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A B S T R A C T

Introduction and objectives: Significant secondary tricuspid regurgitation (STR) is associated with poor
prognosis, but its heterogeneity makes predicting patient outcomes challenging. Our objective was to
identify STR prognostic phenogroups.
Methods: We analyzed 758 patients with moderate-to-severe STR: 558 (74 ± 14 years, 55% women) in
the derivation cohort and 200 (73 ± 12 years, 60% women) in the external validation cohort. The primary
endpoint was a composite of heart failure hospitalization and all-cause mortality.
Results: We identified 3 phenogroups. The low-risk phenogroup (2-year event-free survival 80%, 95%CI,
74%-87%) had moderate STR, preserved right ventricular (RV) size and function, and a moderately dilated
but normally functioning right atrium. The intermediate-risk phenogroup (HR, 2.20; 95%CI, 1.44-3.37;
P < .001) included older patients with severe STR, and a mildly dilated but uncoupled RV. The high-risk
phenogroup (HR, 4.67; 95%CI, 3.20-6.82; P < .001) included younger patients with massive-to-torrential
tricuspid regurgitation, as well as severely dilated and dysfunctional RV and right atrium. Multivariable
analysis confirmed the clustering as independently associated with the composite endpoint (HR, 1.40;
95%CI, 1.13-1.70; P = .002). A supervised machine learning model, developed to assist clinicians in
assigning patients to the 3 phenogroups, demonstrated excellent performance both in the derivation
cohort (accuracy = 0.91, precision = 0.91, recall = 0.91, and F1 score = 0.91) and in the validation cohort
(accuracy = 0.80, precision = 0.78, recall = 0.78, and F1 score = 0.77).
Conclusions: The unsupervised cluster analysis identified 3 risk phenogroups, which could assist
clinicians in developing more personalized treatment and follow-up strategies for STR patients.
© 2025 Sociedad Española de Cardiología. Published by Elsevier España, S.L.U. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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R E S U M E N

Introduccioń y objetivos: La insuficiencia tricuspídea secundaria (ITS) significativa se asocia a un mal
pronośtico, pero su heterogeneidad dificulta la prediccioń de los resultados de los pacientes. Nuestro
objetivo fue identificar fenogrupos pronośticos de ITS.
Métodos: Se analizo ́ a 758 pacientes con ITS moderada a grave: 558 (74 ± 14 años, 55% mujeres) en la
cohorte de derivacioń y 200 (73 ± 12 años, 60% mujeres) en la cohorte de validacioń externa. El criterio de
valoración principal fue una combinacioń de hospitalizacioń por insuficiencia cardiaca y mortalidad por
todas las causas.
Resultados: Se identificaron 3 fenogrupos. El fenogrupo de bajo riesgo (supervivencia libre de
acontecimientos a 2 años 80%, IC95%, 74-87%) tenía ITS moderada, tamaño y funcioń del ventrículo
derecho (VD) conservados, y aurícula derecha moderadamente dilatada, pero con funcionamiento
normal. El fenogrupo de riesgo intermedio (HR = 2,20; IC95%, 1,44-3,37; p < 0,001) incluyó a pacientes
mayores con ITS grave y VD levemente dilatado pero desacoplado. El fenogrupo de riesgo alto (HR = 4,67;
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IC95%, 3,20-6,82; p < 0,001) incluyó a pacientes más jov́enes con insuficiencia tricuspídea masiva a
torrencial, y el VD y la aurícula derecha gravemente dilatados y disfuncionales. El análisis multivariable
confirmo ́ que la agrupacioń se asocio ́ de forma independiente con el criterio de valoracioń compuesto
(HR = 1,40; IC95%, 1,13-1,70; p = 0,002). Un modelo de aprendizaje automático supervisado, desarrollado
para ayudar a los médicos a asignar pacientes a los 3 fenogrupos, demostró un excelente desempeño
tanto en la derivacioń (exactitud = 0,91, precisioń = 0,91, recuerdo = 0,91 y puntuacioń F1 = 0,91) como en
la cohorte de validacioń (exactitud = 0,80, precisioń = 0,78, recuerdo = 0,78 y puntuacioń F1 = 0,77).
Conclusiones: El análisis de conglomerados no supervisado identifico ́ 3 fenogrupos de riesgo, que
podrían ayudar a los médicos a desarrollar estrategias de seguimiento y tratamiento más personalizadas
para los pacientes con ITS.
© 2025 Sociedad Española de Cardiología. Publicado por Elsevier España, S.L.U. Este es un artículo Open Access

bajo la CC BY-NC-ND licencia (http://creativecommons.org/licencias/by-nc-nd/4.0/).
Abbreviations

HHF: hospitalization due to heart failure
RA: right atrium
RV: right ventricle
STR: secondary tricuspid regurgitation
TV: tricuspid valve

INTRODUCTION

Secondary tricuspid regurgitation (STR) is associated with
reduced survival and impaired quality of life.1 However, STR is not a
single condition. It encompasses at least 2 phenotypes: ventricular
STR and atrial STR, each with distinct etiologies, mechanisms,
natural histories, and responses to treatment.2–6 In addition to the
STR phenotype and severity, other factors—such as age, sex,
symptoms (New York Heart Association [NYHA] class and signs of
right-sided heart failure), liver and kidney function, and the extent
of right heart chamber remodeling—contribute to determining the
prognosis of patients with STR.7,8 Moreover, several retrospective
studies have shown that patients with moderate STR are also at
increased risk of events,9 and the size and function of the right
ventricle (RV) and right atrium (RA) are associated with out-
comes.10–17Several scores7,18,19 and cluster analyses20–23 have been
developed to predict all-cause death and hospitalization due to
heart failure (HHF) in patients with STR. Most studies have
reported RV size and function by visual assessment22 or
conventional echocardiography as key factors associated with
outcomes. Due to the peculiar shape of the RV and the position of
the right heart in the mediastinum, parameters of RV size (linear
dimensions and cavity areas) and function (tricuspid annular plane
systolic excursion and fractional area change), as well as RA size
(area or volume), obtained from 2-dimensional and M-mode
echocardiography, have only moderate correlations with the same
parameters measured by cardiac magnetic resonance in patients
with STR.24 Moreover, certain parameters, such as the basal RV
diameter may overestimate RV size in patients with atrial STR.25

Conversely, 3-dimensional echocardiography RV volumes and
ejection fraction, as well as RV free-wall longitudinal strain
obtained from dedicated RV-focused apical views, have been
shown to be accurate when compared with cardiac magnetic
resonance,26–28 and are associated with all-cause death and HHF in
patients with STR.12–17,29,30

Accordingly, we included the parameters obtained from
advanced echocardiography in a database containing patients’
demographic, laboratory, and clinical data, as well as quantitative
assessment of the severity of STR to explore whether unsupervised
cluster analysis could identify phenogroups of patients with STR,
who have significantly different clinical risk of events during
follow-up.

METHODS

Study population

The derivation cohort was obtained from a retrospective
analysis of echocardiographic examinations prospectively collect-
ed between October 2020 and March 2022 (FUTURE 3D.
ClinicalTrials.gov Identifier: NCT05747404). We included consecu-
tive patients over 18 years of age with moderate-to-severe STR,
good acoustic windows, complete echocardiographic studies, and a
minimum follow-up period of 6 months. Exclusion criteria
included primary tricuspid regurgitation (TR), cardiac implantable
electronic device-related TR, previous surgical or transcatheter
tricuspid valve (TV) interventions, pregnancy, inadequate echo-
cardiographic images, and lack of follow-up data. For external
validation, we included a cohort of patients prospectively enrolled
at Yonsei University College of Medicine, Seoul, South Korea,
between January 2022 and February 2024, adhering to the same
inclusion and exclusion criteria. Patients with STR were classified
into atrial or ventricular phenotypes according to recent recom-
mendations.6,8

This retrospective analysis was approved by the Ethics
Committee of our Institute (record #2021_05_18_13, approved
on May 18, 2021). Patients’ informed consent was obtained and
archived for the publication of their cases. The investigation
conforms to the principles outlined in the Declaration of Helsinki.

Phenogroup variable selection and clustering

A set of 16 variables, derived from demographic or echocardio-
graphic domains routinely obtained for the assessment of STR
severity or with proven prognostic value, were considered as
candidates for analysis (appendix A of the supplementary data). To
determine the optimal number of covariates and eliminate
redundant information among the variables, those with poor
representation in the first 4 dimensions of principal component
analysis—defined by squared cosine values and a correlation
coefficient > 0.8—were filtered out.

To identify the optimal number of phenogroups within the
study cohort, the elbow method was used, with the total within the
sum of squares serving as the metric. Unsupervised clustering was
performed using 3 methods: a partitioning method (K-means), a
hierarchical method (agglomerative; balanced iterative reducing
and clustering hierarchies [BIRCH]), and a model-based clustering
method (Gaussian mixture model).

http://creativecommons.org/licencias/by-nc-nd/4.0/
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For internal validation, commonly used cluster validity analysis
indexes—including Silhouette, Davies-Bouldin, Dunn, and S-Dbw,
which combine measures of cluster compactness and separation—
were evaluated to determine the optimal clustering technique and
the number of clusters in the final solution. The optimal
unsupervised clustering technique was identified as the one with
the highest Silhouette and Dunn indexes and the lowest Davies-
Bouldin and S-Dbw indexes. The cluster labels were then used as
input for supervised machine learning.

Supervised machine learning to assign patients to the STR
phenogroups

We developed a machine learning model using XGBoost (a
gradient boosting tree-based algorithm, appendices B and C of the
supplementary data) to predict the differential phenogroups of
individual participants. The goal was to assist clinicians in
identifying the risk profile and prognosis of STR in each patient.
Twelve routinely available variables were selected as inputs for the
machine learning algorithm (appendix D of the supplementary
data). We evaluated the model’s performance using balanced
accuracy, macro precision, macro recall, and macro F1-score
(appendix E of the supplementary data). We used the SHAP
(SHapley Additive exPlanations) interpretability method to deter-
mine the importance of ranking features from the model’s
predictive output and to provide an explanation for individual
phenogroup predictions (appendix F of the supplementary data).
As part of the internal validation, which involves running the
model in a randomly-selected portion of study cohort, a Monte
Carlo cross-validation with 100 iterations was carried out.

Statistical analysis

One-way ANOVA, chi-squared, or Fisher exact tests were used,
as appropriate, to compare the distribution of continuous and
categorical variables between phenogroups. Continuous variables
were summarized as means ± standard deviation or medians
[interquartile range (IQR)], while categorical variables were
summarized as frequencies and percentages. The data were
standardized to remove differences in variable scales, although
the original forms were retained for interpretation. Pearson
correlation coefficients were calculated to analyze collinearity.

To visualize differences in parameters between the phe-
nogroups, we generated a heatmap and used a radar plot to
illustrate echocardiographic characteristics across phenogroups.
The risk of the composite study endpoint among phenogroups was
assessed using time-to-event analysis (Kaplan-Meier method)
with the log-rank test. Cox proportional hazards models were used
to estimate hazard ratios (HR) between phenogroups, with results
presented as HR and 95% confidence intervals (95%CI).

The multivariable model was adjusted for NYHA class, presence
of chronic kidney dysfunction (CKD), effective regurgitant orifice
area, and RA and RV volume and function. Variables were selected
for multivariable analysis based on their clinical significance (ie,
known risk factors) and their significant association with out-
comes in univariable analysis. To address the competing risk of all-
cause death, the Fine-Gray competing risk regression model was
applied, and subdistribution HRs (sHR) with 95%CIs were provided.

We used the likelihood ratio test and changes in the C-index,
calculated with the DeLong test, the integrated discrimination
improvement, and continuous net reclassification index to
determine the improved prognostic performance of the model
with the inclusion of the phenogroup variable. Additionally, we
assessed the incremental prognostic value of the identified
phenogroups over known clinical and echocardiographic param-
eters using the chi-squared Omnibus test of model coefficients. The
statistical analysis was performed using Python version 3.10.12 and
R version 4.3.2 (details of the packages used are provided in
appendix G of the supplementary data).

RESULTS

Baseline characteristics

A total of 558 and 200 patients were included in our derivation
and validation cohorts, respectively (figure 1 of the supplementary
data, table 1 of the supplementary data and table 2 of the
supplementary data). No patient underwent surgical/transcatheter
TV interventions during the study period.

Clustering analysis

Eleven out of the 16 discriminatory variables were used in the
unsupervised cluster analysis (figure 2 of the supplementary data).

The first 4 dimensions of a principal component analysis
accounted for 72.7% of the total variance in the dataset. According
to the results from the elbow method, the optimal number of
clusters was 3. K-means clustering was selected as the best
algorithm for clustering based on validity indices.

Table 1 and figure 1 show the clinical and echocardiographic
differences among the patients in the derivation cohort included in
the 3 phenogroups. There was a large overlap of TR severity among
the patients included in the 3 phenogroups (figure 2)

The phenogroup at the lowest risk (with an incidence of 21.3%
for the composite endpoint and 12.8% for both all-cause death and
HHF at 2 years) included mildly symptomatic patients with
predominantly moderate STR, a higher prevalence of atrial STR, a
low prevalence of CKD, normal RV size and function, and mildly
dilated RA with preserved function. Patients included in the
intermediate-risk phenogroup had a higher incidence of the
composite endpoint (32.9%), death (18.2%), and HHF (17.6%) than
the previous phenogroup. They were the oldest and mildly
symptomatic, with severe STR, a higher prevalence of atrial STR
and atrial fibrillation (AF), and moderately dilated RV. Although
conventional RV function indexes were normal, the RV-pulmonary
artery coupling and the effective RV ejection fraction were
borderline low. The RA was severely dilated and dysfunctional.
Finally, patients in the highest-risk phenogroup (with an incidence
of the composite endpoint, death, and HHF of 64.4%, 31.1%, and
42.9%, respectively) were the youngest and exhibited massive or
torrential STR, along with the highest prevalence of ventricular
STR. They also had a significantly higher prevalence of CKD, high
pulmonary artery systolic pressure values, and severely dilated and
dysfunctional RV and RA. In addition, high-risk STR patients had a
significantly higher prevalence of left ventricular dysfunction and
moderate or severe mitral regurgitation (figure 3).

Association of phenogroups with clinical outcomes

After a median follow-up of 17 months [IQR 9-23], 215 patients
in the derivation cohort reached the combined endpoint, which
included 133 HHF and 113 deaths. The event-free survival was 76
± 2% after the first year and 58 ± 3% after the second year of follow-
up (figure 3 of the supplementary data, left panel). In the
derivation and validation cohorts, 50% of events occurred within
502 and 432 days after the baseline echocardiogram, respectively
(figure 3 of the supplementary data). The median time to survival
was 20 months in the derivation cohort and 16 months in the



Table 1
Comparisons of demographic, clinical and echocardiographic variables among patients in the lowest-, intermediate-, and highest-risk phenogroup

Parameter Lowest risk
(n = 211)

Intermediate risk
(n = 170)

Highest risk
(n = 177)

P

Age, y 73 ± 12 81 ± 8a 67 ± 16a,b < .001

Male sex, % 92 (44) 70 (41) 91 (51) .130

Hypertension, % 120 (57) 109 (64) 71 (40) a,b < .001

Diabetes mellitus, % 38 (18) 24 (14) 39 (22) .160

COPD, % 21 (10) 19 (11.2) 30 (17) a .095

Previous myocardial infarction, % 33 (15) 24 (14) 48 (27) a,b .003

Previous heart valve surgery, % 18 (9) 23 (14) 17 (10) .259

Severe CKD, % 45 (21) 53 (31) a 72 (41) a < .001

NYHA < .001

I 82 (39) 37 (22) 7 (4)

II 92 (44) 87 (51) 85 (48)

III 37 (17) 44 (26) 72 (41)

IV 0 (0) 2 (1) 13 (7)

Atrial fibrillation, % 99 (47) 114 (67) a 89 (50) b < .001

Mitral regurgitation ≥ 2+ 36 (17) 51 (30) a 70 (40) a,b < .001

Right atrial longitudinal strain, % 19 [11-35] 12 [8-18] a 10 [6-17] a,b < .001

Right atrial volume, mL/m2 40 [27-53] 53 [40-68] a 53 [38-76] a < .001

Secondary tricuspid regurgitation etiology < .001

Ventricular 83 (39) 67 (39) 149 (84) a,b

Atrial 128 (60) 103 (61) 28 (16)

TAPSE, mm 19 ± 5 17 ± 4 a 15 ± 4 a,b < .001

RV end-diastolic volume, mL/m2 68 ± 18 81 ± 20 a 114 ± 32 a,b < .001

RV end-systolic volume, mL/m2 30 ± 11 37 ± 12 a 68 ± 24 a,b < .001

RV SV, mL/m2 38 ± 11 44 ± 11 a 45 ± 16 a < .001

Left ventricular ejection fraction, % 52 ± 14 53 ± 11 41 ± 16 a,b < .001

RV ejection fraction, % 56 ± 10 55 ± 8 40 ± 9 a,b < .001

Effective RV ejection fraction, % 34 ± 11 19 ± 7 a 15 ± 8 a,b < .001

RV FWS, % 22.2 ± 6.6 20.3 ± 5.1 a 13.6 ± 5.9 a,b < .001

TAPSE/PASP, mm/mmHg 0.58 ± 0.24 0.40 ± 0.13 a 0.34 ± 0.16 a,b < .001

RV FWS/PASP, %/mmHg 0.67 ± 0.28 0.48 ± 0.14 a 0.32 ± 0.22 a,b < .001

RV forward SV/ESV 0.87 ± 0.39 0.46 ± 0.24 a 0.32 ± 0.20 a,b < .001

PASP, mmHg 36 ± 11 45 ± 13 a 51 ± 20a,b < .001

Regurgitant volume, mL 26 ± 13 49 ± 11 a 52 ± 24 a < .001

Effective regurgitant orifice area, cm2 0.32 ± 0.17 0.53 ± 0.15 a 0.61 ± 0.45 a,b < .001

Regurgitant fraction, % 39 ± 17 66 ± 13 a 63 ± 19 a < .001

COPD, chronic obstructive pulmonary disease; CKD, chronic kidney dysfunction; FWS, free-wall longitudinal strain; NYHA, New York Heart Association; PASP, pulmonary
artery systolic pressure; RV, right ventricle; SV, stroke volume; TAPSE, tricuspid annular plane systolic excursion.
Values are expressed as mean ± standard deviation, median [interquartile range] or No. (%).
The P values depict differences between:

a vs low risk;
b vs intermediate risk.
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validation cohort, respectively (figure 4 of the supplementary
data).

The risk of adverse clinical events during follow-up significantly
increased from the lowest- to the highest-risk phenogroup
(P < .001 for all) (figure 4).

Compared with the lowest-risk phenogroup, patients in the
intermediate-risk phenogroup doubled the risk of the composite
endpoint (HR, 2.20; 95%CI, 1.44-3.37) and death (HR, 2.01; 95%CI,
1.15-3.53; P = .015). Similarly, patients in the highest-risk phe-
nogroup had almost a 5-fold increased risk of experiencing the
composite endpoint (HR, 4.67; 95%CI, 3.20-6.82), 4 times the risk of
HHF (HR, 4.21; 95%CI, 2.68-6.62, and a 3-fold increased risk of
death (HR, 2.98; 95%CI, 1.78-4.99) compared with those in the
lowest-risk phenogroups (P < .001 for all) (figure 4, figure 5 of the
supplementary data). On multivariable analysis (adjusted for
NYHA class > 2, CKD, effective regurgitant orifice area, RV ejection
fraction, RV end-diastolic volume index [RVEDVi], right atrial
longitudinal strain [RALS], and right atrial maximal volume index),
the phenogroup variable was independently associated with the
composite endpoint (HR, 1.57; 95%CI, 1.23-2.0; P < .001, for each
risk increase) (table 2, model 1). However, in the competing risk
analysis, the cluster variable showed an sHR of 1.32; 95%CI, 0.97-
1.78; P = .075).

The additional prognostic value of the clustering analysis in
patients with STR was further evaluated along with clinical
parameters (NYHA class, CKD), STR severity, right atrial volume,
RALS, RVEDVi, and RV ejection fraction, using hierarchical model
chi-squared analysis (figure 5).

Finally, the C-index for phenogroups for predicting the 2-year
composite endpoint was 0.72 (95%CI, 0.68-0.76 at 2 years). When



Figure 1. Differences in clinical and echocardiographic variables among the lowest-, intermediate, and highest-risk phenogroups. A, heatmap of phenotypic
characteristics across the selected clusters. Data are given as color-coded standard deviations from the mean after centering and scaling. B, the radar chart depicting
the echocardiographic features and age, highlights the differences among the clusters. The lines represent the cluster average values across the standardized
features. EROA, effective regurgitant orifice area; ESV, end-systolic volume; fSV, forward stroke volume; FWS, free-wall longitudinal strain; MR, mitral
regurgitation; NYHA, New York Heart Association; PASP, pulmonary artery systolic pressure; RA, right atrial; RV, right ventricular; TAPSE, tricuspid annular plane
systolic excursion; TR, tricuspid regurgitation.
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added to the multivariable model, as described above, there was a
significant improvement in the model’s goodness of fit (likelihood
ratio χ2 = 15.9, P < .001) and discrimination statistic (change in C-
index from 0.75 to 0.76, P by DeLong test = .048; integrated
discrimination improvement = 0.03, 95%CI, 0.007-0.059; P < .001;
and reclassification net reclassification index = 0.176, 95%CI, 0.044-
0.29; P < .001).

The severity and etiology of TR were found to be independently
predictive of the composite endpoint through Cox regression
analysis. When adjusting for TR severity or atrial STR, the
phenogroup remained a significant independent risk factor for
the endpoint (table 2, models 2,3).
Figure 2. Sankey plot showing the distribution of tricuspid severity grades am
The composite endpoint occurred in 90 (42%) men and 125
(58%) women (table 1 of the supplementary data). After adjusting
for sex, the phenogroups were associated with a higher risk of the
outcome (table 2, model 4). Furthermore, after adjusting for TR
severity, the phenogroups remained independent predictors of the
endpoint, in both men (HR, 1.95; 95%CI, 1.46-2.61; P < .001) and
women (HR, 1.83; 95%CI, 1.45-2.31; P < .001).

External validation

During a median follow-up of 15 months [IQR 7-17], patients in
the external validation cohort experienced 27 deaths and 27 HHF.
ong the 3 phenogroups. EROAc, corrected effective regurgitant orifice area.



Figure 3. Central illustration. Characterization of 3 phenogroups of patients with secondary tricuspid regurgitation using unsupervised clustering analysis. RA, right
atrium; RV, right ventricle; STR, secondary tricuspid regurgitation.
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Kaplan-Meier analysis at 18 months showed that cluster 3 in the
validation cohort had significantly lower event-free survival rates
compared with clusters 1 and 2 (figure 4, figure 6 of the
supplementary data).

Supervised machine learning to enhance clinical utility

The patients were split randomly into training (70%) and test
(30%) sets, ensuring an equal distribution of events in both sets.
The machine learning model (figure 6) demonstrated excellent
Figure 4. Kaplan-Meier plots for the analysis of cumulative event-free survival of
included in the lowest-, intermediate-, and highest-risk clusters. 95%CI, 95% confi
clinical performance both in the derivation test set (accura-
cy = 0.91, precision = 0.91, recall = 0.91, and F1 score = 0.91) and in
the external validation cohort (accuracy = 0.80, precision = 0.78,
recall = 0.78, F1 score = 0.77) (figure 7 of the supplementary data).

Similar results were observed from the stability analysis, with
the model achieving a mean accuracy, precision, recall, and F1
score of 87%, with a 95%CI, of 86-87% across Monte Carlo cross-
validation (figure 8 of the supplementary data).

The impact of the included parameters on the model’s ability to
predict inclusion in a specific phenogroup is shown in figure 9 of
the supplementary data.
 patients from the derivation (left panel) and validation (right panel) cohorts
dence interval; HR, hazard ratio.



Table 2
Cox proportional hazard models of clinical and echocardiographic parameters to evaluate their association with the composite endpoint (heart failure
hospitalization or all-cause death) in the derivation cohort

Models Unadjusted
HR (95%CI; P)

Adjusted
HR (95%CI; P)

Competing risk
sHR (95%CI; P)

Model 1

Clusters (per 1-stage increase) 2.13 (1.78-2.56; < .001) 1.57 (1.23-2.00; < .001) 1.32 (0.97-1.78; .075)

CKD 2.25 (1.70-2.99; < .001) 1.74 (1.32-2.29; < .001) 2.17 (1.49-3.16; < .001)

Effective regurgitant orifice area (per 0.1 cm2 increase) 1.11 (1.07-1.14; < .001) 1.05 (1.01-1.10; .010) 0.98 (0.92-1.03; .42)

RV ejection fraction (per 1% increase) 0.96 (0.95-0.98; < .001) 0.99 (0.97-1.01; .336) 0.99 (0.96-1.02; .51)

NYHA functional class ≥ III 2.05 (1.55-2.72; < .001) 1.42 (1.06-1.90; .02) 1.28 (0.96-1.71; .094)

Right atrial volume indexed (per 1 mL/m2 increase) 1.01 (1.00-1.01; < .001) 1.00 (1.00-1.01; .102) 0.99 (0.99-1.00; .11)

Right atrial longitudinal strain (per 1% increase) 0.96 (0.95-0.98; < .001) 0.99 (0.98-1.00; .214) 1.00 (0.97-1.01; .60)

RV end-diastolic volume indexed (per 1 mL/m2 increase) 1.01 (1.01-1.02; < .001) 1.00 (0.99-1.00; .370) 1.00 (1.00-1.01; .62)

Model 2

Clusters (per 1-stage increase) 2.13 (1.78-2.56; < .001) 1.97 (1.63-2.40; < .001) 1.73 (1.37-2.18; < .001)

TR severity (per 1 grade increase) 1.47 (1.29-1.67; < .001) 1.20 (1.05-1.37; .008) 0.89 (0.76-1.05; .16)

Model 3

Clusters (per 1-stage increase) 2.13 (1.78-2.56; < .001) 1.91 (1.59-2.29; < .001) 1.56 (1.24-1.96; < .001)

Atrial STR 0.44 (0.30-0.66; < .001) 0.78 (0.51-1.21; .274) 0.79 (0.45-1.37; .400)

Model 4

Clusters (per 1-stage increase) 2.13 (1.78-2.56; < .001) 2.15 (1.79-2.58; < .001) 1.62 (1.30-2.03; < .001)

Male sex 0.90 (0.68-1.19; .455) 0.84 (0.63-1.11; .216) 1.02 (0.70-1.48; .940)

95%CI, 95% confidence interval; HR, hazard ratio; NYHA, New York Heart Association; RV, right ventricle; sHR, subdistribution HR; STR, secondary tricuspid regurgitation.

L.P. Badano et al. / Rev Esp Cardiol. 2025;78(10):838–847844
DISCUSSION

The current classification of TR into primary, atrial STR,
ventricular STR, and cardiac implantable electronic device-related
is based on the pathophysiological mechanisms of TR and does not
consider clinical parameters and comorbidities that may be
associated with adverse outcomes. Moreover, the RA and RV
remodeling parameters used in these classifications were obtained
with conventional echocardiography and are heavily dependent on
shape and geometric assumptions and do not account for the
volume and pressure overload of the RV.6,8 With the exponential
Figure 5. Hierarchical Cox regression analysis showing the incremental clinical 

parameters and tricuspid regurgitation severity. New York Heart Association (NYHA
regurgitant orifice area. In model 1, we added right atrial volume (RAVI) and longitu
(RVEDVI) and ejection fraction (RVEF) to model 1. Finally, in model 3 we added th
increase in TV interventions (particularly transcatheter) and their
debatable impact on outcomes,7 clinicians need to characterize
patients with at least moderate STR, identify those who are at
increased risk of events, and refer those who will benefit most to
early surgical or transcatheter intervention.

Unsupervised cluster analysis provides an unbiased approach to
look holistically at clinical, RV, and RA geometry and function, and
STR severity variables. Accordingly, we used unsupervised
clustering analysis to categorize patients with moderate-to-severe
STR based on the severity of TR and the size and function of their
RV and RA as measured by advanced echocardiography.28,31–33 Our
value of clusters. Model 0 was a multivariate basal model including clinical
) class III-IV, chronic kidney disease (CKD), and tricuspid regurgitation effective
dinal strain (RALS) to model 0. In model 2, we added right ventricular volume
e 3 clusters to model 2.



Figure 6. This analysis uses data obtained from 2 patients to illustrate the predictions made by the machine learning model via a force plot. Features contributing
positively to predicting the phenogroup are highlighted in red, while those indicating that a patient will not belong to that phenogroup are shown in blue. The size of
the arrows represents the relative impact of each feature on the model’s predictions. EROA, effective regurgitant orifice area; ESV, end-systolic volume; fSV, forward
stroke volume; PASP, pulmonary artery systolic pressure; RALS, right atrial longitudinal strain; RAVI, right atrial maximal volume index;RegFr, regurgitant fraction;
RV, right ventricular; RVEDVi, right ventricular end-diastolic volume index; RVEF, right ventricular ejection fraction; TAPSE, tricuspid annular plane systolic
excursion; TR, tricuspid regurgitation.
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phenogroup characterization is similar to that reported by Vely
et al.23 Like theirs, our patients included in the lowest-risk
phenogroup resemble the characteristics of atrial STR, and those
included in the highest-risk phenogroup were mostly ventricular
STR with dysfunctional RV and RA. However, our clustering
algorithms did not select the categorization of the patients in atrial
and ventricular STR to assign patients to a specific phenogroup.
Indeed, 39% of patients in the lowest-risk phenogroup were
categorized as ventricular STR, and 16% of patients in the highest-
risk phenogroup were atrial STR.6,8 This is a sign of the objective
difficulty in making a dichotomous distinction between atrial and
ventricular STR in many patients because of the variable
progression of RA and RV remodeling in individual patients and
because, in more advanced stages of the disease, both phenotypes
may overlap in terms of RA and RV geometry and function.
Although the patients in the lowest-risk phenogroup are not
currently considered for TV repair procedures, their disease is not
benign since they have an incidence of the composite endpoint of
21.3% and mortality of 12.8% at 2 years. This confirms the findings
that moderate STR is not benign, as previously considered.9

Considering their very low surgical risk, these patients can be
closely monitored and referred for surgery as soon as either the TR
worsens or RV remodeling progresses.7,34

The computation of advanced echocardiographic indexes of RV
and RA geometry and function allowed us to provide a more
detailed characterization of patients in the intermediate-risk
phenogroup. These patients had severe STR, but the RV was not
significantly dilated. When using conventional echocardiography
indexes of RV function (ie, tricuspid annular plane systolic
excursion, RV ejection fraction, and RV free-wall longitudinal
strain), their RV function appeared normal. According to current
recommendations, these patients are not typically considered for
surgical or transcatheter treatment.8 However, compared with the
patients in the lowest-risk phenogroup, they had a 2-fold increase
in the composite endpoint of cardiac death and HHF at 2 years. The
distinctive characteristic of these patients is subtle RV dysfunction,
which can only be identified using RV function measures that
adjust for RV volume and pressure overload, such as the effective
RV ejection fraction and measures of RV-PA coupling12 obtained
through 3-dimensional echocardiography. Additionally, these
patients also had severely dilated and dysfunctional RA.13,15,16
Anand et al.21 conducted a cluster analysis of 13 611 patients
with moderate-to-severe primary and secondary TR. Due to
limited quantitative parameters of TR severity, RA and RV size
and function, and no classification of the etiology of TR, they
mainly relied on qualitative echocardiographic and clinical
variables to identify 5 clusters: low-risk TR (few comorbidities
and less severe TR), high-risk TR (more comorbidities, larger RV,
and more congestive HF), TR associated with lung disease, TR
associated with ischemic cardiomyopathy, and TR associated with
CKD. The 5 clusters were associated with significant differences in
survival even after adjusting for the qualitative assessment of the
degree of TR. Like our results, Anand et al. found that the patients at
highest risk of death were the youngest, and those at intermediate
risk were the oldest.

Similar findings were reported by Rao et al.20 Among
2379 patients categorized by TR etiology (primary, secondary,
and cardiac implantable electronic device-related), they identified
4 clusters, with the youngest patients, who had heart failure and
liver and kidney dysfunction, showing the highest cumulative
incidence of death and HHF. Conversely, the oldest patients
without HF and with normal kidney function had the best
outcomes. They found that unsupervised machine learning
algorithms were unable to identify distinct clusters with different
prognoses based on baseline characteristics. However, except for
pulmonary artery systolic pressure, all the other parameters of RV
size and function, RA size, and TR severity were only qualitative.20

Clinical implications

In addition to the severity of STR, it is important to consider RV
and RA remodeling, patient age, and kidney function when
stratifying the risk and managing patients with moderate-to-
severe STR. Our results highlight the clinical heterogeneity in
cardiovascular risk among these patients which is primarily
associated with different extents of RA and/or RV remodeling,
going beyond the current atrial and ventricular STR classification.
Unlike previous studies,23 we were able to translate the results of
the clustering analysis into a clinically applicable model that
accurately predicts the STR patient phenogroup and assists
clinicians in identifying patients in the intermediate-risk phe-
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nogroup. Although these patients do not have an indication for
valve repair according to current guidelines, they exhibited a 59%
incidence of either death or HHF at the 2-year follow-up.

Study limitations

This study is an observational and retrospective analysis that
utilizes prospectively collected data, which inherently comes with
limitations due to its design. Additionally, 11% of the echocardio-
graphic studies were of poor quality, and 8% of the patients were
lost to follow-up. These factors may have introduced selection bias
and affected the generalizability of our findings. Following the T-
VARC recommendations, we used all-cause mortality as the
endpoint.35 Issues related to missing data prevented us from
including some important biomarkers such as N-terminal pro-B-
type natriuretic peptide and troponin.

CONCLUSIONS

Three phenogroups of patients with moderate-to-severe STR,
each with distinct characteristics and different risks of experienc-
ing death or HHF, were identified. Patients with severe TR, dilated
and dysfunctional RA, and subclinical RV systolic dysfunction
should be considered for closer follow-up and early referral for
valve repair.
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WHAT IS KNOWN ABOUT THE TOPIC?

- The current classification of tricuspid regurgitation (TR)
into primary, atrial secondary, ventricular secondary,
and cardiac implantable electronic device-related is
based on the pathophysiological mechanisms of TR and
does not consider clinical or blood test parameters that
may be associated with adverse outcomes.

- The RA and ventricular remodeling parameters used in
current classifications of TR are obtained with conven-
tional echocardiography that do not account for right
ventricular volume and pressure overload.

- There is a need to characterize patients with at least
moderate secondary TR, identify those who are at
increased risk of events, and refer those who will benefit
most to early treatment.

WHAT DOES THIS STUDY ADD?

- Using unsupervised cluster analysis based on clinical
and advanced echocardiographic variables, we identi-
fied 3 distinct phenogroups of patients with moderate-
to-severe secondary TR associated with significantly
different risks of the occurrence of a composite endpoint
of death or hospitalization for heart failure.

- Advanced echocardiographic techniques and parame-
ters that normalize right ventricular function for the
volume overload allowed us to identify subclinical right
ventricular dysfunction and right atrial dysfunction as
characterizing the intermediate-risk phenogroup.

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data associated with this article can be found in
the online version available at https://doi.org/10.1016/j.rec.2025.
02.004.
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