
hinder the in-depth characterization of MVP and, thereby, a meaningful identification of the
pro-arrthythmic features. One successful way to circumvent this limitation is the use of novel
machine learning techniques, such as unsupervised hypothesis-free machine learning data-
driven analysis. This approach has been successfully used in identifying new phenotypes in
complex and heterogeneous diseases such as chronic heart failure,’ dilated cardiomyopathy,'°
and Parkinson disease.!!

In this study, we leveraged unsupervised machine learning to interrogate a multidimensional
and complex dataset from an international multicenter registry of patients with MVP studied
by cardiac MRI to identify novel phenotypic features associated with the arrhythmic outcome

on longitudinal analysis.
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Materials and Methods

Study design

This study originates from an international multicenter longitudinal retrospective registry
including patients with MVP without significant mitral regurgitation or LV dysfunction studied
by cardiac MRI.?> The ethics committee of the 15 included centers approved the study in
agreement with the ethics approval issued at the leading center (King’s College London;

research ethics committee no. 15/NS/0030). All patients provided written informed consent.

Study sample

Patient selection and inclusion in the registry have been previously described elsewhere.3
Briefly, patients were included if they met the following criteria: i) aged >18 years; ii)) MVP
was present at cardiac MRI; iii) clinical information and continuous electrocardiogram (ECG)
monitoring were available within 3 months from cardiac MRI; iv) LGE imaging was carried
out. Exclusion criteria were as follows: 1) cardiomyopathy; i1) LV ejection fraction <40%; iii)
ischemic heart-disease; iv) congenital heart-disease; v) inflammatory heart disease; vi) mitral
regurgitation grade > moderate (as per transthoracic echocardiography or mitral regurgitation
fraction >20% at cardiac MRI); vii) participation in competitive sport. Patients with LV
ejection fraction <55% but >40% were included in the study given that mildly reduced systolic

function can be associated with MVP in the absence of significant mitral regurgitation.!?!3

Cardiac MRI Protocol and Analysis

The cardiac MRI protocol and image analysis have been previously described.? All patient
scans were carried out on a 1.5-Tesla system using dedicated cardiac software, phased-array
surface receiver coil, and electrocardiogram triggering. Protocol and sequence parameters were

previously described.? Briefly, ventricular volumes, mass, and function as well as atrial areas
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were analyzed according to the current Society of Cardiovascular Magnetic Resonance
recommendations.'* MVP was defined as >2.0-mm displacement of the mitral valve leaflet into
the left atrium on the cine 3-chamber image at end-systole.!> MAD was defined as an anatomic
variant of the posterior mitral annulus resulting in a separation (>2.0 mm) between the left
atrial wall/mitral-valve junction and LV inferolateral wall on the cine 3-chamber image at end-
systole.*> On post-contrast images, LGE was deemed present in the LV walls or papillary
muscles if at least one of the following conditions was fulfilled: i) LGE visible in two
orthogonal views; i) LGE visible on the same image orientation after swapping phase-
frequency direction.!'® When present in the LV walls, LGE extent was quantified as
myocardium with signal intensity >5 standard deviations than normal myocardium.* The signal
intensity of the normal (nulled) myocardium was measured by manually drawing a region of
interest in the non-enhanced myocardium devoid of artifacts. LGE was expressed as a

percentage of LV mass (%LV).

Variables used for cluster analyses

generating phenotypic clusters based on demographic, clinical, and Cardiac MRI features at
baseline. There were 32 demographic, clinical, and cardiac MRI variables for analyses
(Supplementary Table 1). History of malignant ventricular arrhythmias (i.e., sustained VT,
ventricular fibrillation or aborted SCD) at baseline was excluded given their well-established
adverse prognostic impact!” necessitating implantable cardioverter defibrillator for secondary
prevention of SCD.” To improve the cluster analysis and mitigate collinearity, 5 highly
correlated variables were excluded based on clinical judgement/importance (Supplementary
Figure 1 shows the correlation). The remaining 27 variables were used for the cluster analysis
(Supplementary Table 1). Finally, a sensitivity analysis was carried out by excluding patients

presenting with malignant ventricular arrhythmias (n=18) at baseline and including the baseline
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burden of ventricular arrhythmias at continuous ECG monitoring (ventricular ectopic
beats<10,000/24 hours versus ventricular ectopic beats>10,000/24 hours and/or at least one

episode of non-sustained ventricular tachycardia)? in the cluster analysis.

Cluster generation

A combination of approaches was used to determine the optimal number of clusters (Elbow
method, Gap statistics, and using the NDClust package in R version 4.2.1), (Supplementary
Figure 2). The NbClust package uses 30 different clustering indices to determine the optimal
number of clusters based on the highest frequency of selection from all 30 indices.'® To identify
phenotypic groups of patients (i.e., clusters) with similar clinical and cardiac MRI
characteristics, a combined k-means and hierarchical agglomerative approach, called
hierarchical k-means clustering, was used.!® This hierarchical k-means process allows for the
k-means—based approach to speed up the traditional k-means algorithm in both training and
query phases, which allows for a much larger number of centroids to be used and in turn leads
to much better learning.!® In the process, K is selected as the branching factor, which defines
the number of clusters at each level of the clustering hierarchy. To ensure the robustness of the
clusters identified, 1,000 initializations (i.e.,, random starting points) were carried out. The
screen plot for the principal component analysis dimensions was generated (Supplementary

Figure 3). A gradient boosting model was applied, using the h20 package (http:/www.h20.ai),

to identify as well as rank the variables that predict each of the identified phenotypic clusters.
SHapley Additive exPlanations (SHAP) were used to assess the discriminative influence of the

variables for each of the identified clusters.2°

Outcome measures

820 Jorie Blvd., Suite 200, Oak Brook, IL, 60523, 630-481-1071, rcti@rsna.org
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The study endpoint was a composite of sustained VT, (aborted)-SCD, or unexplained syncope
at follow-up. The clinical follow-up started at the cardiac MRI date and lasted until the common
closing date of June 2020 (minimum and maximum intervals were 6 months and 156 months,
respectively). Patients with non-cardiac death were censored at the event date. Events were
adjudicated by two experienced cardiologists (20 and 23 years of experience) who were blinded
to cardiac MRI results but had full access to clinical records and contacted the treating
physicians whenever needed. A consensus was reached between the two cardiologists in case

of disagreement.

Statistical analysis

For each cluster, descriptive characteristics are provided, reporting proportion (%) for
categorical variables and mean (standard deviation) or median (interquartile range) for
continuous variables. Kruskal-Wallis and y-squared tests were used to compare across clusters
for continuous and categorical data, respectively. Incidence rates per 1,000 person-years with
95% confidence intervals (CI) were provided. Kaplan-Meier curves were used to plot the event-
free survival of the two phenotypic clusters identified; log-rank test was used to compare the
difference between the event-free survivals between the two clusters. Multivariable Cox
proportional hazards analysis was performed to determine the association between the clusters
and risk of the study endpoint. The hazard ratios (HR) with 95% CI were reported. The
proportional hazards assumption was assessed using Schoenfeld residuals. All statistical
analyses were performed using Stata SE version 17 (StataCorp LP) and R version 4.2.1. An

alpha level of 0.05 was used. All tests were two-tailed.

820 Jorie Blvd., Suite 200, Oak Brook, IL, 60523, 630-481-1071, rcti@rsna.org

Page 12 of 47



Page 13 of 47

oNOYTULT D WN =

Radiology: Cardiothoracic Imaging

Results

Study sample characteristics

Four hundred and seventy-four patients with isolated MVP were included in the study. The
mean age was 47 + 16 years, with 244/474 (51.5%) female patients and 230/474 (48.5%) male
patients. Two phenotypic clusters were identified. The dendrogram and principal component

analysis dimensions for the identified clusters are shown in Figure 1.

Phenotypic clusters

Table 1 summarizes the two clusters’ main demographic, clinical, and cardiac MRI
characteristics. Patients in the two clusters showed similar age and sex distribution. Cluster-2
included patients with a higher prevalence of bi-leaflet prolapse and MAD, more pronounced
anterior or posterior leaflet displacement, and MAD longitudinal extent as compared with
patients in cluster-1. The accentuated structural and functional mitral valve derangements in
cluster-2 patients were associated with a higher prevalence and extent of LGE compared with
cluster-1 patients. Finally, patients in cluster-2 had larger biventricular and atrial dimensions

than cluster-1.

Grading the importance of variables for clusters

Variables contributed to the model’s prediction of clusters with different magnitudes (feature
importance) and directions (sign). The contributions are accounted for by Shapley values
(Figure 2). Using a gradient boosting model, bi-leaflet MVP, posterior and anterior leaflets
displacement, and left and right end-diastolic volumes and LGE extent were identified as the

most important variables for predicting phenotypic clusters.

Phenotypic clusters and clinical outcomes
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During a median follow-up of 39 months (6 — 156 months), 18 patients experienced the study
endpoint. The overall incidence rate was 12.0 per 1.000 person-years (95% CI: 7.6 — 19.1).
Cluster-1 had a lower incidence rate (6.4 per 1000 person-years; 95% CI: 2.9 — 14.2) compared
with cluster-2 (21.5 per 1,000 person-years; 95% CI: 12.2 —37.9), yielding an HR 0f 5.30 (95%
CI: 1.79-15.74). Given the prognostic importance of LGE in the prior study,? we adjusted the
Cox proportional hazards regression analysis by LGE extent. Patients in cluster-2 had a
significantly higher risk of the study endpoint than those in cluster-1 after adjusting for LGE

extent (HR: 3.79; 95% CI: 1.19 — 12.12; p=0.024) (Table 2, Figure 3).

Sensitivity Analysis

In the sensitivity analysis sample (n=456), two phenotypic clusters were identified mirroring
the results of the core analysis including the whole study sample. Ventricular ectopic beats
burden and/or non-sustained ventricular tachycardia by continuous ECG monitoring at baseline
were similar between the two clusters (Supplementary Table 2). Of importance, ECG
monitoring had a negligible contribution in the identification of clusters based on Shapley
analysis (Supplementary Figure 4). Cox proportional hazards analysis confirmed that cluster-
2 patients had higher likelihood of experiencing the study endpoint during follow-up than those
in the cluster-1 after adjusting for LGE extent (HR: 4.03; 95% CI:1.06-15.32; p=0.041)

(Supplementary Table 3, Supplementary Figure 5).

Discussion

LV dysfunction and moderate-to-severe mitral regurgitation are well-established risk factors
for adverse cardiovascular events in patients with MVP.121-23 However, only 1 out of 5 cases
of SCD-related with MVP occurs in patients with severe mitral regurgitation 2, rendering the

characterization of arrhythmic MVP phenotype elusive. In this multicenter registry including
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474 patients with isolated MVP without significant LV dysfunction or mitral regurgitation, we
utilized data-driven unsupervised machine learning to identify meaningful non-apriori features
underpinning the arrhythmic MVP phenotype. This enabled us to identify two phenotypic
clusters based on demographic, clinical, and cardiac MRI variables. Cluster-2 patients had
more severe MVP, as epitomized by more pronounced atrial leaflet displacement and higher
prevalence of bi-leaflet prolapse, larger ventricles and atria as well as higher prevalence and
extent of myocardial fibrosis as compared with patients in cluster-1. Of importance, cluster-2
patients had a four times greater likelihood of experiencing (aborted)-SCD, sustained VT, or
unexplained syncope during a median follow-up of more than three years (Figure 4).

Our findings indicate that the sole presence of MVP is unlikely to harbinger an untoward
prognosis unless associated with advanced degenerative processes of mitral apparatus coupled
with chambers dilatation and myocardial fibrosis. Patients with MVP and Cluster-1
characteristics, including single-leaflet prolapse of limited entity, no or limited heart chambers’
dilation, and no or limited myocardial fibrosis by LGE, showed an extremely low incidence of
adverse outcomes.

The severity of MVP, underpinned as bi-leaflet prolapse or displacement of the mitral leaflets,
was the most important feature in cluster-2. The mechanical stress in the papillary muscles and
adjacent walls brings about electrophysiological derangements encompassing a decrease of
action potential duration and stretch-mediated early after depolarization?4?3, and favors, in
parallel, the development of myocardial fibrosis.?6 In turn, myocardial fibrosis may act as
substrate for re-entry ventricular arrhythmias 27, and unsurprisingly LGE was a key feature in
the cluster analysis, with higher prevalence and greater extent in cluster-2 than cluster-1
patients. This result is in keeping with our and other groups’ findings highlighting the
association between myocardial fibrosis and adverse clinical outcome.’* However, given the

low incidence of clinical outcomes and relatively high prevalence of myocardial fibrosis by
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LGE at baseline, this feature alone is unlikely to identify patients at high risk of SCD. By
demonstrating an independent prognostic value of cluster analysis over LGE in patients with
MVP, our data encourage a more holistic and granular approach integrating the myocardial
fibrosis with other morpho-functional parameters such as MVP severity and chamber dilatation
to better identify MVP patients at highetned risk of SCD. In our study, the presence of MAD
had a negligible impact in cluster discrimination. This finding aligns with recent evidence from
our and other groups which did not find any prognostic value of MAD in patients with MVP
or healthy individuals harboring this condition2® and diverge from earlier studies where MAD
was associated with worse outcome.’ This discripancy likely reflects differences in study
samples and method to asses and define MAD.>282%30 [t is worth noting that the longitudinal
extent of MAD, which was greater in Cluster-2, contributed to cluster differentiation. This
result is consonant with previous studies showing an association between MAD longitudinal
length greater than 8.5 mm?' or 10 mm?? and ventricular arrhythmias. This evidence holds
pathophysiological plausibility, given that a higher degree of prolapse and/or MAD concurs to
mechanical tension on the papillary muscles and adjacent myocardium, prompting
electrophysiocal derangements and myocardial fibrosis.?®

Finally, cluster-2 patients had larger ventricles and atria than cluster-1 patients. In patients with
MVP but less than moderate mitral regurgitation, LV and atrial dilatation have been reported
in prior studies.'?!3 It remains uncertain whether these abnormalities result from a genetically
mediated process? or from a volume overload secondary to the ‘third chamber’ effect, which
refers to the formation of a functional ‘chamber’ underlying the ventricular side of the
prolapsing mitral leaflets.!> In our study, the prevalence of bi-leaflet MVP and leaflet
displacement magnitude were associated with LV and atrial dilatation. We also found that right
ventricular (RV) dilatation was a main feature differentiating cluster-2 from cluster-1 patients.

Large studies integrating cardiac MRI and genome-wide-association analysis may help to
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clarify the underpinnings of left and right chamber remodeling and dysfunction in patients with
MVP.

Unlike cardiac MRI-based features, demographic and clinical features had a low or negligible
impact in cluster analysis, thus supporting the use of advanced imaging-based phenotyping for
MVP. This finding was also supported by the sensitivity analysis which showed a negligible
contribution of ECG monitoring in the identification of the phenotypic clusters. Of note, RV
dilatation and myocardial fibrosis were two key features in cluster discrimination, and both can
be accurately detected and quantified by cardiac MRI. We acknowledge that cardiac MRI
cannot be routinely performed in unselected patients with MVP given its limited availability
and relatively high costs. However, one may argue that this imaging modality may be
implemented in a subset of patients harboring some ‘red-flag’3* features at transthoracic
echocardiography, such as bi-leaflet prolapse and/or severe prolapsing leaflets. Dedicated large
prospective longitudinal cohort studies incorporating transthoracic echocardiography, cardiac
MRI, continuous cardiac rhythm monitoring, and health economics are warranted to delineate
the most cost-effective strategy in patients with MVP without hemodynamically significant

mitral regurgitation and/or severe LV dysfunction.

Our study had several limitations. First, we included patients undergoing clinically indicated
cardiac MRI at tertiary centers and thus cannot exclude selection bias. The large sample size,
including consecutive patients with isolated MVP with no co-existent cardiopathy,
comorbidities, significant LV dysfunction or mitral regurgitation, and no restrictions on
symptoms’ presentations, together with the use of an unbiased analysis approach with artificial
intelligence, increases the robustness of the study findings compared with previous
investigations.*> More extensive studies, including those with patients from non-tertiary

centers, remain necessary to confirm our data. With this regard, our research methods are based
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on routine and conventional cardiac MRI protocols and post-processing; therefore, they are
easily reproducible and potentially have immediate clinical applicability. Second, we were not
able to investigate some imaging- and non-imaging-based parameters previously proposed as
markers of ventricular arrhythmias in MVP, such as mitral leaflet thickness.® Moreover, we
were not able to incorporate promising cardiac MRI parameters in MVP such as T1-mapping®
or global longitudinal strain’® given that they were not implemented at the time of cardiac MRI
examinations for most of the patients. Moreover, we were not able to include ventricular
repolarization abnormalities and sites of origin of ventricular ectopic beats in our analysis given
that 12-lead ECG recording at the study outset was not available for most of the patients.*3’
Along this line, continuous ECG monitoring data did not include some features with potential
prognostic implications such as rapid non-sustained ventricular tachycardia (>180 bpm) or
polymorphic ventricular ectopic beats.” Finally, cluster analysis may be limited by the sample

size of the dataset and number of clinical features used to determine cluster association.

In conclusion, we identified two distinct phenotypic clusters in patients with MVP without
hemodynamically significant mitral regurgitation or LV dysfunction. Cluster-2 patients had
more extensive mitral valve degenerative abnormalities, left and right heart chamber
remodeling, and myocardial fibrosis than cluster-1 patients, resulting in a nearly 4-fold
increased risk of developing (aborted)-SCD, sustained VT or unexplained syncope over more
than three years follow-up. By contrast, demographic and clinical features had negligible
contribution in differentiating the two clusters, ultimately supporting the role of in-depth

phenotyping by advanced cardiovascular imaging for arrhythmic risk stratification.
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: Table 1. Patient Baseline Characteristics Stratified by Clusters

; T_otal C_luster 1 (iluster 2 p-values
2 (n=474) (n=275/474; (n=199/474;

5 58.0%) 42.0%)

6 Age (years) 47.0+15.9 46.6 £16.0 47.5+15.8 0.660
; Sex 0.633
9 Female 244/474 (51.5) 139/275 (50.6) 105/199 (52.8)

:? Male 230/474 (48.5) 136/275 (49.5) 94/199 (47.2)

12 Body mass index (kg/m?) 23.1+3.6 23.5+3.7 224435 0.001
:z Active smoking 19/474 (4.0) 8/275 (2.9) 11/199 (5.5) 0.151
15 Diabetes 5/474 (1.1) 3/275 (1.1) 2/199 (1.0) 0.928
16 Family history of SCD 20/474 (4.2) 17/275 (6.2) 3/199 (1.5) 0.012
1; Hyperlipidemia 60/474 (12.7) 45/275 (16.4) 15/199 (7.5) 0.004
19 Hypertension 72/474 (15.2) 51/275 (18.6) 21/199 (10.6) 0.017
;? Mitral valve prolapse <0.001
22 Single leaflet 249/474 (52.5) 223/275 (81.1) 26/199 (13.1)

;i Bi leaflet 225/474 (47.5) 52/275 (18.9) 173/199 (86.9)

25 Anterior leaflet displacement (mm) 2(0-4.5) 0(0-2) 493B-7) <0.001
;? Posterior leaflet displacement (mm) 43-7 3.1(25-4) 7(4.4-9.6) <0.001
28 Left atrium area i (cm?/m?) 12.6 £3.3 11.5+2.6 14.1+3.6 0.0001
;g LGE papillary only 6/474 (1.3) 0 6 (3.0) 0.004
31 LGE pattern <0.001
33 None 370/474 (78.1) 254/275 (92.4) 116/199 (58.3)

32 Mid-wall 68/474 (14.4) 14/275 (5.1) 54/199 (27.1)

35 Subendocardial/transmural 7/474 (1.5) 0 7/199 (3.5)

g? Patchy (excluding RV/LV insertions) 29/474 (6.1) 22/275 (11.1) 7/199 (2.6)

38 LGE extent (% LV mass) 0 0 0(0-1.9) <0.001
ig LVEDVi (ml/m?) 88.4 +22.1 79.7+18.1 100.5+21.4 <0.001
41 LVEF (%) 59.9+7.1 61.1+7.1 58.3+6.8 <0.001
2; LVMi (g/m?) 56.7+15.9 55.0x 14.6 59.0+£17.3 0.027
44 MAD presence 322/474 (67.9) 174/275 (63.3) 148/199 (74.4) 0.011
22 MAD extent (mm) 3.5(0-6) 2.7(0-4.1) 6(0-18) <0.001
47 Right atrium area i (cm?/m?) 11.0£2.6 104+2.5 11.7+2.5 <0.001
2: RVEDVi (ml/m?) 83.6+19.2 774+ 17.2 92.2+18.6 <0.001
50 RVEF (%) 62.1+£6.9 62472 61.6+64 0.191
g; Symptoms <0.001
53 Asymptomatic 186/474 (39.2) 91/275 (33.1) 95/199 (47.4)

gj Chest Pain 49/474 (10.3) 39/275 (14.2) 10/199 (5.0)

56 Palpitations 177/474 (37.3) 113/275 (41.1) 64/199 (32.2)

g; Dyspnea (NYHA-class: 1) 27/474 (5.7) 12/275 (4.4) 15/199 (7.5)

59 Unexplained syncope 35/474 (7.4) 20/275 (7.3) 15/199 (7.5)

60

Note.—Continuous data reported as mean = SD or median (IQR), categorical data reported as proportion (percentage).
p-values obtained from Kruskal-Wallis and y-squared tests. i: indexed for body surface area; LGE: late-gadolinium-
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enhancement; LVEDV: left ventricular end-diastolic-volume; LVEF: left ventricular ejection-fraction; LVM: left

ventricular mass; MAD: mitral annulus disjunction; RVEDV: right ventricular end-diastolic-volume; RVEF: right
ventricular ejection-fraction; SCD: sudden cardiac death.
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Table 2 Association between the phenotypic clusters and risk of the study endpoint
Number of Incidence rate (95% Unadjusted HR (95% Adjusted HR
Study endpoint events CI) CDh p- (95% CI) p-value
value
Total (Cluster 1 & 18 12.0 (7.6 — 19.1)
2)
Cluster 1 6 6.4(29-14.2) Reference Reference
Cluster 2 12 21.5(12.2-37.9) 5.30 (1.79 — 15.74) 0.003 3.79 (1.19 - 0.024

12.12)

Note.— Incidence rate per 1,000 person-years. Cox proportional hazard regression model with hazard ratio (HR) reported. Adjusted for late gadolinium
enhancement extent (percentage of left ventricular mass). The study endpoint was defined as a composite of either aborted sudden cardiac death (SCD)

or SCD, sustained ventricular tachycardia and unexplained syncope at follow-up.
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Figure Legends

Figure 1. Plots showing the grouping of patients based on cluster analysis.

a. Dendrogram showing the hierarchical grouping of patients (blue represents cluster 1 and red
represents cluster 2).

b. Plot showing the grouping of patients by principal components (blue represents cluster 1 and
red represents cluster 2).

Figure 2. Variable importance plot for identifying the phenotypic clusters. a) Cluster
1. b) Cluster 2. SHapley Additive exPlanations (SHAP) summary plot combines variable
(feature) importance with variable effects. Variables are stacked vertically in descending order
of importance. Each row plot is a summary of the SHAP dependence plot of each variable.
Each dot represents a patient's SHAP value plotted horizontally. The position on the y-axis is
determined by the variable (feature) and on the x-axis by the Shapley value. The color
represents the value from low (blue) to high (red). If red points are plotted on the lower side

and blue dots are plotted on the higher side, then the risk becomes higher as the value increases.

i: indexed for body surface area; LGE: late-gadolinium-enhancement; LV: left ventricle;
LVEDV: left ventricular end-diastolic-volume; LVM: left ventricular mass; MAD: mitral
annulus disjunction; MVP: mitral valve prolapse: RV: right ventricle; RVEDV: right
ventricular end-diastolic-volume; SCD: sudden cardiac death.

Figure 3. Kaplan-Meier plot for the study endpoint according to clusters.

Survival free from composite endpoint of sustained ventricular tachycardia, (aborted) sudden
cardiac death, or unexplained syncope. P =0.001 by log-rank test.

Figure 4. Underpinnings of Arrhythmic Mitral Valve Prolapse by

Unsupervised Machine Learning.
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Among 474 patients with isolated mitral valve prolapse (MVP) undergoing late gadolinium
enhancement (LGE) cardiac MRI (CMR), unsupervised machine learning identified two
phenotypic clusters (/eft). Cluster-2 patients showed a higher prevalence of bi-leaflet MVP,
greater mitral leaflets displacements, ventricular and atrial sizes, and LGE and mitral annulus
disjunction (MAD) extents (center). Cluster-2 patients had a 4-fold increased risk of sustained
ventricular tachycardia, (aborted) sudden cardiac death (SCD), or unexplained syncope at

follow-up (right).

SupplementaryNote: Figure 1. Correlations among baseline variables.

Twenty-five most relevant ranked cross-correlations with p-value < 0.05. Negative
correlations are represented in red and positive correlations in blue.

Supplementary Figure 2. Visualizing the optimal number of clusters.

A) Optimal number of clusters based on NbClust package. B) Optimal number if clusters
based on Gap statistic method. C) Optimal number of clusters based on Elbow method.
Supplementary Figure 3. Screen plot.

Principal components 1 and 2 explains 24.76% of the variability in the data.

Supplementary Figure 4. Variable importance plot for identifying the phenotypic
clusters in patients without malignant ventricular arrhythmias at baseline.

a) Cluster 1. b) Cluster 2. Shapley Additive exPlanations (SHAP) summary plot combines
variable (feature) importance with variable effects. Each point on the summary plot is a Shapley
value for an individual. The position on the y-axis is determined by the variable (feature) and
on the x-axis by the Shapley value. The color represents the value from low to high. The

variables (features) are ordered according to importance.
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i: indexed for body surface area; LGE: late-gadolinium-enhancement; LV: left ventricle;
LVEDV: left ventricular end-diastolic-volume; LVM: left ventricular mass; MAD: mitral
annulus disjunction; MVP: mitral valve prolapse: RV: right ventricle, RVEDV: right
ventricular end-diastolic-volume; SCD: sudden cardiac death; Ventricular arrhythmia:

Ventricular ectopic beats>10,000/24 h and/or non-sustained ventricular tachycardia at baseline.

Supplementary Figure 5. Kaplan-Meier plot for the study endpoint according to clusters
in patients without malignant ventricular arrhythmias at baseline

Survival free from composite endpoint of sustained ventricular tachycardia, (aborted) sudden
cardiac death, or unexplained syncope in patients without malignant ventricular arrhythmias

at baseline. P =0.005 by log-rank test.
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Supplementary Table 1. List of baseline variables selected in the study population

Variable name

Variable definition

Active Smoking

Active smoker

Age

Age at baseline (years)

Anterior leaflet displacement

Systolic atrial displacement of the anterior mitral leaflet (mm)

Anterior leaflet length

Length of the anterior mitral leaflet (mm)

BMI Body mass index (kg/m?)

Diabetes History of diabetes mellitus

Family history of SCD Family history of sudden cardiac death
Hyperlipidemia History of hyperlipidaemia
Hypertension History of hypertension

Leaflets involved*®

Posterior, Anterior or bi-leaflet prolapse

Left atrium area®

Left atrial area (cm?)

Left atrium area i

Left atrial area indexed for BSA (cm?*/m?)

LGE extent Late gadolinium enhancement extent (% of left ventricular mass)
LGE papillary only Late gadolinium enhancement only in the papillary muscles
LGE pattern Late gadolinium enhancement - pattern of distribution

LGE segments®

Number of AHA segments showing late gadolinium enhancement

LVEDVi Left ventricular end-diastolic volume indexed for BSA (ml/m?)
LVEF Left ventricular ejection fraction (%)

LVESVi* Left ventricular end-systolic volume indexed for BSA (ml/m?)
LVMi Left ventricular mass indexed for BSA (g/m?)

MAD presence Presence of mitral annulus disjunction

MAD extent Longitudinal extent of mitral annulus disjunction (mm)

MVP (bi-leaflet vs. single leaflet)

Bi-leaflet mitral valve prolapse

Posterior leaflet displacement

Systolic atrial displacement of the posterior mitral leaflet (mm)

Posterior leaflet lenght

Posterior mitral leaflet length (mm)

Right atrium_area §

Right atrial area indexed for BSA (cm?/m?)

Right atrium_area*®

Right atrial area (cm?)

RVEDVi Right ventricular end-diastolic volume indexed for BSA (ml/m?)
RVEF Right ventricular ejection fraction (%)

RVESVi Right ventricular end-systolic volume indexed for BSA (ml/m?)
Sex Sex

Symptoms Asymptomatic, chest pain, palpitations, New York Heart

Association >2

* Excluded from cluster analysis; BSA: body surface area (m?)
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1
2
i Supplementary Table 2. Baseline characteristics stratified by clusters in the sensitivity analysis
Z Total Cluster 1 Cluster 2 p-values
7 (n = 456) (n=273; 59.9%) (n=183; 40.1%)
2 Age (years) 47.0+15.9 46.7+16.0 47.3+15.6 0.821
10 Sex, female [n, (%)] 220 (48.3) 136 (49.8) 84 (45.9) 0.412
1; Body mass index (kg/m?) 23.0£3.6 235+3.6 222+3.4 <0.001
13 Active smoking 18 (4.0) 9(3.3) 9 (4.9) 0.383
1;‘ Diabetes 5(1.1) 3(1.1) 2(1.1) 0.995
16 Family history of SCD 19 (4.2) 16 (5.9) 3(1.6) 0.027
1Z Hyperlipidemia 59 (12.9) 45 (16.5) 14 (7.7) 0.006
1; Hypertension 67 (14.7) 48 (17.6) 19 (10.4) 0.033
20 Mitral valve prolapse <0.001
;; Single leaflet 243 (53.3) 214 (78.4) 29 (15.9)
23 Bi leaflet 213 (46.7) 59 (21.6) 154 (84.2)
;g Anterior leaflet displacement (mm) 2(0-4.5) 0(0-2) 493-17) <0.001
26 Posterior leaflet displacement (mm) 43-7) 3.1(2.5-4) 7(4.2-9.6) <0.001
;2 Left atrium area i (cm?/m2) 12.6+3.3 11.5+2.6 14.1+3.6 <0.001
29 LGE papillary only 6 (1.3) 0 6(3.3) 0.003
g? LGE pattern <0.001
32 None 362 (79.4) 251 (91.9) 111 (60.7)
33 Mid-wall 59 (12.9) 14 (5.1) 45 (24.6)
gg Subendocardial/transmural 7(1.5) 0 7 (3.8)
36 Patchy (excluding RV/LV insertions) 28 (6.1) 8(2.9) 20 (10.9)
2273' LGE extent (% LV mass) 0 0 0(0-1.5) <0.001
39 LV-EDVi (ml/m?) 88.3+£22.0 792+ 17.7 101.7 £ 20.8 <0.001
2(1) LV-EF (%) 60.0+7.1 61.3+7.1 58.1+6.7 <0.001
42 LVMi 56.6 £ 15.7 544+ 142 60.0+17.2 0.002
ji MAD presence 309 (67.8) 173 (63.4) 136 (74.3) 0.014
45 MAD extent (mm) 3.5(0-6) 2.7(0-4.1) 6(0-8) <0.001
j? Right atrium area i (cm?m?) 11.0+2.5 10.4+2.5 11.8+2.4 <0.001
48 RV-EDVi (ml/m?) 83.6 £19.2 76.9 +16.7 93.6 £ 18.3 <0.001
:g RV-EF (%) 62.1+7.0 62.6+7.1 61.4+6.6 0.047
51 Symptoms 0.001
?; Asymptomatic 179 (39.3) 90 (33.0) 89 (48.6)
54 Chest Pain 48 (10.5) 39 (14.3) 9 (4.9)
gg Palpitations 172 (37.7) 112 (41.0) 60 (32.8)
57 Dyspnea (NYHA-class: 1) 26 (5.7) 15 (5.5) 11 (6.0)
gg Unexplained syncope 31(6.8) 17 (6.2) 14 (7.7)
60 Ventricular arrhythmias at ECG 85 (18.6) 46 (16.9) 39 (21.3) 0.230
monitoring (VEBs >10,000/24 h and/or
NSVT)
26
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EDV: end-diastolic volume; EF: ejection fraction; i: indexed for body surface area; LGE: late-gadolinium-
enhancement; MAD: mitral annulus disjunction; LV: left ventricle; LVM — left ventricular mass; NSVT: non-
sustained ventricular tachycardia; RV: right ventricle; SCD: sudden cardiac death; VEBs: ventricular ectopic
beats.

p-values obtained from Kruskal-Wallis and y-squared tests.
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Supplementary Table 3. The association between the phenotypic clusters and risk of the study endpoint in patients without malignant ventricular
arrhythmias at baseline

Number of Incidence rate Unadjusted HR Adjusted HR
Study endpoint events (95% CI) p-value (95% CI) p-value
Total (Cluster 1 & 2) 13 8.97 (5.21 — 15.45)
Cluster 1 5 5.33(2.22-12.81) Reference Reference
Cluster 2 8 15.65 (7.82 —31.28) 5.18 (1.47-18.19) 0.010 4.03 (1.06 — 15.32) 0.041

CI — confidence interval

Incidence rate per 1,000 person-years.

Cox proportional hazard regression model with hazard ratio (HR) reported.

Adjusted for late gadolinium enhancement extent (percentage of left ventricular mass).

The study endpoint was defined as a composite of either aborted sudden cardiac death (SCD) or SCD, sustained ventricular tachycardia and unexplained syncope
at follow-up.
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Patients in study cohort (n=474)

Figure 1a. Plots showing the grouping of patients based on cluster analysis.
26 a. Dendrogram showing the hierarchical grouping of patients (blue represents cluster 1 and red represents
27 cluster 2).
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Figure 1b. Plots showing the grouping of patients based on cluster analysis.
b. Plot showing the grouping of patients by principal components (blue represents cluster 1 and red
represents cluster 2).
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Figure 2a. Variable importance plot for identifying the phenotypic clusters. a) Cluster 1. SHapley Additive
exPlanations (SHAP) summary plot combines variable (feature) importance with variable effects. Variables
are stacked vertically in descending order of importance. Each row plot is a summary of the SHAP
dependence plot of each variable. Each dot represents a patient's SHAP value plotted horizontally. The
position on the y-axis is determined by the variable (feature) and on the x-axis by the Shapley value. The
color represents the value from low (blue) to high (red). If red points are plotted on the lower side and blue
dots are plotted on the higher side, then the risk becomes higher as the value increases.

i: indexed for body surface area; LGE: late-gadolinium-enhancement; LV: left ventricle; LVEDV: left
ventricular end-diastolic-volume; LVM: left ventricular mass; MAD: mitral annulus disjunction; MVP: mitral
valve prolapse: RV: right ventricle; RVEDV: right ventricular end-diastolic-volume; SCD: sudden cardiac
death.
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Figure 2 (b). Variable importance plot for identifying the phenotypic clusters. b) Cluster 2. SHapley Additive
exPlanations (SHAP) summary plot combines variable (feature) importance with variable effects. Variables
are stacked vertically in descending order of importance. Each row plot is a summary of the SHAP
dependence plot of each variable. Each dot represents a patient's SHAP value plotted horizontally. The
position on the y-axis is determined by the variable (feature) and on the x-axis by the Shapley value. The
color represents the value from low (blue) to high (red). If red points are plotted on the lower side and blue
dots are plotted on the higher side, then the risk becomes higher as the value increases.

i: indexed for body surface area; LGE: late-gadolinium-enhancement; LV: left ventricle; LVEDV: left
ventricular end-diastolic-volume; LVM: left ventricular mass; MAD: mitral annulus disjunction; MVP: mitral

valve prolapse: RV: right ventricle; RVEDV: right ventricular end-diastolic-volume; SCD: sudden cardiac
death.
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22 Follow-up time (years)

Number at risk:
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25 Cluster 2 199 180 139 102 23 12
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30 Figure 3. Kaplan-Meier plot for the study endpoint according to clusters.
31 Survival free from composite endpoint of sustained ventricular tachycardia, (aborted) sudden cardiac death,
32 or unexplained syncope. P =0.001 by log-rank test.
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47117 years
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Clusters characteristics Clusters follow-up
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Ventricular end-
diastolic volume
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risk of sustained
ventricular tachycardia,
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Figure 4. Underpinnings of Arrhythmic Mitral Valve Prolapse by

Unsupervised Machine Learning.

Among 474 patients with isolated mitral valve prolapse (MVP) undergoing late gadolinium enhancement
(LGE) cardiac MRI (CMR), unsupervised machine learning identified two phenotypic clusters (left). Cluster-2
patients showed a higher prevalence of bi-leaflet MVP, greater mitral leaflets displacements, ventricular and
atrial sizes, and LGE and mitral annulus disjunction (MAD) extents (center). Cluster-2 patients had a 4-fold

increased risk of sustained ventricular tachycardia, (aborted) sudden cardiac death (SCD), or unexplained

syncope at follow-up (right).
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Supplementary Figure 2 (a). Visualizing the optimal number of clusters.
A) Optimal number of clusters based on NbClust package.
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Supplementary Figure 2 (b). Visualizing the optimal number of clusters.

B) Optimal number if clusters based on Gap statistic method.
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Supplementary Figure 2 (c). Visualizing the optimal number of clusters.
C) Optimal number of clusters based on Elbow method.
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Supplementary Figure 3. Screen plot.
Principal components 1 and 2 explains 24.76% of the variability in the data.
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Supplementary Figure 4.a
Variable importance plot for identifying the phenotypic clusters in patients without malignant ventricular
arrhythmias at baseline.
a). Cluster-1

Shapley Additive exPlanations (SHAP) summary plot combines variable (feature) importance with variable
effects. Each point on the summary plot is a Shapley value for an individual. The position on the y-axis is
determined by the variable (feature) and on the x-axis by the Shapley value. The color represents the value
from low to high. The variables (features) are ordered according to importance.i: indexed for body surface
area; LGE: late-gadolinium-enhancement; LV: left ventricle; LVEDV: left ventricular end-diastolic-volume;
LVM: left ventricular mass; MAD: mitral annulus disjunction; MVP: mitral valve prolapse: RV: right ventricle;
RVEDV: right ventricular end-diastolic-volume; SCD: sudden cardiac death; Ventricular arrhythmia:
Ventricular ectopic beats>10,000/24 h and/or non-sustained ventricular tachycardia at baseline.
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Supplementary Figure 4b.
Variable importance plot for identifying the phenotypic clusters in patients without malignant ventricular
arrhythmias at baseline.
b). Cluster-2

Shapley Additive exPlanations (SHAP) summary plot combines variable (feature) importance with variable
effects. Each point on the summary plot is a Shapley value for an individual. The position on the y-axis is
determined by the variable (feature) and on the x-axis by the Shapley value. The color represents the value
from low to high. The variables (features) are ordered according to importance.i: indexed for body surface
area; LGE: late-gadolinium-enhancement; LV: left ventricle; LVEDV: left ventricular end-diastolic-volume;
LVM: left ventricular mass; MAD: mitral annulus disjunction; MVP: mitral valve prolapse: RV: right ventricle;
RVEDV: right ventricular end-diastolic-volume; SCD: sudden cardiac death; Ventricular arrhythmia:
Ventricular ectopic beats>10,000/24 h and/or non-sustained ventricular tachycardia at baseline.
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Supplementary Figure 5. Kaplan-Meier plot for the study endpoint according to clusters in patients without

malignant ventricular arrhythmias at baseline

Survival free from composite endpoint of sustained ventricular tachycardia, (aborted) sudden cardiac death,
or unexplained syncope in patients without malignant ventricular arrhythmias at baseline. P =0.005 by log-

rank test.
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