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ABSTRACT
Objectives Patients with mitral regurgitation (MR) may 
be heterogeneous with different risk profiles. We aimed 
to identify distinct phenogroups of patients with severe 
primary MR and investigate their long- term prognosis 
after mitral valve (MV) surgery.
Methods The retrospective cohort of patients with 
severe primary MR undergoing MV surgery (derivation, 
n=1629; validation, n=692) was analysed. Latent class 
analysis was used to classify patients into subgroups 
using 15 variables. The primary outcome was all- cause 
mortality after MV surgery.
Results During follow- up (median 6.0 years), 
149 patients (9.1%) died in the derivation cohort. 
In the univariable Cox analysis, age, female, atrial 
fibrillation, left ventricular (LV) end- systolic dimension/
volumes, LV ejection fraction, left atrial dimension and 
tricuspid regurgitation peak velocity were significant 
predictors of mortality following MV surgery. Five 
distinct phenogroups were identified, three younger 
groups (group 1–3) and two older groups (group 4–5): 
group 1, least comorbidities; group 2, men with LV 
enlargement; group 3, predominantly women with 
rheumatic MR; group 4, low- risk older patients; and 
group 5, high- risk older patients. Cumulative survival 
was the lowest in group 5, followed by groups 3 and 
4 (5- year survival for groups 1–5: 98.5%, 96.0%, 
91.7%, 95.6% and 83.4%; p<0.001). Phenogroups 
had similar predictive performance compared with the 
Mitral Regurgitation International Database score in 
patients with degenerative MR (3- year C- index, 0.763 vs 
0.750, p=0.602). These findings were reproduced in the 
validation cohort.
Conclusion Five phenogroups of patients with severe 
primary MR with different risk profiles and outcomes 
were identified. This phenogrouping strategy may 
improve risk stratification when optimising the timing 
and type of interventions for severe MR.

INTRODUCTION
Severe primary mitral regurgitation (MR) is asso-
ciated with significant mortality.1 The decision for 
mitral valve (MV) surgery depends on the integrative 
assessment of MR aetiology, compensatory response 
of the left ventricle, symptoms and feasibility of 
MV repair.2–4 Regarding the treatment strategies of 

MR, recent studies showed the potential benefits 
of early MV surgery for asymptomatic patients,5 6 
while a percutaneous edge- to- edge repair is now 
available for high- risk cases.7 8 Long- term survival 
after operation may also be substantially different 
with patients’ underlying comorbidities.9 There-
fore, patients with severe MR may be a heteroge-
neous population with various risk factors,10–12 
and identifying distinct phenogroups among these 
patients may help clinicians in tailoring individual-
ised strategies.13–15

Recent studies have adopted a data- driven 
approach to identify meaningful phenotypes among 
a heterogeneous disease entity. Latent class anal-
ysis (LCA) is a useful tool to segregate samples into 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Severe primary mitral regurgitation (MR) may 
be a heterogeneous disorder with different 
aetiology, clinical conditions and adverse 
cardiac remodelling. Even after the mitral 
valve (MV) surgery, the long- term prognosis 
is substantially different by the patients’ 
comorbidities.

WHAT THIS STUDY ADDS
 ⇒ Using the data- driven latent class analysis, we 
demonstrated five distinct groups of patients 
with MR with different risk profiles. Each 
group was associated with different long- 
term mortality after MV surgery. Particularly, 
the phenogroups of predominantly women 
with rheumatic aetiology (group 3) and high- 
risk older patients (group 5) were associated 
with a high risk of mortality after the surgery. 
The phenogroup membership showed a 
similar predictive performance as the Mitral 
Regurgitation International Database risk score.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Future studies are required to investigate 
whether a more tailored intervention strategy 
based on the phenotypes of severe MR 
improves patient outcomes.
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homogeneous subgroups, which may improve risk stratification 
and determine the likelihood of treatment response.16–18

We hypothesised that there may be distinct phenogroups of 
patients with severe primary MR undergoing MV surgery with 
different long- term outcomes. We aimed to identify phenogroups 
of patients with severe MR using LCA and to provide insights 
into the optimal treatment strategy for severe primary MR.

METHODS
Study population
This study was conducted at three tertiary hospitals in South 
Korea (Asan Medical Center, Seoul National University Hospital 
and Seoul National University Bundang Hospital). Patients 
from Asan Medical Center were used for the development of 
the LCA model (=derivation cohort). Patients from the other 
centres were used as the validation cohort to examine whether 
phenogroups and their association with long- term mortality are 
reproduced in the external population.

Patients with severe primary MR who underwent MV 
surgery (MV repair or replacement) between 2006 and 
2020 were retrospectively collected. Exclusion criteria were 
age <18 years, prior MV surgery or intervention, combined 
mitral stenosis ≥moderate, combined other severe valvular 
heart disease, MR due to infective endocarditis and secondary 
MR. Details of the data collection and variable definitions are 
presented in online supplemental methods.

Echocardiography
Transthoracic echocardiography was performed shortly before 
the MV surgery (median 21 days). Details of the echocardiog-
raphy measurement are described in the online supplemental 
methods.

MR severity was determined by both qualitative and quantita-
tive methods following the guideline.19 Severe MR was confirmed 
by a large systolic regurgitant jet on the colour Doppler image, 
with an effective regurgitant orifice area of ≥0.40 cm2 and a 
regurgitant volume of ≥60 mL by proximal isovelocity surface 
area methods. Degenerative MR includes MR due to flail leaflet 
or MV prolapse. Rheumatic MR was defined as diffuse MV 
leaflet thickening with restricted motion and rheumatic changes 
of MV observed in the surgical field. Congenital causes of MR 
included either cleft or parachute MV. MV morphology was 
evaluated in the patients with degenerative MR and categorised 
as either isolated anterior/posterior leaflet prolapse or bileaflet 
prolapse.

Outcome assessment
The primary endpoint was all- cause mortality after the MV 
surgery. Mortality data were ascertained by the official national 
death records provided by Statistics Korea for all participants. 
The time interval between the date of MV surgery to the last 
clinical follow- up or death was used as the follow- up duration.

Latent class analysis
LCA is an exploratory modelling technique of clustering subjects 
into homogeneous but mutually exclusive subgroups.20 Using 
maximum likelihood estimation, LCA generates a robust class 
solution accounting for measurement errors and models’ statis-
tical fit.21

Fifteen variables were included for the LCA (online supple-
mental table 1). The criteria for the variable inclusion were 
(1) risk factors from the Society of Thoracic Surgeons score,22 
Mitral Regurgitation International Database (MIDA) score23 or 

guidelines2 3 and (2) statistical significance in the univariable Cox 
analysis (online supplemental table 2). The missing values were 
minimal and these were imputed with the missForest algorithm 
(online supplemental figure 1, methods).

LCA uses categorical variables as input. Thus, variables were 
categorised by the clinical consensus or cut- off values for surgical 
intervention (ie, left ventricular (LV) ejection fraction <60%) 
(online supplemental table 1). Mortality data were blinded 
in the LCA. LCA models were derived with the number of 
phenogroups ranging from 2 to 8. Multiple information criteria 
were calculated for each model,21 and the optimal number of 
groups was determined based on the lowest value of these statis-
tics. The minimal proportion of each group was set as 10% to 
prevent overfitting and ensure clinical interpretability.16 Based 
on these criteria, the optimal number of groups was 5 (online 
supplemental figure 2).

Internal validation, sensitivity analysis and subgroup analysis
We performed an internal validation analysis to test the robust-
ness of the group membership. Briefly, multinomial logistic 
regression models predicting phenogroups were developed 
and tested using the bootstrap samples (online supplemental 
methods). Additionally, a sensitivity analysis including both 
derivation and validation cohorts and a subgroup analysis 
of patients with degenerative MR were performed to test the 
reproducibility.20

External validation
Patients in the validation cohort (n=692) were allocated to one 
of the five groups based on the group probabilities derived from 
the LCA model (online supplemental methods).16 The associa-
tion between the phenogroups and outcomes was investigated as 
in the derivation cohort.

Statistical analysis
Continuous variables are presented as median (IQR) and cate-
gorical variables as frequencies (percentages). The difference 
between groups was compared using the analysis of variance test 
or Kruskal- Wallis test for continuous variables and the χ2- test 
for categorical variables. Kaplan- Meier curves were plotted by 
groups and compared using the log- rank test. Cox proportional 
hazard analyses were used to evaluate the association between 
the phenogroups and mortality risk, and expressed as HRs with 
95% CIs. Cox assumption was tested using Schoenfeld residuals.

The predictive performance of the phenogroup was compared 
with the MIDA score23 in patients with degenerative MR. We 
calculated the MIDA score without pulmonary artery systolic 
pressure (ranged 0–10) due to the lack of data (online supple-
mental table 3). Harrell’s C- index for 3- year mortality was 
calculated and compared using DeLong’s method.

A two- tailed p value of <0.05 was considered statistically 
significant. All analyses were performed using R. The LCA was 
performed using the validated R package poLCA.21

Patient and public involvement
Patients or the public were not involved in the design, execution 
or dissemination plans of our research.

RESULTS
Cohort characteristics
In the derivation cohort, the majority of patients had degenera-
tive MR (n=1375, 84.4%) and underwent MV repair (n=1349, 
82.8%) (online supplemental table 4). MV repair was most 
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frequently performed in patients with degenerative MR (92.1%), 
while patients with rheumatic MR more frequently received MV 
replacement (57.2%) (p<0.001) (online supplemental figure 3). 
There was a tendency towards worse survival in patients with 
rheumatic MR, although statistically insignificant (p=0.145).

During a median 6.0 years follow- up (IQR 2.8–10.4 years), 
149 patients (9.1%) died in the derivation cohort (online 
supplemental figure 4). In the univariable Cox analysis, age, 
female gender, atrial fibrillation (AF), LV end- systolic dimen-
sion/volumes, LV ejection fraction, LA dimension and tricuspid 
regurgitation (TR) peak velocity were significant predictors of 
mortality following MV surgery (online supplemental table 2).

Clinical characteristics of phenogroups by LCA
The LCA identified five distinct phenogroups in the derivation 
cohort (figure 1). Groups 1, 2 and 3 consisted of younger patients 
(median 44, 52 and 50 years), and groups 4 and 5 consisted 
of older patients (median 64 and 69 years) (table 1). Patients 
in group 1 were the youngest, least symptomatic and had the 
least comorbidities, such as AF (9.3%), across the five groups. 
Patients in group 2 were exclusively men (100%) with prevalent 
AF (65.5%). Among the groups with younger patients (groups 
1–3), patients in group 2 had the highest prevalence of hyperten-
sion and diabetes (both p<0.001), and coronary artery bypass 
grafting was most frequently performed compared with group 
1 or 3 (6.0% vs <1%, p<0.001). In contrast, patients in group 
3 were predominantly women (78.9%) and frequently had AF. 
The most notable features of group 3 were the highest preva-
lence of rheumatic MR (67.3%) and the most frequent perfor-
mance of MV replacement with mechanical valve (63.7%).

For the older groups (groups 4–5), patients in group 5 were 
older and had a higher proportion of AF compared with those in 
group 4 (71.4% vs 29.3%, p<0.001) (table 1). Patients in group 
5 had the most frequent comorbidities and the lowest haemo-
globin and glomerular filtration rate across the five groups.

Regarding the valve morphology in patients with degener-
ative MR, the isolated posterior leaflet prolapse was the most 
common in group 4 (68.4%, p<0.001), while isolated anterior 
leaflet and bileaflet prolapse was more common in group 3 and 
5, respectively (table 1).

Cardiac remodelling characteristics of phenogroups
Echocardiography parameters were most favourable in group 
1, with the small LV and LA dimensions, preserved LV ejection 
fraction and the lowest TR peak velocity across the five groups 
(table 2). Patients in group 2 had the largest LV dimensions and 
volumes across the five groups (LV end- systolic diameter 43 mm 
(40–47 mm), p<0.001), with the largest LA dimension (59 mm 
(55–65 mm), p<0.001) (table 2).

Patients in group 5 showed more advanced cardiac dysfunc-
tion compared with group 4, including increased LV dimensions, 
reduced LV ejection fraction and enlarged LA (all p<0.001) 
(table 2). The TR peak velocity was the highest in group 5 
compared with the other four groups (3.3 m/s (3.0–3.6 m/s), 
p<0.001).

Clinical outcomes after MV surgery according to phenogroups
Cumulative survival was the lowest in group 5, followed by 
group 3 and then group 4 (5- year survival rate 83.4%, 91.7% 
and 95.6% for group 5, 3 and 4; p<0.001) (figure 2A). In 
the younger population (groups 1–3), group 3 had the worst 
cumulative survival, while mortality rarely occurred in group 
1 (5- year survival rate 98.5%) (p<0.001) (figure 2B). In the 

groups with older patients (groups 4 and 5), group 5 demon-
strated a markedly worse cumulative survival compared with 
group 4 (p<0.001) (figure 2C).

In the univariable Cox analysis with group 1 as the refer-
ence, there was a stepwise increased risk of mortality in the 
order of groups 2, 3 and 4, and 5 (table 3). After adjusting for 
covariates, the higher mortality risk associated with groups 
3 and 5 remained significant (group 3, adjusted HR 2.61, 
95% CI 1.08 to 6.32, p=0.034; group 5, adjusted HR 3.16, 
95% CI 1.23 to 8.15, p=0.017).

Internal validation, sensitivity analysis and subgroup analysis
Internal validation analysis showed that multinomial logistic 
regression models had an average accuracy of 0.966 for the 
discrimination of phenogroups (online supplemental figure 
5). The averaged F1 score and area under the receiver oper-
ating characteristic curves for each group were all >0.90 and 
>0.99, suggesting the robustness of the phenogroup 
assignment.

A sensitivity analysis including both derivation and valida-
tion cohorts similarly reproduced the five phenogroups and 
their association with mortality (ie, high- risk older patients 
conferring the worst survival) (online supplemental table 
5, figure 6). In the subgroup analysis of degenerative MR, 
the optimal number of groups was 4. Each phenogroup in 
this subgroup analysis corresponded to the groups from the 
original LCA, except there was no group of women with 
rheumatic MR (group 3 in the original LCA). The mortality 
pattern of these four groups was again similar to the original 
LCA (online supplemental table 6, figure 7).

External validation
Patients in the validation cohort were older (median 61 vs 
56 years, p<0.001) and had more comorbidities with more 
advanced cardiac dysfunction (online supplemental table 4). 
These patients were allocated to one of the five phenogroups 
according to the highest group probabilities (online supple-
mental table 7, methods). Distinct phenogroups in the deri-
vation cohort were reproduced in the validation cohort with 
similar clinical and echocardiographic characteristics (online 
supplemental table 8).

During a median 5.2 years (IQR 2.8–7.9 years), 85 patients 
(12.3%) died in the validation cohort, which was signifi-
cantly higher than the derivation cohort (p<0.001) (online 
supplemental figure 4). Similarly, the cumulative survival was 
the lowest in group 5, followed by groups 3 and 4 (5- year 
survival rate 78.5%, 93.5% and 91.0% for group 5, 3 and 4; 
p<0.001) (figure 2).

In the combined population of the derivation and valida-
tion cohorts (n=2321), group 3 and 5 were again associ-
ated with a higher mortality risk compared with group 1 in 
the multivariable Cox analysis (group 3, adjusted HR 3.24, 
95% CI 1.45 to 7.25, p=0.004; group 5, adjusted HR 3.55, 
95% CI 1.53 to 8.24, p=0.003) (table 3).

Risk stratification using the phenogroup information
In patients with degenerative MR across the entire cohort 
(n=1979), there was a stepwise increase in cumulative 
mortality of 1, 3 and 5 years with higher MIDA score 
without pulmonary artery systolic pressure (p<0.001) 
(online supplemental figure 8). In the entire cohort, the 
MIDA score demonstrated fair predictability for 3- year 
mortality (C- index 0.750, 95% CI 0.704 to 0.796), and the 
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phenogroup information showed similar predictive perfor-
mance (C- index 0.763, 95% CI 0.718 to 0.809) (p=0.602 
for comparison) (online supplemental figure 8). In the 

validation cohort, the phenogroup and MIDA score again 
showed similar predictability (C- index 0.732 vs 0.731, 
p=0.960 for comparison).

Figure 1 Data- driven phenogrouping of patients with severe primary MR undergoing MV surgery. Patients with severe primary MR undergoing MV 
surgery from three tertiary university hospitals were analysed (n=2321; derivation cohort, n=1629 and validation cohort, n=692). The latent variable 
(c) is estimated based on the 15 observed variables (y) of demographics, laboratory, surgical and echocardiographic factors by the expectation–
maximisation algorithm, whose nominal categories are defined as latent classes (=groups). Five distinct groups were identified by LCA from the 
derivation cohort: group 1, least comorbidities (n=517); group 2, men with LV enlargement (n=249); group 3, predominantly women and rheumatic 
MR (n=171); group 4, low- risk older patients (n=461); and group 5, high- risk older patients (n=231). The prevalence of eight major risk factors in 
each phenogroup is depicted as a radar plot. The lines of the innermost octagon indicate zero prevalence. The phenogrouping may be used to guide 
clinicians to improve risk stratification and to provide a more tailored treatment strategy, as a step towards precision medicine in valvular heart 
disease. AF, atrial fibrillation; CKD, chronic kidney disease; LA, left atrium; LCA, latent class analysis; LV, left ventricular; LVEF, left ventricular ejection 
fraction; LVESD, left ventricular end- systolic diameter; MR, mitral regurgitation; MV, mitral valve; MVR, mitral valve replacement.
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DISCUSSION
Using the LCA, we demonstrated five distinct phenogroups 
of patients with severe primary MR undergoing MV surgery 
and their association with long- term mortality. Each group 

had distinct risk factor profiles in demographics, comorbidi-
ties, MR aetiology, surgery type and adverse cardiac remod-
elling (figure 1). Long- term mortality after MV surgery was 
markedly different by the phenogroups, and phenogroups 

Table 1 Baseline characteristics of the study participants according to phenogroups by LCA in the derivation cohort

Charcteristics

Younger population Older population

P*

Group 1 Group 2 Group 3 Group 4 Group 5

(n=517) (n=249) (n=171) (n=461) (n=231)

Least comorbidities
Men with LV 
enlargement

Predominantly women 
rheumatic MR Low- risk order patients High- risk older patients

Age (year) 44 (37–51) 52 (46–59) 50 (39–56) 64 (59–69) 69 (64–74) <0.001

Men, n (%) 365 (70.6) 249 (100.0) 36 (21.1) 230 (49.9) 78 (33.8) <0.001

Body mass index (kg/
m²) 24.1 (21.9–26.2) 25.3 (23.2–27.6) 22.9 (20.7–24.7) 25.0 (22.8–27.2) 22.7 (20.9–24.8) <0.001

Comorbidities, n (%)

Hypertension 100 (19.3) 91 (36.5) 2 (1.2) 291 (63.1) 117 (50.6) <0.001

Diabetes 5 (1.0) 15 (6.0) 2 (1.2) 65 (14.1) 46 (19.9) <0.001

A F 48 (9.3) 163 (65.5) 126 (73.7) 135 (29.3) 165 (71.4) <0.001

Stroke 3 (0.6) 11 (4.4) 3 (1.8) 6 (1.3) 9 (3.9) 0.001

Myocardial infarction 5 (1.0) 7 (2.8) 1 (0.6) 5 (1.1) 12 (5.2) <0.001

Year of MV surgery <0.001

2006–2013 253 (48.9) 118 (47.4) 108 (63.2) 184 (39.9) 120 (51.9)

2014–2020 264 (51.1) 131 (52.6) 63 (36.8) 277 (60.1) 111 (48.1)

Symptomatic MR, n (%) 104 (20.1) 113 (45.4) 82 (48.0) 148 (32.1) 101 (43.7) <0.001

Symptoms, n (%)

Dyspnoea 83 (16.1) 94 (37.8) 69 (40.4) 129 (28.0) 93 (40.3) <0.001

Chest pain 21 (4.1) 14 (5.6) 6 (3.5) 15 (3.3) 5 (2.2) 0.341

Oedema 5 (1.0) 6 (2.4) 9 (5.3) 5 (1.1) 11 (4.8) <0.001

Palpitation 12 (2.3) 19 (7.6) 17 (9.9) 21 (4.6) 10 (4.3) <0.001

Syncope 6 (1.2) 0 (0.0) 2 (1.2) 5 (1.1) 3 (1.3) 0.560

Laboratory results

Haemoglobin (g/L) 140 (129–148) 145 (139–154) 127 (119–137) 130 (120–141) 120 (108–131) <0.001

eGFR (mL/min/1.73 m2) 101.5 (92.8–110.3) 85.5 (76.0–97.1) 95.1 (79.3–106.5) 83.3 (69.7–91.4) 62.4 (48.7–79.5) <0.001

MR aetiology, n (%) <0.001

Degenerative 490 (94.8) 231 (92.8) 51 (29.8) 445 (96.5) 158 (68.4)

Rheumatic 21 (4.1) 14 (5.6) 115 (67.3) 15 (3.3) 71 (30.7)

Congenital 6 (1.2) 4 (1.6) 5 (2.9) 1 (0.2) 2 (0.9)

Valve morphology in 
degenerative MR, n 
(%)† <0.001

Isolated anterior leaflet 
prolapse 100 (20.4) 26 (11.3) 18 (35.3) 54 (12.2) 35 (22.6)

Isolated posterior leaflet 
prolapse 267 (54.5) 138 (59.7) 20 (39.2) 303 (68.4) 72 (46.5)

Bileaflet prolapse 123 (25.1) 67 (29.0) 13 (25.5) 86 (19.3) 48 (30.4)

MR surgery type, n (%) <0.001

MV repair 506 (97.9) 236 (94.8) 53 (31.0) 445 (96.5) 109 (47.2)

MV replacement 
(mechanical) 11 (2.1) 13 (5.2) 109 (63.7) 8 (1.7) 51 (22.1)

MV replacement 
(bioprosthetic) 0 (0.0) 0 (0.0) 9 (5.3) 8 (1.7) 71 (30.7)

Concomitant CABG, 
n (%) 0 (0.0) 15 (6.0) 1 (0.6) 33 (7.2) 45 (19.5) <0.001

Concomitant surgical 
atrial ablation, n (%) 44 (8.5) 150 (60.2) 100 (58.5) 123 (26.7) 138 (59.7) <0.001

Values are expressed in median (IQR) or numbers (percentage).
*Comparison between five groups.
†MV morphology was assessed only in the subgroup of patients with degenerative MR (unavailable in five patients).
AF, atrial fibrillation; CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LCA, latent class analysis; LV, left ventricular; MR, mitral regurgitation; MV, 
mitral valve.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

H
eart: first published as 10.1136/heartjnl-2022-321305 on 26 July 2022. D

ow
nloaded from

 

http://heart.bmj.com/


310 Kwak S, et al. Heart 2023;109:305–313. doi:10.1136/heartjnl-2022-321305

Valvular heart disease

provided important predictive information for postsurgical 
mortality. This study demonstrates how phenomapping by 
data- driven analysis improves risk stratification and may 
guide clinicians when optimising the outcome of valvular 
heart disease patients.

Deciding the optimal timing of intervention for severe primary 
MR is challenging. The goal of MR treatment is to correct the 
diseased valve before LV dysfunction develops.2 3 Although the 
guidelines define the one- size- fits- all cut- off values for the inter-
vention (ie, LV end- systolic diameter >40 mm),2 3 this may lead 
to significant misclassification, given the substantial heteroge-
neity of severe MR. A better characterisation of patients with 
severe MR may be required for more tailored therapy.10

Among the younger groups (groups 1–3), group 2 consisted 
of exclusively men (100%) with degenerative MR, whereas 
group 3 was predominantly women (78.9%) with rheumatic MR 
(table 1), suggesting significant sex- related differences in MR 
aetiology. Studies have shown that women have a higher preva-
lence of rheumatic MR than men,24 25 which often requires MV 
replacement than MV repair.4 26 Importantly, MV replacement 
is more frequently associated with valve- related complications, 
including thromboembolism or bleeding and reoperation.26 27 
Consistent with the literature, patients in group 3 (predomi-
nantly women and rheumatic MR) most frequently underwent 
MV replacement with mechanical valve (63.7%) and had the 
second- worst survival across the five groups despite young age 
(figure 2). In contrast, young men with enlarged left ventricles 
(group 2) showed a favourable prognosis comparable to those 
with the least comorbidities (group 1). These highlight signifi-
cant sex differences in severe MR and suggest close monitoring 
of adverse events may be required for women with rheumatic 
MR.

Among the older patients, group 4 (low- risk older patients) 
had fewer comorbidities and less cardiac dysfunction than 
group 5 (high- risk older patients). Notably, patients in group 4 
showed excellent long- term survival after surgery (5- year cumu-
lative survival, 95.6%) (figure 2). In the contemporary era, the 
expected survival after MV repair may be equivalent to that 
of the age- matched general population,28 and the feasibility of 

MV repair is an important factor in determining the timing of 
intervention.2 3 The patients with degenerative MR in group 
4 had the most prevalent posterior leaflet prolapse, for which 
MV repair is performed with a higher success rate and longer 
durability compared with other complex MV morphology (ie, 
anterior leaflet prolapse).4 29 Given the lower operative risk 
of group 4, earlier MV repair may be reasonable if successful 
repair is highly expected.2 3 However, for group 5, the prognosis 
was dismal, with more than a 10% mortality within the 1- year 
postsurgical period (figure 2). Therefore, whether the benefit of 
MV surgery outweighs the risk should be carefully evaluated in 
patients of group 5, and percutaneous edge- to- edge repair may 
be a more appropriate strategy if feasible.7 8

Our phenogrouping also provides important information on 
the outcomes of asymptomatic patients with severe MR. Although 
debatable, recent studies suggest that early MV surgery may 
be superior to watchful waiting in asymptomatic patients with 
severe MR.5 6 Our study also demonstrated nearly perfect long- 
term survival of group 1 patients after MV surgery (figure 2), 
the majority of which were asymptomatic. A randomised trial 
is currently ongoing to test this hypothesis (NCT03389542), 
and our phenogroups here may provide important insights when 
selecting the candidates for early surgery.

The most optimal timing and type of intervention may be 
different by phenogroups, which could be explored in future 
hypothesis- driven studies. Importantly, the group member-
ship can be assigned to any other population using our model 
(online supplemental methods).16 Our external validation 
analysis showed that the phenogroups and their associations 
with mortality were reproduced in populations from different 
hospitals, indicating generalisability. The phenogroup member-
ship alone had similar predictability with the MIDA score. 
Therefore, the phenogroup information has major potential 
to improve risk stratification and may offer a novel target for 
specific treatment strategies. For the step toward precision 
medicine, we are currently constructing a large database incor-
porating patients with valvular heart disease across key institu-
tions in South Korea to establish and validate the data- driven 
risk stratification.

Table 2 Echocardiography parameters of the study participants according to phenogroups by LCA in the derivation cohort

Younger population Older population

P value*

Group 1 (n=517) Group 2 (n=249) Group 3 (n=171) Group 4 (n=461) Group 5 (n=231)

Least comorbidities
Men with LV 
enlargement

Predominantly women 
with rheumatic MR

Low- risk older 
patients

High- risk older 
patients

LV end- systolic diameter (mm) 37 (34–40) 43 (40–47) 41 (38–45) 34 (32–37) 39 (35–44) <0.001

LV end- diastolic diameter (mm) 60 (56–63) 65 (61–69) 61 (56–65) 57 (54–60) 60 (56–65) <0.001

LV end- systolic volume (mL) 57 (47–68) 78 (61–93) 61 (47–78) 46 (37–57) 55.5 (40–71) <0.001

LV end- diastolic volume (mL) 164 (136–195) 193 (162–230) 147 (117–185) 139 (113–165) 135 (110–168) <0.001

LV end- systolic volume index (mL/m2) 31.7 (26.5–37.7) 41.6 (32.5–50.0) 37.8 (29.5–48.4) 26.6 (22.0–32.7) 34.6 (25.8–44.6) <0.001

LV end- diastolic volume index (mL/m2) 91.2 (76.2–109.6) 102.1 (86.0–122.6) 90.3 (73.5–111.9) 81.3 (67.0–97.5) 85.2 (70.4–107.5) <0.001

LV ejection fraction (%) 65.0 (61.7–68.2) 60.2 (54.7–65.0) 58.9 (53.0–63.1) 66.4 (62.8–70.0) 59.8 (54.0–65.1) <0.001

LV mass index (g/m2) 124.3 (108.1–142.1) 151.6 (133.9–175.4) 129.4 (109.5–155.9) 127.4 (108.8–146.4) 145.6 (122.0–168.2) <0.001

LA dimension (mm) 46.0 (42.0–50.0) 59.0 (55.0–65.0) 59.0 (55.5–64.5) 48.0 (44.0–52.0) 56.5 (51.0–63.0) <0.001

E- wave (m/s) 1.14 (0.98–1.37) 1.44 (1.21–1.66) 1.60 (1.28–2.06) 1.22 (1.00–1.44) 1.40 (1.20–1.62) <0.001

e’-wave (cm/s) 9.0 (7.4–10.6) 7.8 (6.2–9.1) 7.2 (6.0–9.0) 6.6 (5.6–7.9) 6.2 (5.0–7.8) <0.001

E/e’ ratio 12.0 (10.0–15.0) 16.0 (13.0–22.0) 19.0 (14.0–33.0) 17.0 (13.0–21.0) 20.0 (15.0–29.0) <0.001

TR peak velocity, m/s 2.5 (2.3–2.8) 3.1 (2.7–3.4) 2.9 (2.6–3.3) 2.8 (2.5–3.3) 3.3 (3.0–3.6) <0.001

Values are expressed in median (IQR).
*Comparison between five groups.
AF, atrial fibrillation; LA, left atrium; LCA, latent class analysis; LV, left ventricular; MR, mitral regurgitation; TR, tricuspid regurgitation.
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Figure 2 Cumulative survival after MV surgery according to phenogroups by LCA. Kaplan- Meier survival curves of all- cause mortality by the 
phenogroups in the derivation cohort (left panel) and the validation cohort (right panel). Kaplan- Meier curves were plotted for the (A) entire patients 
(groups 1–5) and further stratified by (B) younger patients (groups 1–3) and (C) older patients (groups 4–5). LCA, latent class analysis; MV, mitral 
valve.
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Limitations
First, the LCA model was derived from a single centre (n=1629). 
However, sensitivity and subgroup analyses demonstrated that 
similar phenogroups were reproduced in different populations, 
indicating robustness.20 Second, this cohort included patients 
across 14 years. Given that indications and surgical techniques 
have changed over the period, this may have influenced our 
findings. Third, pulmonary artery systolic pressure data were 
unavailable. However, recent guidelines suggest using TR peak 
velocity alone to assess pulmonary hypertension since the right 
atrial pressure estimation based on inferior vena cava may be 
error- prone.30 Lastly, as we exclusively enrolled patients with 
MR undergoing MV surgery, phenogroups of patients not 
undergoing imminent intervention may be different.

CONCLUSION
Five phenogroups of patients with severe primary MR with 
different long- term prognosis after MV surgery were identified. 
This phenogrouping strategy may be used to improve risk strat-
ification and, potentially, to individualise patient management 
when optimising the timing and types of interventions for severe 
primary MR.
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SUPPLEMENTAL MATERIAL 

 

METHODS 

Data collection and variable definitions 

Patients’ clinical and echocardiography data were collected at the time of mitral valve (MV) 

surgery. Hypertension was defined by one of the following: a previous diagnosis of 

hypertension, systolic blood pressure >140 mmHg or diastolic blood pressure >90 mmHg, or 

the current use of antihypertensive medications. Diabetes mellitus was defined as either the 

previous diagnosis, fasting glucose ≥126 mg/mL or glycated hemoglobin ≥6.5%, or the 

current use of antihyperglycemic agents. Atrial fibrillation (AF) was defined as a previous 

diagnosis or documented AF or atrial flutter rhythm on the 12-lead electrocardiography. 

Stroke included both ischemic and hemorrhagic cerebrovascular events. Myocardial 

infarction was determined based on electrocardiography findings, elevated cardiac enzymes, 

and invasive coronary angiography results. Symptom status was collected at the time of MV 

surgery from the medical records. The type of mitral regurgitation (MR) surgery was 

categorized as MV repair or MV replacement with either mechanical valve or bioprosthetic 

valve based on the surgical records. Information on concomitant coronary artery bypass 

grafting or surgical atrial ablation was also collected. 

 

Echocardiography 

The left ventricle (LV) and left atrial (LA) dimensions were measured from the standard 

parasternal windows. The LV end-diastolic and end-systolic volumes were calculated from 

the apical 2-chamber and 4-chamber views, and LV ejection fraction was estimated by the 

biplane Simpson’s method. The LV mass was calculated using the Devereux cube formula 

and indexed to body surface area. The peak E-velocity was acquired from the apical 4-

chamber view. The tissue Doppler velocities were obtained at the medial side of the mitral 
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annulus. Tricuspid regurgitation (TR) peak velocity was obtained from the right ventricle-

focused apical 4-chamber view.  

 

Imputation method 

Our database has a minimal proportion of missing values (online supplemental figure 1). 

We used the missForest algorithm for the imputation, which uses a random forest model to 

predict missing values iteratively.1 The missForest can deal with large-scale, mixed-type data 

including both categorical and continuous variables.1 The number of decision trees for the 

missForest was set as 100, and 3 random variables were sampled at each split. The 

normalized root mean squared error and the proportion of falsely classified entries were 

25.3% and 0.0% for continuous and categorical variables, respectively. In addition, as a 

sensitivity analysis, we performed LCA after excluding patients with any missing values 

(n=50 excluded). The result was almost identical to the LCA using the imputed dataset.   

 

Internal validation analysis  

For the internal validation, we performed multinomial logistic regression analysis with 100 

bootstrap samples, where the dependent variable is the phenogroup membership (1 to 5), and 

the independent variables are the variables used for LCA. A multinomial logistic regression 

model was developed using the randomly selected 70% of the derivation cohort. The 

remaining 30% of the samples were used for validation of the model using various 

performance metrics (accuracy, F1-score, and area under the curve of the receiver operating 

characteristic curve). The distribution of these metrics from 100 iterations was estimated.2 

 

Assignment of group membership in the validation cohort 

Each patient in the validation cohort was assigned to the phenogroup according to the highest 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Heart

 doi: 10.1136/heartjnl-2022-321305–9.:10 2022;Heart, et al. Kwak S



probabilities of belonging, which was calculated from the partial probabilities of each 

variable (online supplemental table 7). Suppose patient A has the following characteristics:  

 

Patient A 

Categories 

1 2 3 4 

Age  68 years <50 50−60 60−70 ≥70 

Sex men men women   

BMI 23 kg/m2 <25 ≥25   

Hypertension No No Yes   

Diabetes Yes No Yes   

AF Yes No Yes   

Symptoms Yes No Yes   

Anemiaa No No Yes   

eGFR 
57 mL/min/ 

1.73m2 
≥90 90−60 60−30 <30 

MV surgery MV repair MV repair 
MVR 

mechanical 

MVR 

bioprosthesis 
 

CABG Yes No Yes   

LVESD 45 mm <40 ≥40   

LVEF 62% >60 ≤60   

LA dimension  57 mm <55 ≥55   

TR velocity 3.3 m/s ≤2.8 >2.8   

amen, hemoglobin <13g/dL; women, hemoglobin <12g/dL. 

AF, atrial fibrillation; BMI, body mass index; CABG, coronary artery bypass grafting; eGFR, 

estimated glomerular filtration rate; LA, left atrium; LVEF, left ventricular ejection fraction; 
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LVESD, left ventricular end-systolic diameter; MV, mitral valve; MVR, mitral valve 

replacement; TR, tricuspid regurgitation 

 

The probabilities of patient A belonging to group 1 is calculated by multiplying the partial 

probabilities of group 1 for each category (online supplemental table 7): 

 

Group 1 probability = 0.028492 (Age) × 0.703620 (Sex) × 0.608755 (BMI) × 0.796451 

(Hypertension) × 0.012656 (Diabetes) × 0.100215 (AF) × 0.197978 (Symptoms) × 0.852485 

(Anemia) × 0.004756 (eGFR) × 0.979446 (MV surgery) × 1.18×10-251 (CABG) × 0.292662 

(LVESD) × 0.865954 (LVEF) × 0.06306 (LA dimension) × 0.206127 (TR velocity) = 3.76 × 

10-262 

 

Probabilities of group 2 to 5 can also be calculated using the same method: 

Group 2 probability = 3.22 × 10-7 

Group 3 probability = 6.73 × 10-10 

Group 4 probability = 1.81 × 10-8 

Group 5 probability = 5.40 × 10-6 

 

Total sum of the probabilities = Group 1 probability + Group 2 probability + Group 3 

probability + Group 4 probability + Group 5 probability = 5.74 × 10-6 

 

Final probability of group membership: 

Group 1: 3.76 × 10-262 / 5.74 × 10-6 = 0.000 

Group 2: 3.22 × 10-7 / 5.74 × 10-6 = 0.056 

Group 3: 6.73 × 10-10 / 5.74 × 10-6 = 0.000 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Heart

 doi: 10.1136/heartjnl-2022-321305–9.:10 2022;Heart, et al. Kwak S



Group 4: 1.81 × 10-8 / 5.74 × 10-6 = 0.003 

Group 5: 5.40 × 10-6 / 5.74 × 10-6 = 0.941 

 

Therefore, patient A is assigned to group 5 (high-risk older patients), the phenogroup with the 

maximal probabilities.  

 

Reference for the online supplemental methods 

1. Stekhoven DJ, Bühlmann P. MissForest--non-parametric missing value imputation 

for mixed-type data. Bioinformatics 2012;28:112-8. 

2. Shah RV, Yeri AS, Murthy VL, Massaro JM, D'Agostino R Sr., Freedman JE, et al. 

Association of Multiorgan Computed Tomographic Phenomap With Adverse Cardiovascular 

Health Outcomes: The Framingham Heart Study. JAMA Cardiol 2017;2:1236-1246. 
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Supplemental Table 1. Variables used for the latent class analysis and their 

categorization.  

Variables 

Categories 

1 2 3 4 

Age, years <50 50−60 60−70 ≥70 

Sex men women   

Body mass index, 

kg/m2 
<25 ≥25   

Hypertension No Yes   

Diabetes No Yes   

Atrial fibrillation No Yes   

Symptoms No Yes   

Anemiaa No Yes   

eGFR, mL/min/1.73m2 ≥90 90−60 60−30 <30 

MV surgery type MV repair 
MV replace 

(mechanical) 

MV replace 

(bioprosthesis) 
 

Concomitant CABG No Yes   

LV end-systolic 

diameter, mm 
<40 ≥40   

LV ejection fraction, % >60 ≤60   

LA dimension, mm <55 ≥55   

TR peak velocity, m/s ≤2.8 >2.8   

amen, hemoglobin <13g/dL; women, hemoglobin <12g/dL. 

CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LA, left 

atrium; LV, left ventricle; MV, mitral valve; TR, tricuspid regurgitation. 
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Supplemental Table 2. Univariable Cox analysis for all-cause mortality after MV 

surgery in the derivation cohort. 

Variables 

All-cause mortality 

HR (95% CI) P 

Age, year 1.07 (1.06-1.09) <0.001 

Male 0.65 (0.47-0.90) 0.010 

Body mass index, kg/m²  0.95 (0.91-0.99) 0.031 

Hypertension 1.62 (1.17-2.23) 0.004 

Diabetes 3.02 (2.00-4.56) <0.001 

Atrial fibrillation 2.37 (1.71-3.28) <0.001 

Stroke 0.41 (0.06-2.91) 0.371 

Myocardial infarction 1.82 (0.67-4.92) 0.238 

Year of MV surgery  

(2014−2020 vs. 2006-2013) 
0.72 (0.46-1.13) 0.156 

Symptomatic MR 1.53 (1.11-2.12) 0.010 

Hemoglobin, g/dL 0.69 (0.64-0.75) <0.001 

eGFR, 10 mL/min/1.73m2 0.77 (0.72-0.81) <0.001 

MR etiology   

Degenerative 1 (reference) - 

Rheumatic 1.34 (0.90-1.98) 0.146 

Congenital 1.22 (0.30-4.96) 0.777 

MR surgery type   

MV repair 1 (reference) - 

MV replacement (mechanical) 2.39 (1.61-3.55) <0.001 
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MV replacement (bioprosthetic) 5.28 (3.43-8.13) <0.001 

Concomitant CABG 2.92 (1.90-4.50) <0.001 

Concomitant surgical atrial ablation 1.77 (1.28-2.44) <0.001 

LV end-systolic diameter, mm 1.03 (1.00-1.05) 0.022 

LV end-diastolic diameter, mm 0.99 (0.97-1.02) 0.548 

LV end-systolic volume, 10 mL  1.06 (1.00-1.12) 0.040 

LV end-diastolic volume, 10 mL  0.97 (0.94-1.00) 0.082 

LV end-systolic volume index, 10 mL/m2  1.18 (1.09-1.28) <0.001 

LV end-diastolic volume index, 10 mL/m2  1.00 (0.95-1.06) 0.982 

LV ejection fraction, % 0.95 (0.93-0.97) <0.001 

LV mass index, 10 g/m2 1.03 (1.01-1.06) 0.010 

LA dimension, mm 1.03 (1.02-1.04) <0.001 

E-wave, m/s 1.19 (0.83-1.69) 0.348 

e’-wave, cm/s 0.84 (0.78-0.91) <0.001 

E/e’ ratio 1.03 (1.02-1.04) <0.001 

TR peak velocity, m/s 1.74 (1.36-2.23) <0.001 

CABG, coronary artery bypass grafting; CI, confidence interval; eGFR, estimated glomerular 

filtration rate; HR, hazard ratio; LA, left atrium; LV, left ventricle; MR, mitral regurgitation; 

MV, mitral valve; TR, tricuspid regurgitation.
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Supplemental Table 3. The original MIDA risk score and modified version of MIDA 

risk score used for the current study. 

Original MIDA score MIDA score without PASP 

Variables Points Variables Points 

Age ≥65 years 3 Age ≥65 years 3 

Symptoms 3 Symptoms 3 

Atrial fibrillation 1 Atrial fibrillation 1 

LA dimension ≥55 mm 1 LA dimension ≥55 mm 1 

PASP >50 mmHg 2 - - 

LV end-systolic diameter ≥40 mm 1 LV end-systolic diameter ≥40 mm 1 

LV ejection fraction ≤60% 1 LV ejection fraction ≤60% 1 

score range 0−12 points score range 0−10 points 

LA, left atrium; LV, left ventricle; MIDA, Mitral Regurgitation International Database; mitral 

regurgitation; PASP, pulmonary artery systolic pressure; TR, tricuspid regurgitation.
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Supplemental Table 4. Comparison of the baseline clinical characteristics between the 

derivation and the validation cohort. 

Characteristics 
Derivation cohort 

(n=1,629) 

Validation cohort 

(n=692) 
P 

Age, year 56 (45−65) 61 (50−69) <0.001 

Male, n (%) 958 (58.8) 382 (55.2) 0.118 

Body mass index, kg/m² 24.2 (21.9−26.5) 23.4 (21.3−25.6) <0.001 

Comorbidities, n (%) 
   

 Hypertension 601 (36.9) 297 (42.9) 0.007 

 Diabetes 133 (8.2) 89 (12.9) 0.001 

 Atrial fibrillation 637 (39.1) 303 (43.8) 0.040 

 Stroke 32 (2.0) 38 (5.5) <0.001 

 Myocardial infarction 30 (1.8) 15 (2.2) 0.721 

Year of MV surgery    <0.001 

 2006−2012 783 (48.1) 397 (57.4)  

 2012−2020 846 (51.9) 295 (42.6)  

Symptomatic MR, n (%) 548 (33.6) 409 (59.1) <0.001 

Symptoms, n (%)    

 Dyspnea 468 (28.7) 355 (51.3) <0.001 

 Chest pain 61 (3.7) 48 (6.9) 0.001 

 Edema 36 (2.2) 43 (6.2) <0.001 

 Palpitation 79 (4.8) 89 (12.9) <0.001 

 Syncope 16 (1.0) 7 (1.0) >0.99 

Laboratory results   
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 Hemoglobin, g/dL 13.5 (12.2−14.5) 13.4 (12.0−14.6) 0.259 

 eGFR, mL/min/1.73m2 88.3 (73.7−100.3) 79.6 (62.3−93.8) <0.001 

MR etiology, n (%)   0.066 

Degenerative 1,375 (84.4) 604 (87.3)  

Rheumatic 236 (14.5) 77 (11.1)  

Congenital 18 (1.1) 11 (1.6)  

MR surgery type, n (%)   <0.001 

 MV repair 1,349 (82.8) 523 (75.6)  

MV replacement 

(mechanical) 
192 (11.8) 75 (10.8)  

MV replacement 

(bioprosthetic) 
88 (5.4) 94 (13.6)  

Concomitant CABG, n (%) 94 (5.8) 30 (4.3) 0.192 

Concomitant surgical atrial  

ablation, n (%) 
555 (34.1) 184 (37.3) 0.203 

Echocardiography    

LV end-systolic diameter, mm 38 (34−42) 38 (34−42) 0.155 

LV end-diastolic diameter, mm 60 (56−64) 60 (55−65) 0.967 

LV end-systolic volume, mL 56 (43−71) 55 (42−73) 0.626 

LV end-diastolic volume, mL 153 (123−190) 142 (111−177) <0.001 

LV end-systolic volume index, 

mL/m2 
32.1 (25.4−40.5) 32.8 (24.9−42.7) 0.624 

LV end-diastolic volume index, 

mL/m2 
89.5 (73.3−108.4) 83.1 (67.0−105.2) 0.002 

LV ejection fraction, % 63.9 (59.6−67.7) 60.7 (56.0−65.0) <0.001 

LV mass index, g/m2 132.2 (112.7−153.9) 138.2 (119.5−164.0) <0.001 

LA dimension, mm 51.0 (45.0−57.0) 56.0 (48.6−63.0) <0.001 

E-wave, m/s 1.29 (1.05−1.53) 1.30 (1.07−1.53) 0.813 

e’-wave, cm/s  7.4 (6.0−9.1)  7.6 (6.0−9.3) 0.889 
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E/e’ ratio 15.0 (12.0−21.0) 17.1 (12.6−22.0) 0.002 

TR peak velocity, m/s  2.8 (2.5−3.3)  2.9 (2.5−3.4) 0.011 

Values are expressed in median (interquartile range) or numbers (percentage).  

CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LA, left 

atrium; LV, left ventricle; MR, mitral regurgitation; MV, mitral valve; TR, tricuspid 

regurgitation.
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Supplemental Table 5. Results of the sensitivity analysis using the combined dataset of derivation and validation cohort for LCA.  

Characteristics 

Younger population Older population  

Group 1 

(n=555) 

Group 2 

(n=377) 

Group 3 

(n=282) 

Group 4 

(n=644) 
Group 5 

(n=463) 
P 

Least 

comorbidities 

Men with LV 

enlargement 

Predominantly 

women and 

rheumatic MR 

Low-risk older 

patients 

High-risk older 

patients 

Age, year 44 (36−50) 52 (45−58) 51 (42−57) 63 (58−68) 71 (66−75) <0.001 

Men, n (%) 400 (72.1) 377 (100.0) 57 (20.2) 311 (48.3) 195 (42.1) <0.001 

Body mass index, kg/m² 23.8 (21.5−26.1) 25.1 (22.9−27.3) 22.7 (20.5−24.7) 24.9 (22.8−27.1) 22.7 (20.8−24.8) <0.001 

Comorbidities, n (%)       

  Hypertension 95 (17.1) 137 (36.3) 13 (4.6) 396 (61.5) 257 (55.5) <0.001 

  Diabetes 5 (0.9) 23 (6.1) 3 (1.1) 86 (13.4) 105 (22.7) <0.001 

  Atrial fibrillation 47 (8.5) 231 (61.3) 200 (70.9) 135 (21.0) 327 (70.6) <0.001 

  Stroke 2 (0.4) 15 (4.0) 8 (2.8) 14 (2.2) 31 (6.7) <0.001 

  Myocardial infarction 4 (0.7) 10 (2.7) 2 (0.7) 9 (1.4) 20 (4.3) <0.001 

Year of MV surgery      <0.001 
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  2006−2013 269 (48.5) 196 (52.0) 181 (64.2) 297 (46.1) 237 (51.2)  

  2014−2020 286 (51.5) 181 (48.0) 101 (35.8) 347 (53.9) 226 (48.8)  

Symptomatic MR, n (%) 109 (19.6) 185 (49.1) 155 (55.0) 235 (36.5) 273 (59.0) <0.001 

Symptoms, n (%)       

  Dyspnea 85 (15.3) 154 (40.8) 132 (46.8) 203 (31.5) 249 (53.8) <0.001 

  Chest pain 22 (4.0) 19 (5.0) 14 (5.0) 27 (4.2) 27 (5.8) 0.643 

  Edema 6 (1.1) 12 (3.2) 17 (6.0) 10 (1.6) 34 (7.3) <0.001 

  Palpitation 20 (3.6) 38 (10.1) 39 (13.8) 33 (5.1) 38 (8.2) <0.001 

  Syncope 5 (0.9)  0 (0.0) 4 (1.4) 7 (1.1) 7 (1.5) 0.224 

Laboratory results       

 Hemoglobin, g/dL 14.0 (13.0−14.9) 14.6 (13.9−15.6) 12.8 (11.7−13.9) 13.0 (12.0−14.1) 12.1 (10.9−13.4) <0.001 

 eGFR, mL/min/1.73m2 
102.5 

(93.4−111.0) 
85.5 (76.1−97.2) 

90.2 

(75.9−102.1) 
83.3 (69.6−92.1) 60.1 (48.4−76.8) <0.001 

MR etiology, n (%)      <0.001 

Degenerative 516 (93.0) 351 (93.1) 121 (42.9) 624 (96.9) 367 (79.3)  

Rheumatic 25 (4.5) 22 (5.8) 154 (54.6) 19 (3.0) 93 (20.1)  
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Congenital 14 (2.5) 4 (1.1) 7 (2.5) 1 (0.2) 3 (0.6)  

MR surgery type, n (%)      <0.001 

  MV repair 537 (96.8) 351 (93.1) 109 (38.7) 618 (96.0) 257 (55.5)  

MV replacement 

(mechanical) 
14 (2.5) 26 (6.9) 163 (57.8) 14 (2.2) 50 (10.8)  

MV replacement  

(bioprosthetic) 
4 (0.7)  0 (0.0) 10 (3.5) 12 (1.9) 156 (33.7)  

Concomitant CABG, n (%)  0 (0.0) 16 (4.2) 2 (0.7) 39 (6.1) 67 (14.5) <0.001 

Concomitant surgical atrial  

ablation, n (%) 
43 (8.1) 196 (57.1) 148 (58.0) 122 (20.7) 230 (57.2) <0.001 

Echocardiography       

LV end-systolic diameter, mm 37 (34−40) 43 (40−47) 41 (37.5−45) 34 (31−37) 39 (34−43) <0.001 

LV end-diastolic diameter, mm 60 (56−63) 65 (61−69) 62 (56−66) 57 (54−60) 60 (55−65) <0.001 

LV end-systolic volume, mL 57 (47−68) 78 (60−93) 61 (47−77) 47 (36.5−58) 53 (40−69) <0.001 

LV end-diastolic volume, mL 163.5 (135−194) 190.5 (160−228) 145 (116.5−180) 140 (112−168) 132 (107−167) <0.001 

LV end-systolic volume index, 

mL/m2 
31.7 (26.7−37.9) 41.6 (32.5−50.3) 37.3 (29.1−48.6) 26.7 (21.8−33.5) 32.7 (25.2−43.3) <0.001 

LV end-diastolic volume index, 

mL/m2 

90.8 

(76.1−109.4) 

102.1 

(84.6−122.4) 

89.5 

(72.2−112.4) 
82.2 (67.2−97.5) 

83.2 

(66.9−105.0) 
<0.001 

LV ejection fraction, % 64.6 (61.0−67.9) 60.0 (54.3−64.4) 58.5 (52.7−62.6) 65.8 (62.2−69.3) 60.0 (55.0−65.3) <0.001 
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LV mass index, g/m2 
123.9 

(107.2−141.6) 

151.6 

(131.9−176.1) 

135.2 

(113.1−162.3) 

127.6 

(109.1−146.3) 

144.7 

(122.6−168.1) 
<0.001 

LA dimension, mm 46.0 (42.0−50.0) 59.0 (56.0−65.0) 59.0 (54.0−64.0) 48.0 (45.0−52.0) 58.0 (51.6−66.0) <0.001 

E-wave, m/s 1.13 (0.96−1.36) 1.43 (1.20−1.66) 1.50 (1.25−1.84) 1.22 (1.01−1.44) 1.36 (1.13−1.60) <0.001 

e’-wave, cm/s  9.0 (7.6−10.9)  8.0 (6.4−9.4)  7.4 (5.9−9.3)  6.8 (5.7−8.0)  6.4 (5.0−8.0) <0.001 

E/e’ ratio 12.0 (9.5−15.0) 16.2 (13.0−21.9) 19.0 (14.0−28.0) 17.0 (13.0−21.0) 20.0 (15.0−26.0) <0.001 

TR peak velocity, m/s  2.5 (2.3−2.7)  3.1 (2.7−3.5)  2.9 (2.6−3.3)  2.8 (2.5−3.3)  3.2 (2.9−3.6) <0.001 

Values are expressed in median (interquartile range) or numbers (percentage). 

AF, atrial fibrillation; CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LA, left atrium; LCA, latent class 

analysis; LV, left ventricle; MR, mitral regurgitation; MV, mitral valve; TR, tricuspid regurgitation.
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Supplemental Table 6. Results of the LCA analysis using the subgroup of degenerative MR patients in the derivation cohort 

(n=1,375).  

Characteristics 

Younger population Older population  

Group 1 

(n=502) 

Group 2 

(n=270) 

Group 3 

(n=401) 
Group 4 

(n=202) 
Pa 

Least 

comorbidities 

Men with LV 

enlargement 

Low-risk older 

patients 

High-risk older 

patients 

Age, year 45.0 (37.0−51.0) 53.0 (47.0−60.0) 63.0 (58.0−68.0) 71.0 (67.0−75.0) <0.001 

Men, n (%) 372 (74.1) 248 (91.9) 203 (50.6) 74 (36.6) <0.001 

Body mass index, kg/m² 24.2 (22.0−26.3) 24.9 (22.7−27.4) 25.3 (23.2−27.5) 23.1 (21.0−24.9) <0.001 

Comorbidities, n (%)      

  Hypertension 97 (19.3) 88 (32.6) 267 (66.6) 91 (45.0) <0.001 

  Diabetes 5 (1.0) 13 (4.8) 59 (14.7) 32 (15.8) <0.001 

  Atrial fibrillation 54 (10.8) 187 (69.3) 104 (25.9) 118 (58.4) <0.001 

  Stroke 3 (0.6) 12 (4.4) 6 (1.5) 6 (3.0) 0.002 

  Myocardial infarction 5 (1.0) 7 (2.6) 5 (1.2) 8 (4.0) 0.033 

Year of MV surgery     0.032 
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  2006−2013 241 (48.0) 131 (48.5) 157 (39.2) 93 (46.0)  

  2014−2020 261 (52.0) 139 (51.5) 244 (60.8) 109 (54.0)  

Symptomatic MR, n (%) 100 (19.9) 123 (45.6) 113 (28.2) 110 (54.5) <0.001 

Symptoms, n (%)      

  Dyspnea 80 (15.9) 99 (36.7) 97 (24.2) 104 (51.5) <0.001 

  Chest pain 19 (3.8) 17 (6.3) 12 (3.0) 7 (3.5) 0.173 

  Edema 3 (0.6) 10 (3.7) 4 (1.0) 10 (5.0) <0.001 

  Palpitation 14 (2.8) 22 (8.1) 14 (3.5) 13 (6.4) 0.003 

  Syncope 5 (1.0)  0 (0.0) 4 (1.0) 4 (2.0) 0.178 

Laboratory results      

 Hemoglobin, g/dL 14.0 (13.1−14.8) 14.4 (13.5−15.2) 13.1 (12.1−14.1) 12.0 (10.8−13.3) <0.001 

 eGFR, mL/min/1.73m2 101.2 (92.2−109.6) 85.5 (76.6−97.1) 83.9 (71.1−91.6) 61.8 (48.7−82.7) <0.001 

Valve morphology, n (%)b     <0.001 

Isolated anterior leaflet prolapse 104 (20.7) 40 (14.8) 50 (12.5) 39 (19.6)  

Isolated posterior leaflet prolapse 274 (54.6) 150 (55.6) 270 (67.7) 106 (53.3)  
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Bileaflet prolapse 124 (24.7) 80 (29.6) 79 (19.8) 54 (27.1)  

MR surgery type, n (%)     <0.001 

  MV repair 493 (98.2) 236 (87.4) 395 (98.5) 143 (70.8)  

MV replacement 

(mechanical) 
5 (1.0) 34 (12.6) 3 (0.7) 11 (5.4)  

MV replacement  

(bioprosthetic) 
4 (0.8)  0 (0.0) 3 (0.7) 48 (23.8)  

Concomitant CABG, n (%)  0 (0.0) 14 (5.2) 26 (6.5) 39 (19.3) <0.001 

Concomitant surgical atrial  

ablation, n (%) 
48 (9.6) 171 (63.3) 94 (23.4) 105 (52.0) <0.001 

Echocardiography      

LV end-systolic diameter, mm 37 (34−40) 43 (40−47) 34 (31−37) 38 (33−42) <0.001 

LV end-diastolic diameter, mm 60 (56−63) 65 (61−69) 57 (54−60) 59 (55−64) <0.001 

LV end-systolic volume, mL 58 (47−69) 78 (60−93) 46 (37−57) 52 (40−67) <0.001 

LV end-diastolic volume, mL 166 (138−198) 191 (161−222) 142 (114−166) 137 (114−173) <0.001 

LV end-systolic volume index, 

mL/m2 
31.7 (26.5−37.8) 41.6 (32.6−50.6) 26.4 (21.9−32.7) 32.5 (25.1−41.9) <0.001 

LV end-diastolic volume index, 

mL/m2 
92.1 (76.6−109.7) 102.4 (86.2−122.6) 80.9 (67.2−97.3) 87.1 (71.8−107.4) <0.001 

LV ejection fraction, % 65.2 (61.8−68.3) 60.0 (54.2−64.7) 66.4 (62.7−70.2) 62.7 (58.0−67.2) <0.001 
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LV mass index, g/m2 
124.8 

(108.2−142.1) 
151.3 

(133.2−175.4) 
127.2 

(109.1−146.0) 
144.6 

(122.0−167.4) <0.001 

LA dimension, mm 46.0 (42.0−50.0) 59.0 (55.0−64.0) 48.0 (44.0−52.0) 54.0 (49.0−60.0) <0.001 

E-wave, m/s 1.15 (0.99−1.38) 1.42 (1.21−1.65) 1.20 (0.99−1.43) 1.34 (1.12−1.55) <0.001 

e’-wave, cm/s  9.0 (7.4−10.8)  8.0 (6.4−9.3)  6.7 (5.7−7.9)  6.3 (5.0−8.0) <0.001 

E/e’ ratio 12.0 (10.0−15.0) 16.0 (13.0−22.0) 17.0 (13.0−21.0) 18.0 (15.0−23.5) <0.001 

TR peak velocity, m/s  2.5 (2.3−2.8)  3.1 (2.7−3.5)  2.8 (2.5−3.2)  3.2 (2.9−3.6) <0.001 

Values are expressed in median (interquartile range) or numbers (percentage). aComparison between 5 groups. bData unavailable in 5 

degenerative MR patients. 

AF, atrial fibrillation; CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LA, left atrium; LCA, latent class 

analysis; LV, left ventricle; MR, mitral regurgitation; MV, mitral valve; TR, tricuspid regurgitation.
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Supplemental Table 7. Partial probabilities of phenogroup membership derived from 

the latent class analysis model. 

Variables 

Group 

1 2 3 4 5 

Age, years      

  <50 0.707752 0.416556 0.510286 0.017478 1.59×10-38 

  50−60 0.263756 0.338933 0.362181 0.268637 0.126376 

  60−70 0.028492 0.189645 0.127533 0.471750 0.408240 

  ≥70 6.18×10-95 0.054866 2.14×10-137 0.242135 0.465384 

Sex      

 Men 0.703620 1 0.260438 0.497843 0.366273 

 Women 0.296380 3.90×10-34 0.739562 0.502157 0.633727 

Body mass index, 

kg/m2 
     

  <25 0.608755 0.447318 0.781549 0.504718 0.745615 

  ≥25 0.391245 0.552682 0.218451 0.495282 0.254386 

Hypertension      

 No 0.796451 0.618034 0.970528 0.376692 0.510819 

 Yes 0.203549 0.381966 0.029472 0.623308 0.489181 

Diabetes      

 No 0.987345 0.931831 0.990415 0.864821 0.808357 

 Yes 0.012656 0.068169 0.009585 0.135179 0.191643 

Atrial fibrillation      

 No 0.899785 0.366094 0.297973 0.709897 0.311540 
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 Yes 0.100215 0.633906 0.702027 0.290103 0.688460 

Symptoms      

 No 0.802022 0.554335 0.535881 0.686797 0.545021 

 Yes 0.197978 0.445665 0.464119 0.313203 0.454979 

Anemiaa      

 No 0.852485 0.947762 0.717048 0.693525 0.424535 

 Yes 0.147515 0.052238 0.282952 0.306475 0.575465 

eGFR, mL/min/1.73m2      

  ≥90 0.786799 0.412117 0.601762 0.299329 0.084707 

  90−60 0.207385 0.545157 0.331747 0.590368 0.484164 

  60−30 0.004756 0.030953 0.040305 0.110303 0.380378 

  <30 0.001060 0.011773 0.026186 2.96×10-150 0.050751 

MV surgery type      

 MV repair 0.979446 0.935377 0.392541 0.959586 0.512908 

MV replace 

(mechanical) 
0.020554 0.064623 0.558081 0.018262 0.212359 

MV replace 

(bioprosthesis) 
2.79×10-59 4.89×10-72 0.049378 0.022152 0.274732 

Concomitant CABG      

  No 1 0.939815 0.994153 0.926749 0.817707 

  Yes 1.18×10-251 0.060185 0.005847 0.073251 0.182293 

LV end-systolic 

diameter, mm 
     

  <40 0.707338 0.225808 0.359048 0.899322 0.525217 

  ≥40 0.292662 0.774192 0.640952 0.100678 0.474783 

LV ejection fraction, %      

  >60 0.865954 0.513543 0.480412 0.906837 0.472285 
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  ≤60 0.134046 0.486457 0.519588 0.093163 0.527715 

LA dimension, mm      

  <55 0.936940 0.261746 0.260389 0.855861 0.416493 

  ≥55 0.063060 0.738254 0.739611 0.144139 0.583507 

TR peak velocity, m/s      

  ≤2.8 0.793873 0.342921 0.433516 0.533337 0.201027 

  >2.8 0.206127 0.657079 0.566484 0.466663 0.798973 

amen, hemoglobin <13g/dL; women, hemoglobin <12g/dL. 

CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LA, left 

atrium; LV, left ventricle; MV, mitral valve; TR, tricuspid regurgitation.
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Supplemental Table 8. Baseline characteristics of the study participants according to phenogroups in the validation cohort.  

Characteristics 

Younger population Older population  

Group 1 

(n=81) 

Group 2 

(n=148) 
Group 3 

(n=100) 

Group 4 

(n=151) 

Group 5 

(n=212) 

P 
Least 

comorbidities 

Men with LV 

enlargement 

Predominantly 

women and 

rheumatic MR 

Low-risk older 

patients 

High-risk older 

patients 

Age, year 43 (37−51) 54.5 (46−61) 49 (38−56.5) 64 (59−70) 71 (66−75) <0.001 

Men, n (%) 56 (69.1) 148 (100.0) 20 (20.0) 67 (44.4) 91 (42.9) <0.001 

Body mass index, kg/m² 23.2 (21.0−24.8) 24.6 (22.6−26.4) 22.2 (20.2−24.2) 24.2 (22.6−26.5) 22.7 (20.8−24.8) <0.001 

Comorbidities, n (%)       

  Hypertension 19 (23.5) 58 (39.2) 4 (4.0) 94 (62.3) 122 (57.5) <0.001 

  Diabetes 4 (4.9) 8 (5.4) 1 (1.0) 24 (15.9) 52 (24.5) <0.001 

  Atrial fibrillation 1 (1.2) 82 (55.4) 61 (61.0) 16 (10.6) 143 (67.5) <0.001 

  Stroke 1 (1.2) 4 (2.7) 4 (4.0) 7 (4.6) 22 (10.4) 0.004 

  Myocardial infarction  0 (0.0) 3 (2.0)  0 (0.0) 4 (2.6) 8 (3.8) 0.149 

Year of MV surgery      0.204 
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  2006−2013 41 (50.6) 83 (56.1) 65 (65.0) 93 (61.6) 115 (54.2)  

  2014−2020 40 (49.4) 65 (43.9) 35 (35.0) 58 (38.4) 97 (45.8)  

Symptomatic MR, n (%) 29 (35.8) 87 (58.8) 66 (66.0) 74 (49.0) 153 (72.2) <0.001 

Symptoms, n (%)       

  Dyspnea 22 (27.2) 76 (51.4) 59 (59.0) 62 (41.1) 136 (64.2) <0.001 

  Chest pain 5 (6.2) 5 (3.4) 5 (5.0) 11 (7.3) 22 (10.4) 0.113 

  Edema 2 (2.5) 7 (4.7) 7 (7.0) 5 (3.3) 22 (10.4) 0.025 

  Palpitation 12 (14.8) 21 (14.2) 20 (20.0) 11 (7.3) 25 (11.8) 0.051 

  Syncope 1 (1.2)  0 (0.0) 1 (1.0) 2 (1.3) 3 (1.4) 0.727 

Laboratory results       

 Hemoglobin, g/dL 14.4 (13.1−15.4) 14.7 (13.9−15.6) 13.0 (11.6−13.8) 13.0 (12.1−13.9) 12.2 (10.9−13.4) <0.001 

 eGFR, mL/min/1.73m2 
100.5 

(89.8−110.0) 82.9 (70.6−96.3) 86.6 (71.5−98.4) 81.9 (67.9−92.2) 59.1 (46.4−75.4) <0.001 

MR etiology, n (%)      <0.001 

Degenerative 72 (88.9) 142 (95.9) 58 (58.0) 149 (98.7) 183 (86.3)  

Rheumatic 2 (2.5) 6 (4.1) 39 (39.0) 2 (1.3) 28 (13.2)  
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Congenital 7 (8.6)  0 (0.0) 3 (3.0)  0 (0.0) 1 (0.5)  

MR surgery type, n (%)      <0.001 

  MV repair 80 (98.8) 137 (92.6) 44 (44.0) 142 (94.0) 120 (56.6)  

MV replacement 

(mechanical) 
1 (1.2) 11 (7.4) 49 (49.0) 4 (2.6) 10 (4.7)  

MV replacement  

(bioprosthetic) 
 0 (0.0)  0 (0.0) 7 (7.0) 5 (3.3) 82 (38.7)  

Concomitant CABG, n (%)  0 (0.0) 4 (2.7)  0 (0.0) 6 (4.0) 20 (9.4) <0.001 

Concomitant surgical atrial 

ablation, n (%) 
2 (3.6) 53 (49.1) 40 (54.1) 13 (12.6) 76 (50.0) <0.001 

Echocardiography       

LV end-systolic diameter, mm 36.5 (34−40) 41 (40−46) 40 (36−45) 34 (31−37) 38 (34−43) <0.001 

LV end-diastolic diameter, mm 59 (55−62) 64 (60−69) 62.5 (56−66) 56 (52−60) 60 (55−65) <0.001 

LV end-systolic volume, mL 50.2 (45−67) 75 (57−91) 59 (41−80) 47 (31−64) 52 (41−67) <0.001 

LV end-diastolic volume, mL 146 (121−165) 175 (145−207) 131 (97−177) 131 (100−169) 123 (101−150) <0.001 

LV end-systolic volume index, 

mL/m2 
29.7 (25.3−37.5) 40.7 (31.6−51.0) 35.7 (26.3−48.6) 28.2 (20.2−35.4) 32.0 (24.8−41.1) <0.001 

LV end-diastolic volume index, 

mL/m2 
81.2 (71.1−91.4) 99.2 

(82.3−113.5) 
85.5 

(64.5−106.0) 80.9 (65.1−95.9) 77.4 (62.4−95.9) <0.001 

LV ejection fraction, % 62.2 (58.0−65.2) 58.8 (54.0−63.0) 58.0 (52.0−61.8) 64.0 (61.0−69.0) 59.0 (54.0−64.0) <0.001 
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LV mass index, g/m2 
121.8 

(103.6−141.6) 
151.9 

(125.0−176.4) 
141.8 

(121.9−179.4) 
131.1 

(114.5−149.7) 
145.5 

(125.0−167.5) <0.001 

LA dimension, mm 46.0 (41.0−50.0) 59.0 (56.0−65.0) 60.0 (54.0−65.3) 50.0 (45.3−54.0) 59.0 (53.0−67.0) <0.001 

E-wave, m/s 1.10 (0.90−1.30) 1.36 (1.10−1.58) 1.40 (1.22−1.60) 1.29 (1.04−1.42) 1.30 (1.07−1.60) <0.001 

e’-wave, cm/s  9.6 (8.0−11.0)  8.3 (6.7−9.4)  8.0 (5.8−9.9)  7.0 (5.9−8.2)  6.7 (5.3−8.3) <0.001 

E/e’ ratio 11.0 (9.0−14.0) 16.1 (12.2−20.4) 19.0 (14.4−27.6) 18.0 (13.8−20.4) 20.0 (14.1−26.0) <0.001 

TR peak velocity, m/s  2.4 (2.2−2.8)  3.1 (2.5−3.7)  2.8 (2.4−3.2)  2.8 (2.5−3.3)  3.1 (2.8−3.6) <0.001 

Values are expressed in median (interquartile range) or numbers (percentage). 

AF, atrial fibrillation; CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LA, left atrium; LV, left ventricle; 

MR, mitral regurgitation; MV, mitral valve; TR, tricuspid regurgitation.
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SUPPLEMENTAL MATERIAL 

 

METHODS 

Data collection and variable definitions 

Patients’ clinical and echocardiography data were collected at the time of mitral valve (MV) 

surgery. Hypertension was defined by one of the following: a previous diagnosis of 

hypertension, systolic blood pressure >140 mmHg or diastolic blood pressure >90 mmHg, or 

the current use of antihypertensive medications. Diabetes mellitus was defined as either the 

previous diagnosis, fasting glucose ≥126 mg/mL or glycated hemoglobin ≥6.5%, or the 

current use of antihyperglycemic agents. Atrial fibrillation (AF) was defined as a previous 

diagnosis or documented AF or atrial flutter rhythm on the 12-lead electrocardiography. 

Stroke included both ischemic and hemorrhagic cerebrovascular events. Myocardial 

infarction was determined based on electrocardiography findings, elevated cardiac enzymes, 

and invasive coronary angiography results. Symptom status was collected at the time of MV 

surgery from the medical records. The type of mitral regurgitation (MR) surgery was 

categorized as MV repair or MV replacement with either mechanical valve or bioprosthetic 

valve based on the surgical records. Information on concomitant coronary artery bypass 

grafting or surgical atrial ablation was also collected. 

 

Echocardiography 

The left ventricle (LV) and left atrial (LA) dimensions were measured from the standard 

parasternal windows. The LV end-diastolic and end-systolic volumes were calculated from 

the apical 2-chamber and 4-chamber views, and LV ejection fraction was estimated by the 

biplane Simpson’s method. The LV mass was calculated using the Devereux cube formula 

and indexed to body surface area. The peak E-velocity was acquired from the apical 4-

chamber view. The tissue Doppler velocities were obtained at the medial side of the mitral 
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annulus. Tricuspid regurgitation (TR) peak velocity was obtained from the right ventricle-

focused apical 4-chamber view.  

 

Imputation method 

Our database has a minimal proportion of missing values (online supplemental figure 1). 

We used the missForest algorithm for the imputation, which uses a random forest model to 

predict missing values iteratively.1 The missForest can deal with large-scale, mixed-type data 

including both categorical and continuous variables.1 The number of decision trees for the 

missForest was set as 100, and 3 random variables were sampled at each split. The 

normalized root mean squared error and the proportion of falsely classified entries were 

25.3% and 0.0% for continuous and categorical variables, respectively. In addition, as a 

sensitivity analysis, we performed LCA after excluding patients with any missing values 

(n=50 excluded). The result was almost identical to the LCA using the imputed dataset.   

 

Internal validation analysis  

For the internal validation, we performed multinomial logistic regression analysis with 100 

bootstrap samples, where the dependent variable is the phenogroup membership (1 to 5), and 

the independent variables are the variables used for LCA. A multinomial logistic regression 

model was developed using the randomly selected 70% of the derivation cohort. The 

remaining 30% of the samples were used for validation of the model using various 

performance metrics (accuracy, F1-score, and area under the curve of the receiver operating 

characteristic curve). The distribution of these metrics from 100 iterations was estimated.2 

 

Assignment of group membership in the validation cohort 

Each patient in the validation cohort was assigned to the phenogroup according to the highest 
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probabilities of belonging, which was calculated from the partial probabilities of each 

variable (online supplemental table 7). Suppose patient A has the following characteristics:  

 

Patient A 

Categories 

1 2 3 4 

Age  68 years <50 50−60 60−70 ≥70 

Sex men men women   

BMI 23 kg/m2 <25 ≥25   

Hypertension No No Yes   

Diabetes Yes No Yes   

AF Yes No Yes   

Symptoms Yes No Yes   

Anemiaa No No Yes   

eGFR 
57 mL/min/ 

1.73m2 
≥90 90−60 60−30 <30 

MV surgery MV repair MV repair 
MVR 

mechanical 

MVR 

bioprosthesis 
 

CABG Yes No Yes   

LVESD 45 mm <40 ≥40   

LVEF 62% >60 ≤60   

LA dimension  57 mm <55 ≥55   

TR velocity 3.3 m/s ≤2.8 >2.8   

amen, hemoglobin <13g/dL; women, hemoglobin <12g/dL. 

AF, atrial fibrillation; BMI, body mass index; CABG, coronary artery bypass grafting; eGFR, 

estimated glomerular filtration rate; LA, left atrium; LVEF, left ventricular ejection fraction; 
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LVESD, left ventricular end-systolic diameter; MV, mitral valve; MVR, mitral valve 

replacement; TR, tricuspid regurgitation 

 

The probabilities of patient A belonging to group 1 is calculated by multiplying the partial 

probabilities of group 1 for each category (online supplemental table 7): 

 

Group 1 probability = 0.028492 (Age) × 0.703620 (Sex) × 0.608755 (BMI) × 0.796451 

(Hypertension) × 0.012656 (Diabetes) × 0.100215 (AF) × 0.197978 (Symptoms) × 0.852485 

(Anemia) × 0.004756 (eGFR) × 0.979446 (MV surgery) × 1.18×10-251 (CABG) × 0.292662 

(LVESD) × 0.865954 (LVEF) × 0.06306 (LA dimension) × 0.206127 (TR velocity) = 3.76 × 

10-262 

 

Probabilities of group 2 to 5 can also be calculated using the same method: 

Group 2 probability = 3.22 × 10-7 

Group 3 probability = 6.73 × 10-10 

Group 4 probability = 1.81 × 10-8 

Group 5 probability = 5.40 × 10-6 

 

Total sum of the probabilities = Group 1 probability + Group 2 probability + Group 3 

probability + Group 4 probability + Group 5 probability = 5.74 × 10-6 

 

Final probability of group membership: 

Group 1: 3.76 × 10-262 / 5.74 × 10-6 = 0.000 

Group 2: 3.22 × 10-7 / 5.74 × 10-6 = 0.056 

Group 3: 6.73 × 10-10 / 5.74 × 10-6 = 0.000 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Heart

 doi: 10.1136/heartjnl-2022-321305–9.:10 2022;Heart, et al. Kwak S



Group 4: 1.81 × 10-8 / 5.74 × 10-6 = 0.003 

Group 5: 5.40 × 10-6 / 5.74 × 10-6 = 0.941 

 

Therefore, patient A is assigned to group 5 (high-risk older patients), the phenogroup with the 

maximal probabilities.  

 

Reference for the online supplemental methods 

1. Stekhoven DJ, Bühlmann P. MissForest--non-parametric missing value imputation 

for mixed-type data. Bioinformatics 2012;28:112-8. 

2. Shah RV, Yeri AS, Murthy VL, Massaro JM, D'Agostino R Sr., Freedman JE, et al. 

Association of Multiorgan Computed Tomographic Phenomap With Adverse Cardiovascular 

Health Outcomes: The Framingham Heart Study. JAMA Cardiol 2017;2:1236-1246. 
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Supplemental Table 1. Variables used for the latent class analysis and their 

categorization.  

Variables 

Categories 

1 2 3 4 

Age, years <50 50−60 60−70 ≥70 

Sex men women   

Body mass index, 

kg/m2 
<25 ≥25   

Hypertension No Yes   

Diabetes No Yes   

Atrial fibrillation No Yes   

Symptoms No Yes   

Anemiaa No Yes   

eGFR, mL/min/1.73m2 ≥90 90−60 60−30 <30 

MV surgery type MV repair 
MV replace 

(mechanical) 

MV replace 

(bioprosthesis) 
 

Concomitant CABG No Yes   

LV end-systolic 

diameter, mm 
<40 ≥40   

LV ejection fraction, % >60 ≤60   

LA dimension, mm <55 ≥55   

TR peak velocity, m/s ≤2.8 >2.8   

amen, hemoglobin <13g/dL; women, hemoglobin <12g/dL. 

CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LA, left 

atrium; LV, left ventricle; MV, mitral valve; TR, tricuspid regurgitation. 
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Supplemental Table 2. Univariable Cox analysis for all-cause mortality after MV 

surgery in the derivation cohort. 

Variables 

All-cause mortality 

HR (95% CI) P 

Age, year 1.07 (1.06-1.09) <0.001 

Male 0.65 (0.47-0.90) 0.010 

Body mass index, kg/m²  0.95 (0.91-0.99) 0.031 

Hypertension 1.62 (1.17-2.23) 0.004 

Diabetes 3.02 (2.00-4.56) <0.001 

Atrial fibrillation 2.37 (1.71-3.28) <0.001 

Stroke 0.41 (0.06-2.91) 0.371 

Myocardial infarction 1.82 (0.67-4.92) 0.238 

Year of MV surgery  

(2014−2020 vs. 2006-2013) 
0.72 (0.46-1.13) 0.156 

Symptomatic MR 1.53 (1.11-2.12) 0.010 

Hemoglobin, g/dL 0.69 (0.64-0.75) <0.001 

eGFR, 10 mL/min/1.73m2 0.77 (0.72-0.81) <0.001 

MR etiology   

Degenerative 1 (reference) - 

Rheumatic 1.34 (0.90-1.98) 0.146 

Congenital 1.22 (0.30-4.96) 0.777 

MR surgery type   

MV repair 1 (reference) - 

MV replacement (mechanical) 2.39 (1.61-3.55) <0.001 
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MV replacement (bioprosthetic) 5.28 (3.43-8.13) <0.001 

Concomitant CABG 2.92 (1.90-4.50) <0.001 

Concomitant surgical atrial ablation 1.77 (1.28-2.44) <0.001 

LV end-systolic diameter, mm 1.03 (1.00-1.05) 0.022 

LV end-diastolic diameter, mm 0.99 (0.97-1.02) 0.548 

LV end-systolic volume, 10 mL  1.06 (1.00-1.12) 0.040 

LV end-diastolic volume, 10 mL  0.97 (0.94-1.00) 0.082 

LV end-systolic volume index, 10 mL/m2  1.18 (1.09-1.28) <0.001 

LV end-diastolic volume index, 10 mL/m2  1.00 (0.95-1.06) 0.982 

LV ejection fraction, % 0.95 (0.93-0.97) <0.001 

LV mass index, 10 g/m2 1.03 (1.01-1.06) 0.010 

LA dimension, mm 1.03 (1.02-1.04) <0.001 

E-wave, m/s 1.19 (0.83-1.69) 0.348 

e’-wave, cm/s 0.84 (0.78-0.91) <0.001 

E/e’ ratio 1.03 (1.02-1.04) <0.001 

TR peak velocity, m/s 1.74 (1.36-2.23) <0.001 

CABG, coronary artery bypass grafting; CI, confidence interval; eGFR, estimated glomerular 

filtration rate; HR, hazard ratio; LA, left atrium; LV, left ventricle; MR, mitral regurgitation; 

MV, mitral valve; TR, tricuspid regurgitation.
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Supplemental Table 3. The original MIDA risk score and modified version of MIDA 

risk score used for the current study. 

Original MIDA score MIDA score without PASP 

Variables Points Variables Points 

Age ≥65 years 3 Age ≥65 years 3 

Symptoms 3 Symptoms 3 

Atrial fibrillation 1 Atrial fibrillation 1 

LA dimension ≥55 mm 1 LA dimension ≥55 mm 1 

PASP >50 mmHg 2 - - 

LV end-systolic diameter ≥40 mm 1 LV end-systolic diameter ≥40 mm 1 

LV ejection fraction ≤60% 1 LV ejection fraction ≤60% 1 

score range 0−12 points score range 0−10 points 

LA, left atrium; LV, left ventricle; MIDA, Mitral Regurgitation International Database; mitral 

regurgitation; PASP, pulmonary artery systolic pressure; TR, tricuspid regurgitation.
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Supplemental Table 4. Comparison of the baseline clinical characteristics between the 

derivation and the validation cohort. 

Characteristics 
Derivation cohort 

(n=1,629) 

Validation cohort 

(n=692) 
P 

Age, year 56 (45−65) 61 (50−69) <0.001 

Male, n (%) 958 (58.8) 382 (55.2) 0.118 

Body mass index, kg/m² 24.2 (21.9−26.5) 23.4 (21.3−25.6) <0.001 

Comorbidities, n (%) 
   

 Hypertension 601 (36.9) 297 (42.9) 0.007 

 Diabetes 133 (8.2) 89 (12.9) 0.001 

 Atrial fibrillation 637 (39.1) 303 (43.8) 0.040 

 Stroke 32 (2.0) 38 (5.5) <0.001 

 Myocardial infarction 30 (1.8) 15 (2.2) 0.721 

Year of MV surgery    <0.001 

 2006−2012 783 (48.1) 397 (57.4)  

 2012−2020 846 (51.9) 295 (42.6)  

Symptomatic MR, n (%) 548 (33.6) 409 (59.1) <0.001 

Symptoms, n (%)    

 Dyspnea 468 (28.7) 355 (51.3) <0.001 

 Chest pain 61 (3.7) 48 (6.9) 0.001 

 Edema 36 (2.2) 43 (6.2) <0.001 

 Palpitation 79 (4.8) 89 (12.9) <0.001 

 Syncope 16 (1.0) 7 (1.0) >0.99 

Laboratory results   
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 Hemoglobin, g/dL 13.5 (12.2−14.5) 13.4 (12.0−14.6) 0.259 

 eGFR, mL/min/1.73m2 88.3 (73.7−100.3) 79.6 (62.3−93.8) <0.001 

MR etiology, n (%)   0.066 

Degenerative 1,375 (84.4) 604 (87.3)  

Rheumatic 236 (14.5) 77 (11.1)  

Congenital 18 (1.1) 11 (1.6)  

MR surgery type, n (%)   <0.001 

 MV repair 1,349 (82.8) 523 (75.6)  

MV replacement 

(mechanical) 
192 (11.8) 75 (10.8)  

MV replacement 

(bioprosthetic) 
88 (5.4) 94 (13.6)  

Concomitant CABG, n (%) 94 (5.8) 30 (4.3) 0.192 

Concomitant surgical atrial  

ablation, n (%) 
555 (34.1) 184 (37.3) 0.203 

Echocardiography    

LV end-systolic diameter, mm 38 (34−42) 38 (34−42) 0.155 

LV end-diastolic diameter, mm 60 (56−64) 60 (55−65) 0.967 

LV end-systolic volume, mL 56 (43−71) 55 (42−73) 0.626 

LV end-diastolic volume, mL 153 (123−190) 142 (111−177) <0.001 

LV end-systolic volume index, 

mL/m2 
32.1 (25.4−40.5) 32.8 (24.9−42.7) 0.624 

LV end-diastolic volume index, 

mL/m2 
89.5 (73.3−108.4) 83.1 (67.0−105.2) 0.002 

LV ejection fraction, % 63.9 (59.6−67.7) 60.7 (56.0−65.0) <0.001 

LV mass index, g/m2 132.2 (112.7−153.9) 138.2 (119.5−164.0) <0.001 

LA dimension, mm 51.0 (45.0−57.0) 56.0 (48.6−63.0) <0.001 

E-wave, m/s 1.29 (1.05−1.53) 1.30 (1.07−1.53) 0.813 

e’-wave, cm/s  7.4 (6.0−9.1)  7.6 (6.0−9.3) 0.889 
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E/e’ ratio 15.0 (12.0−21.0) 17.1 (12.6−22.0) 0.002 

TR peak velocity, m/s  2.8 (2.5−3.3)  2.9 (2.5−3.4) 0.011 

Values are expressed in median (interquartile range) or numbers (percentage).  

CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LA, left 

atrium; LV, left ventricle; MR, mitral regurgitation; MV, mitral valve; TR, tricuspid 

regurgitation.

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Heart

 doi: 10.1136/heartjnl-2022-321305–9.:10 2022;Heart, et al. Kwak S



Supplemental Table 5. Results of the sensitivity analysis using the combined dataset of derivation and validation cohort for LCA.  

Characteristics 

Younger population Older population  

Group 1 

(n=555) 

Group 2 

(n=377) 

Group 3 

(n=282) 

Group 4 

(n=644) 
Group 5 

(n=463) 
P 

Least 

comorbidities 

Men with LV 

enlargement 

Predominantly 

women and 

rheumatic MR 

Low-risk older 

patients 

High-risk older 

patients 

Age, year 44 (36−50) 52 (45−58) 51 (42−57) 63 (58−68) 71 (66−75) <0.001 

Men, n (%) 400 (72.1) 377 (100.0) 57 (20.2) 311 (48.3) 195 (42.1) <0.001 

Body mass index, kg/m² 23.8 (21.5−26.1) 25.1 (22.9−27.3) 22.7 (20.5−24.7) 24.9 (22.8−27.1) 22.7 (20.8−24.8) <0.001 

Comorbidities, n (%)       

  Hypertension 95 (17.1) 137 (36.3) 13 (4.6) 396 (61.5) 257 (55.5) <0.001 

  Diabetes 5 (0.9) 23 (6.1) 3 (1.1) 86 (13.4) 105 (22.7) <0.001 

  Atrial fibrillation 47 (8.5) 231 (61.3) 200 (70.9) 135 (21.0) 327 (70.6) <0.001 

  Stroke 2 (0.4) 15 (4.0) 8 (2.8) 14 (2.2) 31 (6.7) <0.001 

  Myocardial infarction 4 (0.7) 10 (2.7) 2 (0.7) 9 (1.4) 20 (4.3) <0.001 

Year of MV surgery      <0.001 
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  2006−2013 269 (48.5) 196 (52.0) 181 (64.2) 297 (46.1) 237 (51.2)  

  2014−2020 286 (51.5) 181 (48.0) 101 (35.8) 347 (53.9) 226 (48.8)  

Symptomatic MR, n (%) 109 (19.6) 185 (49.1) 155 (55.0) 235 (36.5) 273 (59.0) <0.001 

Symptoms, n (%)       

  Dyspnea 85 (15.3) 154 (40.8) 132 (46.8) 203 (31.5) 249 (53.8) <0.001 

  Chest pain 22 (4.0) 19 (5.0) 14 (5.0) 27 (4.2) 27 (5.8) 0.643 

  Edema 6 (1.1) 12 (3.2) 17 (6.0) 10 (1.6) 34 (7.3) <0.001 

  Palpitation 20 (3.6) 38 (10.1) 39 (13.8) 33 (5.1) 38 (8.2) <0.001 

  Syncope 5 (0.9)  0 (0.0) 4 (1.4) 7 (1.1) 7 (1.5) 0.224 

Laboratory results       

 Hemoglobin, g/dL 14.0 (13.0−14.9) 14.6 (13.9−15.6) 12.8 (11.7−13.9) 13.0 (12.0−14.1) 12.1 (10.9−13.4) <0.001 

 eGFR, mL/min/1.73m2 
102.5 

(93.4−111.0) 
85.5 (76.1−97.2) 

90.2 

(75.9−102.1) 
83.3 (69.6−92.1) 60.1 (48.4−76.8) <0.001 

MR etiology, n (%)      <0.001 

Degenerative 516 (93.0) 351 (93.1) 121 (42.9) 624 (96.9) 367 (79.3)  

Rheumatic 25 (4.5) 22 (5.8) 154 (54.6) 19 (3.0) 93 (20.1)  
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Congenital 14 (2.5) 4 (1.1) 7 (2.5) 1 (0.2) 3 (0.6)  

MR surgery type, n (%)      <0.001 

  MV repair 537 (96.8) 351 (93.1) 109 (38.7) 618 (96.0) 257 (55.5)  

MV replacement 

(mechanical) 
14 (2.5) 26 (6.9) 163 (57.8) 14 (2.2) 50 (10.8)  

MV replacement  

(bioprosthetic) 
4 (0.7)  0 (0.0) 10 (3.5) 12 (1.9) 156 (33.7)  

Concomitant CABG, n (%)  0 (0.0) 16 (4.2) 2 (0.7) 39 (6.1) 67 (14.5) <0.001 

Concomitant surgical atrial  

ablation, n (%) 
43 (8.1) 196 (57.1) 148 (58.0) 122 (20.7) 230 (57.2) <0.001 

Echocardiography       

LV end-systolic diameter, mm 37 (34−40) 43 (40−47) 41 (37.5−45) 34 (31−37) 39 (34−43) <0.001 

LV end-diastolic diameter, mm 60 (56−63) 65 (61−69) 62 (56−66) 57 (54−60) 60 (55−65) <0.001 

LV end-systolic volume, mL 57 (47−68) 78 (60−93) 61 (47−77) 47 (36.5−58) 53 (40−69) <0.001 

LV end-diastolic volume, mL 163.5 (135−194) 190.5 (160−228) 145 (116.5−180) 140 (112−168) 132 (107−167) <0.001 

LV end-systolic volume index, 

mL/m2 
31.7 (26.7−37.9) 41.6 (32.5−50.3) 37.3 (29.1−48.6) 26.7 (21.8−33.5) 32.7 (25.2−43.3) <0.001 

LV end-diastolic volume index, 

mL/m2 

90.8 

(76.1−109.4) 

102.1 

(84.6−122.4) 

89.5 

(72.2−112.4) 
82.2 (67.2−97.5) 

83.2 

(66.9−105.0) 
<0.001 

LV ejection fraction, % 64.6 (61.0−67.9) 60.0 (54.3−64.4) 58.5 (52.7−62.6) 65.8 (62.2−69.3) 60.0 (55.0−65.3) <0.001 
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LV mass index, g/m2 
123.9 

(107.2−141.6) 

151.6 

(131.9−176.1) 

135.2 

(113.1−162.3) 

127.6 

(109.1−146.3) 

144.7 

(122.6−168.1) 
<0.001 

LA dimension, mm 46.0 (42.0−50.0) 59.0 (56.0−65.0) 59.0 (54.0−64.0) 48.0 (45.0−52.0) 58.0 (51.6−66.0) <0.001 

E-wave, m/s 1.13 (0.96−1.36) 1.43 (1.20−1.66) 1.50 (1.25−1.84) 1.22 (1.01−1.44) 1.36 (1.13−1.60) <0.001 

e’-wave, cm/s  9.0 (7.6−10.9)  8.0 (6.4−9.4)  7.4 (5.9−9.3)  6.8 (5.7−8.0)  6.4 (5.0−8.0) <0.001 

E/e’ ratio 12.0 (9.5−15.0) 16.2 (13.0−21.9) 19.0 (14.0−28.0) 17.0 (13.0−21.0) 20.0 (15.0−26.0) <0.001 

TR peak velocity, m/s  2.5 (2.3−2.7)  3.1 (2.7−3.5)  2.9 (2.6−3.3)  2.8 (2.5−3.3)  3.2 (2.9−3.6) <0.001 

Values are expressed in median (interquartile range) or numbers (percentage). 

AF, atrial fibrillation; CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LA, left atrium; LCA, latent class 

analysis; LV, left ventricle; MR, mitral regurgitation; MV, mitral valve; TR, tricuspid regurgitation.
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Supplemental Table 6. Results of the LCA analysis using the subgroup of degenerative MR patients in the derivation cohort 

(n=1,375).  

Characteristics 

Younger population Older population  

Group 1 

(n=502) 

Group 2 

(n=270) 

Group 3 

(n=401) 
Group 4 

(n=202) 
Pa 

Least 

comorbidities 

Men with LV 

enlargement 

Low-risk older 

patients 

High-risk older 

patients 

Age, year 45.0 (37.0−51.0) 53.0 (47.0−60.0) 63.0 (58.0−68.0) 71.0 (67.0−75.0) <0.001 

Men, n (%) 372 (74.1) 248 (91.9) 203 (50.6) 74 (36.6) <0.001 

Body mass index, kg/m² 24.2 (22.0−26.3) 24.9 (22.7−27.4) 25.3 (23.2−27.5) 23.1 (21.0−24.9) <0.001 

Comorbidities, n (%)      

  Hypertension 97 (19.3) 88 (32.6) 267 (66.6) 91 (45.0) <0.001 

  Diabetes 5 (1.0) 13 (4.8) 59 (14.7) 32 (15.8) <0.001 

  Atrial fibrillation 54 (10.8) 187 (69.3) 104 (25.9) 118 (58.4) <0.001 

  Stroke 3 (0.6) 12 (4.4) 6 (1.5) 6 (3.0) 0.002 

  Myocardial infarction 5 (1.0) 7 (2.6) 5 (1.2) 8 (4.0) 0.033 

Year of MV surgery     0.032 
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  2006−2013 241 (48.0) 131 (48.5) 157 (39.2) 93 (46.0)  

  2014−2020 261 (52.0) 139 (51.5) 244 (60.8) 109 (54.0)  

Symptomatic MR, n (%) 100 (19.9) 123 (45.6) 113 (28.2) 110 (54.5) <0.001 

Symptoms, n (%)      

  Dyspnea 80 (15.9) 99 (36.7) 97 (24.2) 104 (51.5) <0.001 

  Chest pain 19 (3.8) 17 (6.3) 12 (3.0) 7 (3.5) 0.173 

  Edema 3 (0.6) 10 (3.7) 4 (1.0) 10 (5.0) <0.001 

  Palpitation 14 (2.8) 22 (8.1) 14 (3.5) 13 (6.4) 0.003 

  Syncope 5 (1.0)  0 (0.0) 4 (1.0) 4 (2.0) 0.178 

Laboratory results      

 Hemoglobin, g/dL 14.0 (13.1−14.8) 14.4 (13.5−15.2) 13.1 (12.1−14.1) 12.0 (10.8−13.3) <0.001 

 eGFR, mL/min/1.73m2 101.2 (92.2−109.6) 85.5 (76.6−97.1) 83.9 (71.1−91.6) 61.8 (48.7−82.7) <0.001 

Valve morphology, n (%)b     <0.001 

Isolated anterior leaflet prolapse 104 (20.7) 40 (14.8) 50 (12.5) 39 (19.6)  

Isolated posterior leaflet prolapse 274 (54.6) 150 (55.6) 270 (67.7) 106 (53.3)  
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Bileaflet prolapse 124 (24.7) 80 (29.6) 79 (19.8) 54 (27.1)  

MR surgery type, n (%)     <0.001 

  MV repair 493 (98.2) 236 (87.4) 395 (98.5) 143 (70.8)  

MV replacement 

(mechanical) 
5 (1.0) 34 (12.6) 3 (0.7) 11 (5.4)  

MV replacement  

(bioprosthetic) 
4 (0.8)  0 (0.0) 3 (0.7) 48 (23.8)  

Concomitant CABG, n (%)  0 (0.0) 14 (5.2) 26 (6.5) 39 (19.3) <0.001 

Concomitant surgical atrial  

ablation, n (%) 
48 (9.6) 171 (63.3) 94 (23.4) 105 (52.0) <0.001 

Echocardiography      

LV end-systolic diameter, mm 37 (34−40) 43 (40−47) 34 (31−37) 38 (33−42) <0.001 

LV end-diastolic diameter, mm 60 (56−63) 65 (61−69) 57 (54−60) 59 (55−64) <0.001 

LV end-systolic volume, mL 58 (47−69) 78 (60−93) 46 (37−57) 52 (40−67) <0.001 

LV end-diastolic volume, mL 166 (138−198) 191 (161−222) 142 (114−166) 137 (114−173) <0.001 

LV end-systolic volume index, 

mL/m2 
31.7 (26.5−37.8) 41.6 (32.6−50.6) 26.4 (21.9−32.7) 32.5 (25.1−41.9) <0.001 

LV end-diastolic volume index, 

mL/m2 
92.1 (76.6−109.7) 102.4 (86.2−122.6) 80.9 (67.2−97.3) 87.1 (71.8−107.4) <0.001 

LV ejection fraction, % 65.2 (61.8−68.3) 60.0 (54.2−64.7) 66.4 (62.7−70.2) 62.7 (58.0−67.2) <0.001 
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LV mass index, g/m2 
124.8 

(108.2−142.1) 
151.3 

(133.2−175.4) 
127.2 

(109.1−146.0) 
144.6 

(122.0−167.4) <0.001 

LA dimension, mm 46.0 (42.0−50.0) 59.0 (55.0−64.0) 48.0 (44.0−52.0) 54.0 (49.0−60.0) <0.001 

E-wave, m/s 1.15 (0.99−1.38) 1.42 (1.21−1.65) 1.20 (0.99−1.43) 1.34 (1.12−1.55) <0.001 

e’-wave, cm/s  9.0 (7.4−10.8)  8.0 (6.4−9.3)  6.7 (5.7−7.9)  6.3 (5.0−8.0) <0.001 

E/e’ ratio 12.0 (10.0−15.0) 16.0 (13.0−22.0) 17.0 (13.0−21.0) 18.0 (15.0−23.5) <0.001 

TR peak velocity, m/s  2.5 (2.3−2.8)  3.1 (2.7−3.5)  2.8 (2.5−3.2)  3.2 (2.9−3.6) <0.001 

Values are expressed in median (interquartile range) or numbers (percentage). aComparison between 5 groups. bData unavailable in 5 

degenerative MR patients. 

AF, atrial fibrillation; CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LA, left atrium; LCA, latent class 

analysis; LV, left ventricle; MR, mitral regurgitation; MV, mitral valve; TR, tricuspid regurgitation.
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Supplemental Table 7. Partial probabilities of phenogroup membership derived from 

the latent class analysis model. 

Variables 

Group 

1 2 3 4 5 

Age, years      

  <50 0.707752 0.416556 0.510286 0.017478 1.59×10-38 

  50−60 0.263756 0.338933 0.362181 0.268637 0.126376 

  60−70 0.028492 0.189645 0.127533 0.471750 0.408240 

  ≥70 6.18×10-95 0.054866 2.14×10-137 0.242135 0.465384 

Sex      

 Men 0.703620 1 0.260438 0.497843 0.366273 

 Women 0.296380 3.90×10-34 0.739562 0.502157 0.633727 

Body mass index, 

kg/m2 
     

  <25 0.608755 0.447318 0.781549 0.504718 0.745615 

  ≥25 0.391245 0.552682 0.218451 0.495282 0.254386 

Hypertension      

 No 0.796451 0.618034 0.970528 0.376692 0.510819 

 Yes 0.203549 0.381966 0.029472 0.623308 0.489181 

Diabetes      

 No 0.987345 0.931831 0.990415 0.864821 0.808357 

 Yes 0.012656 0.068169 0.009585 0.135179 0.191643 

Atrial fibrillation      

 No 0.899785 0.366094 0.297973 0.709897 0.311540 
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 Yes 0.100215 0.633906 0.702027 0.290103 0.688460 

Symptoms      

 No 0.802022 0.554335 0.535881 0.686797 0.545021 

 Yes 0.197978 0.445665 0.464119 0.313203 0.454979 

Anemiaa      

 No 0.852485 0.947762 0.717048 0.693525 0.424535 

 Yes 0.147515 0.052238 0.282952 0.306475 0.575465 

eGFR, mL/min/1.73m2      

  ≥90 0.786799 0.412117 0.601762 0.299329 0.084707 

  90−60 0.207385 0.545157 0.331747 0.590368 0.484164 

  60−30 0.004756 0.030953 0.040305 0.110303 0.380378 

  <30 0.001060 0.011773 0.026186 2.96×10-150 0.050751 

MV surgery type      

 MV repair 0.979446 0.935377 0.392541 0.959586 0.512908 

MV replace 

(mechanical) 
0.020554 0.064623 0.558081 0.018262 0.212359 

MV replace 

(bioprosthesis) 
2.79×10-59 4.89×10-72 0.049378 0.022152 0.274732 

Concomitant CABG      

  No 1 0.939815 0.994153 0.926749 0.817707 

  Yes 1.18×10-251 0.060185 0.005847 0.073251 0.182293 

LV end-systolic 

diameter, mm 
     

  <40 0.707338 0.225808 0.359048 0.899322 0.525217 

  ≥40 0.292662 0.774192 0.640952 0.100678 0.474783 

LV ejection fraction, %      

  >60 0.865954 0.513543 0.480412 0.906837 0.472285 
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  ≤60 0.134046 0.486457 0.519588 0.093163 0.527715 

LA dimension, mm      

  <55 0.936940 0.261746 0.260389 0.855861 0.416493 

  ≥55 0.063060 0.738254 0.739611 0.144139 0.583507 

TR peak velocity, m/s      

  ≤2.8 0.793873 0.342921 0.433516 0.533337 0.201027 

  >2.8 0.206127 0.657079 0.566484 0.466663 0.798973 

amen, hemoglobin <13g/dL; women, hemoglobin <12g/dL. 

CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LA, left 

atrium; LV, left ventricle; MV, mitral valve; TR, tricuspid regurgitation.
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Supplemental Table 8. Baseline characteristics of the study participants according to phenogroups in the validation cohort.  

Characteristics 

Younger population Older population  

Group 1 

(n=81) 

Group 2 

(n=148) 
Group 3 

(n=100) 

Group 4 

(n=151) 

Group 5 

(n=212) 

P 
Least 

comorbidities 

Men with LV 

enlargement 

Predominantly 

women and 

rheumatic MR 

Low-risk older 

patients 

High-risk older 

patients 

Age, year 43 (37−51) 54.5 (46−61) 49 (38−56.5) 64 (59−70) 71 (66−75) <0.001 

Men, n (%) 56 (69.1) 148 (100.0) 20 (20.0) 67 (44.4) 91 (42.9) <0.001 

Body mass index, kg/m² 23.2 (21.0−24.8) 24.6 (22.6−26.4) 22.2 (20.2−24.2) 24.2 (22.6−26.5) 22.7 (20.8−24.8) <0.001 

Comorbidities, n (%)       

  Hypertension 19 (23.5) 58 (39.2) 4 (4.0) 94 (62.3) 122 (57.5) <0.001 

  Diabetes 4 (4.9) 8 (5.4) 1 (1.0) 24 (15.9) 52 (24.5) <0.001 

  Atrial fibrillation 1 (1.2) 82 (55.4) 61 (61.0) 16 (10.6) 143 (67.5) <0.001 

  Stroke 1 (1.2) 4 (2.7) 4 (4.0) 7 (4.6) 22 (10.4) 0.004 

  Myocardial infarction  0 (0.0) 3 (2.0)  0 (0.0) 4 (2.6) 8 (3.8) 0.149 

Year of MV surgery      0.204 
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  2006−2013 41 (50.6) 83 (56.1) 65 (65.0) 93 (61.6) 115 (54.2)  

  2014−2020 40 (49.4) 65 (43.9) 35 (35.0) 58 (38.4) 97 (45.8)  

Symptomatic MR, n (%) 29 (35.8) 87 (58.8) 66 (66.0) 74 (49.0) 153 (72.2) <0.001 

Symptoms, n (%)       

  Dyspnea 22 (27.2) 76 (51.4) 59 (59.0) 62 (41.1) 136 (64.2) <0.001 

  Chest pain 5 (6.2) 5 (3.4) 5 (5.0) 11 (7.3) 22 (10.4) 0.113 

  Edema 2 (2.5) 7 (4.7) 7 (7.0) 5 (3.3) 22 (10.4) 0.025 

  Palpitation 12 (14.8) 21 (14.2) 20 (20.0) 11 (7.3) 25 (11.8) 0.051 

  Syncope 1 (1.2)  0 (0.0) 1 (1.0) 2 (1.3) 3 (1.4) 0.727 

Laboratory results       

 Hemoglobin, g/dL 14.4 (13.1−15.4) 14.7 (13.9−15.6) 13.0 (11.6−13.8) 13.0 (12.1−13.9) 12.2 (10.9−13.4) <0.001 

 eGFR, mL/min/1.73m2 
100.5 

(89.8−110.0) 82.9 (70.6−96.3) 86.6 (71.5−98.4) 81.9 (67.9−92.2) 59.1 (46.4−75.4) <0.001 

MR etiology, n (%)      <0.001 

Degenerative 72 (88.9) 142 (95.9) 58 (58.0) 149 (98.7) 183 (86.3)  

Rheumatic 2 (2.5) 6 (4.1) 39 (39.0) 2 (1.3) 28 (13.2)  
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Congenital 7 (8.6)  0 (0.0) 3 (3.0)  0 (0.0) 1 (0.5)  

MR surgery type, n (%)      <0.001 

  MV repair 80 (98.8) 137 (92.6) 44 (44.0) 142 (94.0) 120 (56.6)  

MV replacement 

(mechanical) 
1 (1.2) 11 (7.4) 49 (49.0) 4 (2.6) 10 (4.7)  

MV replacement  

(bioprosthetic) 
 0 (0.0)  0 (0.0) 7 (7.0) 5 (3.3) 82 (38.7)  

Concomitant CABG, n (%)  0 (0.0) 4 (2.7)  0 (0.0) 6 (4.0) 20 (9.4) <0.001 

Concomitant surgical atrial 

ablation, n (%) 
2 (3.6) 53 (49.1) 40 (54.1) 13 (12.6) 76 (50.0) <0.001 

Echocardiography       

LV end-systolic diameter, mm 36.5 (34−40) 41 (40−46) 40 (36−45) 34 (31−37) 38 (34−43) <0.001 

LV end-diastolic diameter, mm 59 (55−62) 64 (60−69) 62.5 (56−66) 56 (52−60) 60 (55−65) <0.001 

LV end-systolic volume, mL 50.2 (45−67) 75 (57−91) 59 (41−80) 47 (31−64) 52 (41−67) <0.001 

LV end-diastolic volume, mL 146 (121−165) 175 (145−207) 131 (97−177) 131 (100−169) 123 (101−150) <0.001 

LV end-systolic volume index, 

mL/m2 
29.7 (25.3−37.5) 40.7 (31.6−51.0) 35.7 (26.3−48.6) 28.2 (20.2−35.4) 32.0 (24.8−41.1) <0.001 

LV end-diastolic volume index, 

mL/m2 
81.2 (71.1−91.4) 99.2 

(82.3−113.5) 
85.5 

(64.5−106.0) 80.9 (65.1−95.9) 77.4 (62.4−95.9) <0.001 

LV ejection fraction, % 62.2 (58.0−65.2) 58.8 (54.0−63.0) 58.0 (52.0−61.8) 64.0 (61.0−69.0) 59.0 (54.0−64.0) <0.001 
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LV mass index, g/m2 
121.8 

(103.6−141.6) 
151.9 

(125.0−176.4) 
141.8 

(121.9−179.4) 
131.1 

(114.5−149.7) 
145.5 

(125.0−167.5) <0.001 

LA dimension, mm 46.0 (41.0−50.0) 59.0 (56.0−65.0) 60.0 (54.0−65.3) 50.0 (45.3−54.0) 59.0 (53.0−67.0) <0.001 

E-wave, m/s 1.10 (0.90−1.30) 1.36 (1.10−1.58) 1.40 (1.22−1.60) 1.29 (1.04−1.42) 1.30 (1.07−1.60) <0.001 

e’-wave, cm/s  9.6 (8.0−11.0)  8.3 (6.7−9.4)  8.0 (5.8−9.9)  7.0 (5.9−8.2)  6.7 (5.3−8.3) <0.001 

E/e’ ratio 11.0 (9.0−14.0) 16.1 (12.2−20.4) 19.0 (14.4−27.6) 18.0 (13.8−20.4) 20.0 (14.1−26.0) <0.001 

TR peak velocity, m/s  2.4 (2.2−2.8)  3.1 (2.5−3.7)  2.8 (2.4−3.2)  2.8 (2.5−3.3)  3.1 (2.8−3.6) <0.001 

Values are expressed in median (interquartile range) or numbers (percentage). 

AF, atrial fibrillation; CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; LA, left atrium; LV, left ventricle; 

MR, mitral regurgitation; MV, mitral valve; TR, tricuspid regurgitation.
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