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ABSTRACT 

BACKGROUND  

Structural changes and myocardial fibrosis quantification by cardiac imaging have 

become increasingly important to predict cardiovascular events in patients with mitral valve 

prolapse (MVP). In this setting, it is likely that an unsupervised approach, using machine 

learning, may improve their risk assessment.  

OBJECTIVES  

This study used machine learning to improve the risk assessment of patients with 

MVP by identifying echocardiographic phenotypes and their respective association with 

myocardial fibrosis and prognosis. 

METHODS 

Clusters were constructed using echocardiographic variables in a bicentric cohort of 

patients with MVP (n=429 patients; 54±15 years) and subsequently investigated for their 

association with myocardial fibrosis (assessed by CMR imaging) and cardiovascular 

outcomes.  

RESULTS 

Mitral regurgitation (MR) was severe in 195 (45%) patients. Four clusters were 

identified: Cluster 1 comprised no remodeling with mainly mild MR; Cluster 2 was a 

transitional cluster; Cluster 3 included significant LV and left atrial remodeling with severe 

MR; Cluster 4 included remodeling with a drop in LV systolic strain. Clusters 3 and 4 

featured more myocardial fibrosis than clusters 1 and 2 (p<0.0001) and were associated with 

higher rates of cardiovascular events. Cluster analysis significantly improved diagnostic 

accuracy over conventional analysis. The decision tree identified severity of MR along with 

LV systolic strain < 21% and indexed LA volume > 42ml/m² as the 3 most relevant variables 

to correctly classify participants into one of the echocardiographic profiles.  

CONCLUSION 
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Clustering enabled to identify 4 clusters with distinct echocardiographic LV and LA 

remodeling profiles associated with myocardial fibrosis and clinical outcomes. Our findings 

suggest that a simple algorithm based on only 3 key variables (severity of MR, LV systolic 

strain and indexed LA volume) may help risk stratification and decision-making in patients 

with MVP.  

Clinical Trial: NCT03884426 and NCT02879825 

Key words : Mitral valve prolapse , Mitral regurgitation , machine learning , prognosis value 

, myocardial fibrosis , echocardiography , cardiac magnetic resonance imaging  

Abbreviations : 

MVP : Mitral valve prolapse MR : mitral regurgitation  

LV: left ventricular 

LA : left atrial  

GLS: Global longitudinal strain  

EF:  ejection fraction  

LGE : late gadolinium enhancement  

MAD: Mitral Annular disjunction 

PASP : Pulmonary artery systolic pressure  

PVC: premature ventricular contraction   

CMR: Cardiac Magnetic resonance imaging  

CV : Cardio-Vascular 

HF : Heart failure   
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Introduction 

Mitral valve prolapse (MVP) is a common echocardiographic finding with an overall 

benign course (1,2) before progression to primary mitral regurgitation (MR). 

The onset of MR-related symptoms is considered a definite indication for mitral valve 

surgery. On the other hand, indication for surgery in asymptomatic patients is mainly driven 

by echocardiographic parameters (3). However, this approach assesses each parameter 

individually and has only been validated on retrospective evolution of patients with MR. 

Other imaging biomarkers have been reported to improve prediction of cardiovascular 

outcome and optimize timing of surgery (4,5).  

Chronic volume overload leads to progressive LV remodeling with extracellular 

matrix expansion and myocardial fibrosis. The evaluation of structural change and fibrosis 

quantification by CMR has become increasingly important in MVP (7). In addition, the 

degree of remodeling does not parallel MR severity in some patients, and these variant 

features might be associated with adverse outcomes (8,9), suggesting that the prognostic 

assessment of MVP could be optimized. . 

In this setting, it is likely that an unsupervised approach, using machine learning, may 

help subdivide patients with heterogeneous into homogeneous phenotypes However, no study 

to date has taken advantage of the capacities of artificial intelligence to construct imaging 

phenotypes relevant to MVP pathophysiology. 

Hence, we aimed this to identify echocardiographic phenotypes in MVP and 

investigate their association with myocardial fibrosis and cardiovascular events. We 

hypothesized that 1) cluster analysis - while removing a priori considerations - can identify 

relevant subgroups based on echocardiographic parameters; and 2) such echocardiographic 

phenotypes are associated with different levels of fibrosis and long-term cardiovascular 

events.  

Methods 
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The present study gathered 429 MVP patients with trace to severe MR enrolled either 

in a MVP genetic study (NCT03884426) in Nantes (n=277) or in the MVP STAMP study 

(NCT02879825) in Nancy (n=152), France. Patients were enrolled between June 2010 and 

January 2020 (Flowchart, Supplemental Figure 1). All patients underwent comprehensive 

echocardiography and CMR to assess left and right ventricular volumes and ejection fraction 

(EF), as well as myocardial replacement fibrosis by late gadolinium enhancement (LGE). 

Patients with previous cardiac surgery, myocardial infarction or symptoms of coronary artery 

disease, with non-ischemic cardiomyopathy, congenital cardiac disease other than isolated 

bicuspid aortic valve, or with more than mild aortic regurgitation or stenosis were not 

included in the study. Patients with coronary artery disease diagnosed by angio-

coronarography during the pre-operative work-up without myocardial ischemia during the 

ischemic test were included. An additional cohort of 133 MVP patients was considered as a 

replication group for validation. Both MVP genetic and MVP STAMP studies are in 

compliance with the Declaration of Helsinki and were approved by the local ethics 

committees. Written informed consent was obtained from all participants.  

Echocardiography 

Echocardiograms were carried out in the 2 centers by experienced investigators 

according to current recommendations (10-12) using a commercially available ultrasound 

system (Vivid 7, 9 or E95, GE Medical Systems, Milwaukee, WI, USA) and were all 

reviewed on an ECHOPAC workstation (version 110.1.0, GE Healthcare). All chamber 

volumes and mass measurements and myocardial deformation  (Global LV systolic strain 

(%)) were performed according to current guidelines and indexed to body surface area 

(BSA)(6) 

In addition, mitral valve (MV) apparatus was comprehensively assessed as previously 

described (13). Mitral regurgitation (MR) was graded according to recent guidelines (11) by 

at least 2 methods (PISA, volumetric method, continuity equation) and classified as trace-mild 
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(regurgitant volume ≤ 15 mL), moderate (16-59 mL) or severe (≥ 60 mL). 

Cardiovascular magnetic resonance (CMR) imaging 

CMR image acquisition was performed by either 1.5 or 3 Tesla systems (Siemens 

Medical Solutions, Erlangen, Germany) in 2, 3 and 4 chambers in both longitudinal and small 

axis planes using an ECG-gated cine steady state free precession sequence (SSFP) for each 

exam. Fifteen minutes after intravenous administration of gadolinium, delayed contrast-

enhanced images were acquired using inversion-recovery fast gradient-echo pulse sequences 

into long axis and short axis views. Left and right ventricular volumes and EF, MR volume 

and grade, and the presence and location of LGE (considered if ≥ one segment) were 

collected. Post-processing analysis was performed using SyngoVIA software (version 

VB40B, Siemens Healthcare GmbH, Erlangen, Germany). 

Follow-up 

Clinical investigation focused on MVP-related symptoms (chest pain, palpitations, 

lightheadedness or syncope) and functional status. Presence of premature ventricular 

contraction (PVC) was based on 24-hour ECG Holter recordings.   

Patient follow-up was conducted by clinical examination, medical reports, and phone 

contact with patients, relatives or general practitioner. The primary endpoint was a composite 

of cardiac death, heart failure, new-onset atrial fibrillation, and arterial embolism, whether 

occurring before or after MV surgery  

Machine learning approach: cluster analysis and decision tree construction.  

The Proposed Requirements for Cardiovascular Imaging-Related Machine Learning 

Evaluation (PRIME) guidelines (12) checklist is shown in Supplemental Table 7. 

For the machine learning approach, a model-based clustering using latent class model 

(LCM)  was performed based on several available echocardiographic data, e.g. LV mass 

index, LV end-diastolic volume index, LA volume index (LAVi), E/A ratio, pulmonary artery 

systolic pressure (PASP), MR severity, mitral annulus disjunction (Figure 1, supplemental 
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Figure 2). To simplify the classification algorithm, a decision tree was then performed to 

predict the clusters obtained from LCM clustering (Figure 4). More details about model-based 

clustering using LCM approach and decision tree are provided in Supplemental Material. 

Statistical analysis 

Categorical variables are described as frequencies (percentages) and continuous 

variables as means ± standard deviation and median (25
th

 and 75
th

 percentiles). Comparisons 

across echocardiographic phenotypes were carried out using the Kruskal-Wallis test for 

continuous variables and χ² or Fisher's exact test for categorical variables.  

Association of the clusters with baseline myocardial fibrosis evaluated by CMR (LGE) 

was assessed using the logistic regression model and with CV outcomes using a Cox model. 

CV event-free survival curves for clusters were plotted using the Kaplan-Meier method and 

compared with the log-rank test. In addition, C-Statistic, integrated discrimination 

improvement (IDI), and the net reclassification improvement (NRI) were performed to assess 

the additional value of cluster stratification in predicting CV outcomes as compared to a 

baseline model including parameters previously reported to be independently associated with 

CV outcomes in MR: age, sex, LV systolic diameter (LVESD) > 40 mm, LAVi > 60mL/m² 

and PASP > 60mmHg. 

In the validation cohort, clusters were built from the decision tree and the association 

of clusters with endpoints was assessed and compared to a LASSO cox analysis including the 

same variables used in the cluster analysis (see Supplemental Material for more details on 

LASSO Cox analysis).  

All statistical analyses were performed using R version 3.4.0 (R Development Core 

Team, Vienna, Austria). A p value < 0.05 was considered statistically significant.  

Results 

 Study population characteristics 

Baseline characteristics of the 429 MVP patients (54±15 years, 57% male) are 
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summarized in Table 1. Twenty-five percent of the participants had hypertension, 3% had 

diabetes mellitus and 9% were NYHA class III-IV. MR was severe in 195 (45.5%) patients. 

Mean LVEF was 65.5±7.9 % with a mean GLS 21.5± 3.1%. 

The prevalence of LGE+ was 29% in the myocardial wall and 7% in papillary 

muscles. Focal fibrosis was mainly located in the midwall layer and occasionally extended to 

the subendocardial layer. 

Clusters derived from echocardiographic data 

Our cluster analysis identified 4 echocardiographic phenotypes groups (Table 2 and 

Figure 1): 

 Cluster 1 (N=131) mainly included patients with mild MR without LA or LV remodeling, 

preserved LVEF and normal LV systolic strain. This cluster encompassed the youngest 

participants with less cardiovascular risk factors and a higher proportion of patients with 

mitral annular disjunction (MAD). This cluster is labeled in the subsequent text as the 

“Mild MR” cluster. 

 Cluster 2 (N=104) had echocardiographic characteristics that were in-between cluster 1 

and clusters 3/4. This cluster is an intermediate group with moderate MR, preserved LV 

function but mild LV and LA remodeling. This cluster is labeled in the subsequent text as 

the “Moderate MR with LA remodeling” cluster. 

 Cluster 3 (N=120) predominantly included males with severe MR. These patients had the 

highest (absolute) LV systolic strain and preserved LVEF. This cluster had increased LV 

mass, LV volumes and LA volumes, elevated PASP but normal RV function. This cluster 

is labeled in the subsequent text as the “Severe MR with LV/LA remodeling” cluster. 

 Cluster 4 (N=74) included patients of similar mean age to cluster 3, who had the highest E 

wave and E/e’ ratio. MR was severe and frequently due to flail leaflet (84.3%), usually 

without MAD (16.2 %). LV and LA remodeling were similar to cluster 3 but with lower 

LV longitudinal systolic strain values and cardiac output and higher PASP. This cluster is 
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labeled in the subsequent text as the “Severe MR with LV longitudinal systolic 

dysfunction” cluster. 

Association of echocardiographic phenotypes with fibrosis and clinical outcomes 

1/ Myocardial fibrosis  

When considering cluster 1 as reference, clusters 2, 3 and 4 were associated with 

higher rates of myocardial fibrosis [crude odds ratio (OR) (95%CI)=3.55 (1.87 - 6.74) 

p=0.0001 for cluster 3, and 5.25 (2.61 - 10.56), p<0.0001 for cluster 4] (Supplemental Table 

2). Nearly half of the patients in cluster 4 had myocardial fibrosis (n = 30 (44.1%) p<0.0001). 

After adjustment for age and sex, cluster 4 still exhibited a 4-fold higher rate of myocardial 

fibrosis [adjusted-OR (95%CI)=4.24 (1.86 - 9.63), p=0.0006] compared to cluster 1. 

2/ Cardiovascular outcome  

During a mean follow-up of 2.1 ± 1.9 years, CV events (n=92) included 8 

cardiovascular deaths (4 related to VT, 3 to HF, 1 to IE), 49 worsening heart failure status 

(among which 4 had concomitant SV arrhythmia, one IE, one stroke and one VT), 26 de novo 

atrial fibrillation/SVT (4 of which the precipited HF, one in the setting of IE and one 

concomitant to VT) and 9 arterial embolisms/strokes (2 in the context of SVT, 2 in the 

context of IE). Regarding surgery, 43 occurred before and 49 after operation. When 

considering cluster 1 as reference, clusters 3 (severe MR with LV/LA remodeling) and 4 

(severe MR with LV longitudinal systolic dysfunction) were significantly associated with 

higher rates of CV events [crude hazard ratio (HR) (95%CI)=5.34 (2.25 - 12.69), p=0.0002 

for cluster 3 and =7.88 (3.27 - 18.96), p<0.0001 for cluster 4] (table 3 and Supplemental 

Table 2). This association remained highly significant after adjustment for age and sex 

[crude-HR (95%CI)=5.17 (2.07 - 12.93), p=0.0004 in cluster 3 and =6.86 (2.56 - 18.37), 

p=0.0001 in cluster 4].(Figure 2)  

When adding clusters to the baseline model, no clinical or echocardiographic 

parameters remained significantly associated with outcome, whereas clusters 3 and 4 were 
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strongly associated with CV outcome [crude-OR for cluster 4 (95%CI)= 13.55 (2.36 - 77.70)  

p = 0.003). Adding clusters significantly improved the accuracy for outcome prediction on top 

of baseline parameters (NRI 0.384 [0.127 to 0.641], p = 0.003; AUROC 0.74 vs. 0.70, 

p=0.01) (Figure 3). When excluding patients with atrial fibrillation, results remained 

unchanged and clusters were still significantly associated with outcome (sensitivity analysis, 

data not shown) 

The sensitivity analysis uncensored to but adjusted on MV surgery considered as 

binary time-dependent variable provided an HR similar to the previous analysis. In addition, 

the association of clusters with outcome remained significant when considering only pre-

surgery events (Supplemental Table 3). 

Decision tree for identifying echocardiographic phenotypes  

The decision tree identified severity of MR with LV systolic strain (threshold value 

21%) and indexed LA volume (threshold value 42ml/m²) as the three most relevant variables 

to correctly classify participants into one of the four echocardiographic profiles (Figure 4). 

When excluding MR grade as a candidate variable for the construction of the decision tree, 

the decision algorithm was slightly modified with regurgitant volume considered as a relevant 

variable to discriminate the clusters. The other 2 cardinal variables in the algorithm remained 

LAVi and GLS (Supplemental Figure 3). 

Validation in the replication cohort 

In the replication cohort, Clusters built according to the decision tree remained 

significantly associated with CV outcomes: Considering cluster 1 as reference, cluster 3/4 

were significantly associated with CV outcomes with HR within the same range than the one 

observed in the derivation cohort [crude-HR (95%CI)= 5.21 (1.23 - 22.04), p; 0.025]. When 

we used Cox models build in the derivation to predict the risk of CV events in the replication 

cohort, the cluster based c-index values were higher as compared to pooled LASSO Cox 

model (Supplemental Tables 4, 5 and 6). 
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Discussion 

In the present analysis, in an unbiased/without a priori approach, we were able to 

identify 4 MVP echocardiographic homogeneous phenotypes despite the heterogeneity of 

patients with MVP using cluster analysis. The two clusters with the highest risks of CV events 

exhibited the most abnormal echocardiographic profiles with significant LV and LA 

remodeling without (cluster 3) or with (cluster 4) LV longitudinal dysfunction. These 2 

clusters had also a higher burden of myocardial fibrosis. Our findings suggest that a simple 

algorithm based on “classical” variables such as MR severity, LA remodeling and LV strain 

identifies distinct individual profiles with different risks of MVP-related outcomes.  

MVP echocardiographic phenotypes and outcomes: limits of established 

echocardiographic parameters  

Appropriate timing for surgery and risk stratification in patients with severe primary 

MR still remains a challenge. Among established risk factors, LV remodeling, LA dilatation 

and elevated pulmonary pressure significantly differed across the 4 clusters, suggesting that 

these variables were indeed key features of heterogeneity in our MVP population. However, 

despite the fact that these echocardiographic variables were pivotal for clustering, each of 

these variables taken individually has previously been reported not to be sufficiently specific 

to clearly identify high-risk patients (15–17). This was also the case in our baseline model 

where only LA volume was associated with outcomes. When adding clusters to the baseline 

model, the clinical and echocardiographic parameters were no longer associated, whereas 

cluster association with CV outcome was almost threefold higher. Such an approach already 

proved its interest in asymptomatic middle-aged individuals and allowed to build a decision 

tree to predict overt heart failure among a multitude of highly correlated variables. (18). 

Interestingly, LA and LV remodeling mainly discriminated clusters 1 to 3. However, 

focusing only on the LV and LA remodeling pattern does not allow discriminating between 

clusters 3 and 4 (Figure 1). Cluster 4, which exhibited significantly worse CV outcomes, 



Page 13 sur 33 

 

differed primarily by a greater impairment in systolic function. However, CV events were 

recorded in as high as 20%bof patients in cluster 2, although they were relatively young and, 

had initially moderate MR without LV remodeling. These result highlight the need of a better 

characterization and possibly targeted follow-up of MVP patients. 

Thus, among this large cohort of patients with MVP, our findings show that while 

LA and LV dimensions are able to differentiate homogeneous groups of MVP patients, the 

sole use of these variables is not sufficient at more advanced stages of the disease process.  

The key importance of global systolic function  

The present study shows that systolic function, assessed by GLS, is as an important 

factor of risk stratification in MVP. Indeed, the main difference between clusters 3 and 4 was 

the decrease in longitudinal strain in cluster 4 with a cut-off value of 21% as defined by the 

derived decision tree (Figure 4). LVEF was not sufficiently sensitive to stratify the risk. Only 

a few studies have shown the association of GLS with outcome after surgery (19,20). In our 

cohort, the cluster 4 phenotype was associated with the highest proportion of CV events, 

which emphasizes the key importance of assessing systolic function in risk-stratification of 

MVP patients, consistently with previous reports (19,21). Of note, the GLS cut-off  value 

(21%) was similar to the one proposed  in studies based only on a prognostic approach (4). 

This threshold is higher than the lower limit of normal, which indicates that strain values that 

are usually perceived as normal in MR are actually already associated with increased CV 

outcomes. So, values lower than 21%should be considered as abnormal and associated with 

worse prognosis and myocardial fibrosis in MVP with MR (22). The prognostic data on GLS 

are in line with and support the clinical relevance of the stratification proposed in the current 

study. Furthermore, our study specifically showed a biphasic evolution of GLS according to 

cluster severity with an increase in GLS values from cluster 1 to cluster 3 and a decrease in 

cluster 4. In the late stage of MVP (cluster 4), longitudinal dysfunction develops despite a 

preserved LVEF. This reinforces the value of GLS as a more sensitive and accurate 
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measurement of LV function (5) than LVEF. Indeed, current guidelines underscore its 

potential incremental value over LVEF for risk stratification in patients with severe primary 

MR (23). 

The results of the present study thus suggest that a systematic analysis of myocardial 

deformation in MVP would appear mandatory in routine practice to help identify patients 

with severe MR-induced ventricular remodeling and subsequent myocardial scarring 

(17,24,25), in whom the use of CMR for detection of myocardial fibrosis may be relevant. 

Furthermore, from a clinical standpoint, our results suggest intervening prior to the decrease 

in strain given the very high risk observed in cluster 4. 

Need of stratification of patients with less than moderate MR   

There is growing evidence that moderate MR and/or disproportionate LV remodeling 

according to MR severity is associated with adverse outcomes (8,9). Echocardiography 

remains the first-line imaging modality for MR assessment, especially in the setting of 

moderate MR (3).  

The degree of MR severity in the present analysis increased from cluster 1 to 4. Our 

results moreover identified a pattern of patients without severe MR but associated with an 

intermediate prognosis (cluster 2, 3-fold higher risk of cardiovascular outcome compared to 

cluster 1). This cluster can be considered as the transitional state in which LV and LA 

remodeling are in progression. The discrimination of this transitional state from a low-risk 

situation (cluster 1) is obtained solely using LA volume (cut-off of 42 ml/m²) in our decision 

tree. This concept of identifying a subgroup of patients with moderate MR severity but poor 

prognosis has previously been studied (26). Accordingly, Mantovani et al. highlighted the 

value of LA diameter for differentiating patients with moderate MR and a higher risk of CV 

events, which is consistent with the algorithm proposed herein, placing emphasis on LA 

volume.  

Patients with moderate primary MR have been demonstrated to have a significantly 
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higher risk of CV events comparatively to patients with no or mild MR (27)(28)(29). Patients 

with less than moderate MR due to MVP have already been shown to potentially exhibit early 

LV and LA remodeling, which neither predicts MR progression nor mortality. In case of 

discordances between LV/LA remodeling and MR severity, female sex, together with 

premature ventricular contractions were considered as potential confounding factors (27,30). 

It was recently speculated that this latter discordance could be part of the phenotypic 

expression of a genetically mediated process, but also related to MV leaflet interaction or to 

asymptomatic atrial fibrillation (29). 

The difference in outcome among the various grades of MR in the present study is 

beyond the scope of this investigation. A recent report using cardiac MRI enabled addressing 

this concept of disproportionate remodeling in patients with non-severe MR (9). Our current 

findings confirm the role of a MVP outcome effect independently of the effect exerted by 

regurgitant volume on the left heart chambers. Fibrosis in the setting of significant MR may 

rather be associated with MR-induced ventricular remodelling, neuro-humoral activation 

and/or induced by recurring stretch exerted by the prolapsing leaflet on the myocardium 

(15,20,21). Further studies with longitudinal follow-up will enhance our understanding of 

myocardial fibrosis and LV remodeling genesis in patients without significant MR. 

Progressive myocardial fibrosis continuum and clinical perspective 

Cardiac magnetic resonance imaging is considered as the gold standard for assessing 

cardiac remodeling and is further able to detect myocardial fibrosis scars, a classical 

consequence of maladaptive ventricular remodeling (31). In our recent companion 

publication, LGE was observed in 25-30% of patients with MVP (32) and appeared as a 

landmark of MVP-CM, being mainly localized in papillary muscles and in the LV 

inferolateral basal wall. LGE is attributed to chronic maladaptive LV remodeling and 

abnormal constraints exerted on the myocardial wall and papillary muscle. Previous reports 

suggest that regional replacement fibrosis is clinically relevant in patients with MVP to 
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further identify patients who are at high risk of cardiac events (32). Accordingly, CMR-based 

LGE diagnosis of myocardial fibrosis gradually increased from 13% in cluster 1 to 44% in 

cluster 4 in the present study. Indeed, the increasing proportion of myocardial fibrosis 

concomitant with the parallel increasing severity of the clusters provides the 

pathophysiological scaffold to our stratification based on a non-a priori approach.  

Data-driven echocardiographic phenotypes may assist clinicians in stratifying the level 

of risk of MVP patients, with increasing levels of cardiovascular remodeling and cardiac 

fibrosis and subsequent higher risk of CV events. The good prognostic performance of this 

approach suggests its potential helpfulness in determining the follow-up strategy and possibly 

the therapeutic management to be applied in these patients. Importantly, the value of the 

clustering approach was here superior to the LASSO approach as its prediction performance 

was higher in the validation cohort. 

For instance, rapid advances in new percutaneous techniques of mitral valve repair, 

raised the issue of optimal timing of intervention, specifically for patients with moderate or 

asymptomatic severe MR. However, whether the use of this decision tree to guide MVP 

management can ultimately improve clinical outcome will need to be tested in clinical trials 

(Figure 5).  

Study Limitations 

While our clustering approach enabled overcoming key limitations in clinical practice in 

assessing MR degree and symptomatic status, our study nevertheless featured several 

limitations. The algorithm integrated GLS measurements with potential bias among vendors 

(35). Regarding CMR, MR quantification using CMR could have helped to further 

characterize MVP and better phenotype MVP. Such MR quantification was however not 

available in the current analysis. On the same manner, T1 mapping allowing a quantitative 

assessment of the interstitial component of cardiac fibrosis could have been interesting to 

better characterize myocardial but it was not performed systematically in our patients. Lastly, 
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we did not systematically assess diffuse LV myocardial interstitial fibrosis in our cohort of 

patients. Larger multicenter cohorts would provide more robust validation of our phenotyping 

algorithm.  

CONCLUSION 

In this large series of patients with MVP and various degrees of MR, our constructed 

clusters were able to predict the presence of myocardial fibrosis and clinical outcome. The 

four identified echocardiographic phenotypes confirmed that the interplay of GLS and 

remodeling are the main predictors of the risk of CV events in MVP, irrespective of the level 

of MR. Prognostic implications of cluster-guided therapeutic strategy require further 

evaluation. Notwithstanding, this simple algorithm may be of particular interest in the 

identification of high-risk MVP patients with moderate MR or severe asymptomatic MR who 

require close follow-up.  
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CLINICAL PERSPECTIVES 

 Clustering enabled to identify clusters with distinct echocardiographic remodeling 

profiles associated with myocardial fibrosis and clinical outcomes.  

 Our findings suggest that a simple algorithm based on only 3 key variables (severity of 

mitral regurgitation, left ventricular systolic strain and indexed left atrial remodeling) 

may help risk stratification in patients with MVP.  

 This strategy may be of particular interest for decision-making in MVP patients with 

moderate MR or severe asymptomatic MR 

 

TRANSLATIONAL OUTLOOK  

This study shows that machine learning using echocardiographic data can be used to decipher 

the phenotypes of patients in a given disease area. Herein, we show that machine learning can 

1) identify homogenous phenotypes, 2) provide a simple algorithm to predict the membership 

to these phenotypes. It also shows that this phenotyping is strongly associated with outcome. 

In MVP, this machine learning derived phenotyping performs better than and improve 

prognostic accuracy on top of usual risk-stratifying approaches. Our study consequently 

appears as a promising example of the potential of machine-learning fueled by imaging to 

better categorize CV disease and provide ready-to-use algorithm that could be used in routine 

clinical practice.  
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Figure 1: Echocardiographic phenotypes according to cluster. Cluster analysis: Radar 

charts of echocardiographic phenotypes illustrating the differences in cardiac parameters 

across the 4 clusters. Values are standardized values expressed as z-scores (SD) from mean 

values, and both radar charts are constructed without max and min values of each variable. 

Abbreviations are provided in Table 1. 
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Figure 2: Incidence of cardiovascular events according to echocardiographic cluster.  
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Figure 3. Additional value of cluster to predict CV outcomes :  Additional value of cluster 

implementation on top of a baseline guideline model in predicting cardiovascular outcomes at 

two years.  

 

 

Figure 4: Echo phenotype based algorithm : Decision trees depicting the identification of 

echocardiographic phenotypes using entry echocardiographic data (n = 429 patients).  
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Figure 5: Central Illustration : Framework of the machine-learning echocardiographic 

phenotypes in mitral valve prolapse. 
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Table 1: Baseline characteristics of the study population according to echocardiographic 

phenotypes (n=429 patients).  

 

Variables 
Mean ± SD / n 

(%) 
Median (Q1 - Q3) 

Clinical characteristics 
  

Age at echocardiography (years) 53.8 ± 15.4 55.0 (43.0 - 65.0) 

Male 245 (57.1 %) 
 

Heart rate (bpm) 69.0 ± 11.3 68.8 (61.8 - 76.0) 

Systolic BP (mmHg) 130.8 ± 17.2 
130.0 (120.0 - 

141.0) 

BMI (kg/m²) 23.4 ± 3.7 23.1 (20.7 - 25.5) 

Tobacco use 99 (24.2 %) 
 

Hypertension 108 (25.2 %) 
 

Diabetes 14 (3.3 %) 
 

Dyslipidemia 68 (16.6 %) 
 

History of AF 56 (13.1 %) 
 

Symptoms 
  

Chest pain 42 (15.6 %) 
 

PVC 118 (43.2 %) 
 

Lypothymia/syncope 7 (5.8 %) 
 

NYHA class III-IV 39 (9.1 %) 
 

Events 
  

CV event 92 (21.4 %) 
 

Time to follow-up for CV event (years) 2.1 ± 1.9 1.6 (0.6 - 3.2) 

Myocardial fibrosis (LGE ≥ one segments) 119 (28.8 %) 
 

Echocardiographic parameters 
  

Septal wall thickness at end-diastole (mm) 9.3 ± 2.3 9.1 (7.8 - 10.8) 

LV end-diastolic dimension (mm) 55.4 ± 7.4 55.9 (50.0 - 60.1) 

LV end-systolic dimension (mm) 35.6 ± 5.6 35.2 (31.6 - 39.0) 

LV mass index (g/m²) 107.2 ± 33.9 104.0 (82.8 - 126.2) 

Relative wall thickness 0.32 ± 0.09 0.31 (0.26 - 0.37) 

LVEDV index (mL/m²) 85.8 ± 28.7 87.3 (61.4 - 106.6) 

LVESV index (mL/m²) 28.9 ± 10.7 27.7 (20.8 - 35.0) 

LVEF (%) 65.5 ± 7.9 66.3 (60.2 - 70.6) 

Cardiac index (L/min/m²) 2.7 ± 0.7 2.6 (2.3 - 3.0) 

GLS (%) 21.5 ± 3.1 21.6 (19.6 - 23.5) 

RV diameter (mm) 30.0 ± 4.9 30.0 (26.8 - 32.5) 

E wave (cm/s) 98.9 ± 35.4 95.0 (71.3 - 123.0) 

E/A 1.63 ± 0.80 1.47 (1.12 - 1.91) 

Deceleration Time (ms) 189.1 ± 59.1 
184.4 (149.3 - 

215.3) 

E' mean (cm/s) 11.1 ± 3.2 11.0 (9.0 - 13.0) 

E/E' lateral 9.3 ± 4.6 8.2 (6.0 - 11.2) 

E/E' septal 10.8 ± 7.6 9.3 (6.9 - 12.8) 

E/E' mean 9.6 ± 4.3 8.8 (6.4 - 11.5) 

AI grade (2 classes) 
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Variables 
Mean ± SD / n 

(%) 
Median (Q1 - Q3) 

No trace 297 (78.8 %)  

Trace 80 (21.2 %)  

MR grade (3 classes) 
  

Trace-mild 118 (27.5 %) 
 

Moderate 116 (27.0 %) 
 

Severe 195 (45.5 %) 
 

EROA (cm²) 0.33 ± 0.20 0.33 (0.16 - 0.44) 

Regurgitant volume (mL) 49.2 ± 30.8 53.0 (21.0 - 70.0) 

Regurgitant fraction (%) 41.1 ± 17.2 45.1 (30.7 - 52.4) 

LA diameter (mm) 43.1 ± 7.6 43.1 (38.0 - 48.8) 

LA area (cm²) 26.4 ± 8.9 26.0 (19.9 - 31.9) 

LAV index (mL/m²) 58.6 ± 28.0 55.3 (38.5 - 75.4) 

TAPSE (mm) 24.2 ± 4.9 24.0 (20.8 - 27.7) 

RA area (cm²) 18.3 ± 8.3 17.0 (13.8 - 20.8) 

PAPs (mmHg) 33.4 ± 13.8 30.0 (23.6 - 37.4) 

Barlow 273 (63.8 %) 
 

Anterior leaflet MVP 26 (6.1 %) 
 

Posterior leaflet MVP 179 (41.9 %) 
 

Bileaflet MVP 210 (49.2 %) 
 

Anterior leaflet length (mm) 26.7 ± 3.9 26.1 (24.1 - 29.0) 

Posterior leaflet length (mm) 18.7 ± 4.0 18.9 (16.0 - 21.0) 

Mitral annulus diameter (mm) 38.3 ± 5.7 38.1 (34.6 - 42.0) 

Mitral annulus disjunction 220 (57.0 %) 
 

Flail leaflet 157 (39.0 %) 
 

CMR parameters 
  

LVEDV index (mL/m²) 105.4 ± 28.4 103.0 (84.2 - 123.2) 

LVESV index (mL/m²) 41.6 ± 14.7 39.7 (31.6 - 48.7) 

LVEF (%) 60.8 ± 6.9 60.4 (56.2 - 65.0) 

Myocardial mass index (g/m²) 68.7 ± 17.5 68.8 (56.3 - 80.0) 

RVEDV index (mL/m²) 81.9 ± 22.3 80.7 (68.0 - 94.0) 

RVEDV index (mL/m²) 39.0 ± 14.3 37.1 (29.3 - 46.7) 

RVEF (%) 52.9 ± 8.1 53.0 (47.8 - 58.0) 

Regurgitant volume (mL) 41.8 ± 28.4 37.0 (20.1 - 60.0) 

Regurgitant fraction (%) 33.4 ± 17.0 33.8 (22.3 - 45.8) 

N: number of non-missing data; SD: standard deviation, Q1: 1
st
 quartile; Q3: 3

rd
 quartile. 

AF, Atrial Fibrillation ; BP, blood pressure; BMI, body mass index; NYHA, New York Heart Association; Ant: 

anterior, EDD: end-diastolic diameter, ESD: end-systolic diameter, EROA: effective regurgitant orifice area, 

GLS: global longitudinal strain, IVS: inter-ventricular septum, LAVol: left atrium volume, LV EF: left 

ventricular ejection fraction, LA, Left atrium; PAP, Pulmonary artery Pressure;  MAD: mitral annulus 

disjunction, MR: mitral regurgitation, MVP: mitral valve prolapse, PVC, Premature ventricular contraction; 

PASP: pulmonary artery systolic pressure, Post.: posterior, PW: posterior wall, Reg Vol: regurgitant volume, 

RV: right ventricle; RV Right ventricle; RA right atrium  
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Table 2: Baseline characteristics according to echocardiographic phenotypes and identified clusters.  

Variables 
Cluster 1 

(n=131) 

Cluster 2 

(n=104) 

Cluster 3 

(n=120) 

Cluster 4 

(n=74) 
p-value 

Clinical characteristics 
     

Age at echocardiography (years) 44.0 (31.0 - 54.0) 56.0 (45.0 - 62.5) 56.0 (46.0 - 65.0) 68.0 (59.0 - 77.0) <0.0001 

Male 42 (32.1 %) 50 (48.1 %) 101 (84.2 %) 52 (70.3 %) <0.0001 

Heart rate (bpm) 69.4 (62.0 - 76.3) 66.0 (60.0 - 73.0) 67.0 (60.7 - 77.0) 70.0 (62.0 - 80.0) 0.085 

Systolic BP (mmHg) 124.0 (111.0 - 136.0) 
130.0 (120.0 - 

146.0) 

130.0 (123.0 - 

141.0) 

133.5 (122.0 - 

141.0) 
0.0005 

BMI (kg/m²) 21.7 (19.8 - 24.3) 23.1 (20.7 - 25.3) 23.9 (21.4 - 25.7) 24.7 (22.2 - 27.7) <0.0001 

Tobacco use 18 (14.8 %) 23 (23.5 %) 30 (25.6 %) 28 (38.9 %) 0.002 

Hypertension 11 (8.5 %) 23 (22.1 %) 34 (28.3 %) 40 (54.1 %) <0.0001 

Diabetes 4 (3.1 %) 2 (1.9 %) 2 (1.7 %) 6 (8.1 %) 0.11 

Dyslipidemia 10 (8.2 %) 11 (11.2 %) 21 (17.9 %) 26 (36.1 %) <0.0001 

History of AF 3 (2.3 %) 12 (11.7 %) 17 (14.3 %) 24 (32.9 %) <0.0001 

Symptoms 
     

Chest pain 25 (23.4 %) 12 (20.0 %) 4 (6.7 %) 1 (2.4 %) 0.0009 

PVC 61 (56.0 %) 24 (40.7 %) 23 (34.3 %) 10 (26.3 %) 0.003 

Pre-syncope/syncope 2 (13.3 %) 4 (13.8 %) 1 (2.2 %) 0 (0.0 %) 0.027 

NYHA class III-IV 2 (1.5 %) 9 (8.7 %) 6 (5.0 %) 22 (29.7 %) <0.0001 

Echocardiographic parameters 
     

Septal wall thickness at end-diastole (mm) 8.1 (7.0 - 9.7) 9.3 (7.3 - 11.0) 9.4 (8.4 - 10.6) 9.9 (8.3 - 11.5) <0.0001 

LV end-diastolic dimension (mm) 48.6 (45.1 - 52.6) 55.0 (51.0 - 58.4) 60.0 (57.4 - 63.8) 59.0 (54.0 - 64.8) <0.0001 

LV end-systolic dimension (mm) 32.3 (29.8 - 35.0) 34.4 (31.3 - 38.3) 38.1 (35.4 - 40.0) 36.9 (33.2 - 43.8) <0.0001 

LV mass index (g/m²) 78.4 (65.9 - 93.1) 98.0 (84.4 - 126.1) 119.1 (105.1 - 142.3) 123.7 (106.5 - 143.1) <0.0001 

Relative wall thickness 0.34 (0.28 - 0.39) 0.31 (0.27 - 0.39) 0.29 (0.25 - 0.33) 0.31 (0.26 - 0.39) 0.0004 

LVEDV index (mL/m²) 53.5 (45.6 - 64.5) 84.6 (70.1 - 96.0) 110.1 (97.7 - 123.5) 102.7 (89.3 - 118.0) <0.0001 

LVESV index (mL/m²) 21.1 (17.2 - 25.5) 27.7 (21.9 - 33.7) 32.9 (28.2 - 39.8) 30.7 (23.7 - 42.3) <0.0001 

LVEF (%) 60.8 (56.7 - 66.1) 66.1 (60.8 - 70.3) 69.1 (66.2 - 72.5) 67.4 (60.4 - 74.3) <0.0001 
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Variables 
Cluster 1 

(n=131) 

Cluster 2 

(n=104) 

Cluster 3 

(n=120) 

Cluster 4 

(n=74) 
p-value 

Cardiac index (L/min/m²) 2.7 (2.3 - 3.0) 2.7 (2.4 - 3.2) 2.6 (2.3 - 3.1) 2.3 (1.9 - 2.9) <0.0001 

GLS (%) 21.0 (19.1 - 22.6) 22.0 (20.2 - 24.2) 22.8 (21.6 - 24.8) 19.2 (17.2 - 21.1) <0.0001 

RV diameter (mm) 25.1 (21.9 - 28.2) 29.9 (27.0 - 32.3) 30.1 (27.0 - 32.3) 31.9 (28.5 - 35.1) <0.0001 

E wave (cm/s) 69.0 (56.0 - 79.0) 86.0 (68.0 - 100.0) 116.0 (101.0 - 136.0) 140.0 (120.0 - 158.0) <0.0001 

E/A 1.20 (0.89 - 1.49) 1.29 (1.05 - 1.49) 1.84 (1.57 - 2.28) 2.03 (1.48 - 2.92) <0.0001 

Deceleration time (ms) 174.5 (149.7 - 213.0) 192.4 (158.8 - 239.8) 192.6 (162.5 - 218.2) 164.2 (128.0 - 195.6) 0.0003 

E' lateral (cm/s) 11.7 (9.0 - 15.5) 11.0 (8.0 - 13.0) 12.0 (10.0 - 15.0) 11.5 (9.0 - 15.0) 0.006 

E/E' lateral 5.5 (4.7 - 7.0) 7.7 (6.2 - 10.4) 9.3 (7.6 - 11.5) 12.6 (9.8 - 16.2) <0.0001 

E/E' septal 6.8 (5.6 - 8.2) 8.9 (6.8 - 11.6) 10.1 (8.7 - 12.6) 15.3 (13.2 - 19.4) <0.0001 

E/E' mean 6.1 (5.1 - 7.1) 8.0 (6.5 - 10.7) 9.7 (8.6 - 11.5) 13.8 (10.7 - 17.5) <0.0001 

AI grade (2 classes)     0.0008 

No trace 97 (90.7 %) 68 (73.9 %) 87 (78.4 %) 45 (67.2 %)  

Trace 10 (9.3 %) 24 (26.1 %) 24 (21.6 %) 22 (32.8 %)  

MR grade (3 classes) 
    

<0.0001 

Trace-mild 106 (80.9 %) 12 (11.5 %) 0 (0.0 %) 0 (0.0 %) 
 

Moderate 24 (18.3 %) 80 (76.9 %) 6 (5.0 %) 6 (8.1 %) 
 

Severe 1 (0.8 %) 12 (11.5 %) 114 (95.0 %) 68 (91.9 %) 
 

EROA (cm²) 0.07 (0.04 - 0.13) 0.22 (0.14 - 0.31) 0.43 (0.38 - 0.55) 0.42 (0.32 - 0.50) <0.0001 

Regurgitant volume (mL) 9.0 (5.3 - 14.8) 32.0 (21.0 - 47.0) 72.0 (64.0 - 81.0) 65.0 (55.0 - 79.0) <0.0001 

Regurgitant fraction (%) 10.5 (6.2 - 18.1) 32.7 (20.4 - 41.1) 50.3 (43.8 - 56.1) 51.9 (45.8 - 56.8) <0.0001 

LA diameter (mm) 34.3 (30.8 - 38.1) 41.1 (38.0 - 44.0) 46.0 (42.1 - 50.1) 49.9 (45.7 - 51.8) <0.0001 

LA area (cm²) 17.0 (15.0 - 20.2) 23.8 (22.0 - 28.2) 31.7 (28.0 - 36.9) 33.8 (29.0 - 38.1) <0.0001 

LAV index (mL/m²) 30.6 (24.3 - 37.3) 52.2 (44.3 - 61.0) 72.4 (60.3 - 86.3) 80.2 (64.3 - 91.0) <0.0001 

TAPSE (mm) 22.8 (20.8 - 25.4) 25.0 (20.8 - 28.4) 25.5 (22.3 - 28.9) 22.2 (19.1 - 25.0) <0.0001 

RA area (cm²) 13.6 (11.5 - 16.6) 16.8 (14.9 - 20.4) 17.6 (15.0 - 20.9) 21.0 (15.9 - 24.8) <0.0001 

RA area index (cm²/m²) 8.1 (6.8 - 9.5) 9.6 (7.8 - 11.3) 9.4 (8.3 - 11.0) 11.3 (8.9 - 13.7) <0.0001 

PAPs (mmHg) 22.1 (20.0 - 27.0) 28.0 (24.1 - 33.6) 33.0 (29.0 - 39.0) 49.2 (35.0 - 64.0) <0.0001 

Barlow 87 (66.4 %) 72 (69.9 %) 89 (74.2 %) 25 (33.8 %) <0.0001 
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Variables 
Cluster 1 

(n=131) 

Cluster 2 

(n=104) 

Cluster 3 

(n=120) 

Cluster 4 

(n=74) 
p-value 

Anterior leaflet MVP 12 (9.2 %) 3 (2.9 %) 3 (2.5 %) 8 (11.0 %) 0.019 

Posterior leaflet MVP 42 (32.1 %) 33 (31.7 %) 53 (44.5 %) 51 (69.9 %) <0.0001 

Bileaflet MVP 78 (59.5 %) 61 (58.7 %) 59 (49.6 %) 12 (16.4 %) <0.0001 

Anterior leaflet length (mm) 24.0 (22.0 - 26.0) 26.4 (23.4 - 28.7) 28.0 (24.9 - 31.0) 26.0 (24.7 - 28.6) <0.0001 

Posterior leaflet length (mm) 13.9 (12.1 - 16.2) 18.1 (16.0 - 20.9) 20.0 (17.5 - 22.6) 18.8 (16.6 - 21.0) <0.0001 

Mitral annulus diameter (mm) 33.9 (31.0 - 37.1) 38.3 (35.0 - 42.4) 41.0 (38.0 - 44.7) 39.8 (36.2 - 43.0) <0.0001 

Mitral annulus disjunction 82 (78.1 %) 64 (65.3 %) 63 (54.8 %) 11 (16.2 %) <0.0001 

Flail leaflet 0 (0.0 %) 19 (20.7 %) 79 (71.8 %) 59 (84.3 %) <0.0001 

CMR parameters 
     

LVEDV index (mL/m²) 85.0 (75.0 - 96.0) 100.9 (83.0 - 112.0) 122.0 (107.0 - 138.1) 121.4 (97.7 - 141.6) <0.0001 

LVEDV index (mL/m²) 36.1 (28.7 - 41.0) 38.5 (30.6 - 45.6) 46.7 (37.7 - 55.2) 43.6 (31.9 - 60.6) <0.0001 

LVEF (%) 58.6 (55.0 - 62.7) 60.6 (56.9 - 64.8) 62.5 (57.2 - 66.6) 62.1 (54.3 - 68.0) 0.001 

Myocardial mass index (g/m²) 56.0 (48.0 - 61.0) 67.9 (55.0 - 74.0) 76.0 (69.0 - 87.2) 79.8 (71.4 - 92.0) <0.0001 

RVEDV index (mL/m²) 72.0 (63.3 - 82.0) 82.1 (70.9 - 93.0) 88.7 (76.8 - 101.6) 80.8 (66.6 - 104.9) <0.0001 

RVEDV index (mL/m²) 31.5 (24.3 - 36.8) 37.6 (29.2 - 44.1) 42.9 (36.5 - 52.3) 42.3 (31.5 - 53.2) <0.0001 

RVEF (%) 56.0 (52.0 - 60.0) 54.0 (49.5 - 58.4) 50.0 (46.4 - 53.6) 49.5 (44.3 - 55.6) <0.0001 

Regurgitant volume (mL) 18.0 (8.0 - 27.0) 32.0 (20.8 - 43.9) 60.0 (45.0 - 73.0) 63.1 (45.5 - 85.0) <0.0001 

Regurgitant fraction (%) 20.9 (10.3 - 28.0) 29.4 (23.8 - 37.9) 44.0 (36.2 - 50.0) 48.1 (37.5 - 56.2) <0.0001 

Values are reported as median (Q1 – 3) for continuous variables or frequency (percentage) for categorical variables. 

*p-value from Kruskal-Wallis test for continuous variables and chi-square test or Fisher’s exact test for categorical variables. 

See Table 1 for abbreviations.
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Table 3: Proportion of cardiovascular events in each cluster  

 
Overall 

(n=429) 

Cluster 1 

(n=131) 

Cluster 2 

(n=104) 

Cluster 3 

(n=120) 

Cluster 4 

(n=74) 

CV event 92 (21.4%) 6 (4.6%) 20 (19.2%) 36 (30.0%) 30 (40.5%) 

Type of CV event 
     

CV death 8 (8.7%) 1 (16.7%) 1 (5.0%) 2 (5.6%) 4 (13.3%) 

Worsening HF 49 (53.3%) 1 (16.7%) 9 (45.0%) 23 (63.9%) 16 (53.3%) 

De novo atrial fibrillation 26 (28.3%) 2 (33.3%) 8 (40.0%) 7 (19.4%) 9 (30.0%) 

Systemic embolism 

(stroke, TIA…) 
9 (9.8%) 1 (16.7%) 1 (5.0%) 3 (8.3%) 4 (13.3%) 

Sustained VT / VF 7 (7.6%) 1 (16.7%) 2 (10.0%) 3 (8.3%) 1 (3.3%) 

 

 

 


