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Aims The aim of this study was to identify phenotypes with potential prognostic significance in aortic stenosis (AS) patients after 
transcatheter aortic valve replacement (TAVR) through a clustering approach.

Methods 
and results

This multi-centre retrospective study included 1365 patients with severe AS who underwent TAVR between January 2015 
and March 2019. Among demographics, laboratory, and echocardiography parameters, 20 variables were selected through 
dimension reduction and used for unsupervised clustering. Phenotypes and outcomes were compared between clusters. 
Patients were randomly divided into a derivation cohort (n = 1092: 80%) and a validation cohort (n = 273: 20%). Three clus-
ters with markedly different features were identified. Cluster 1 was associated predominantly with elderly age, a high aortic 
valve gradient, and left ventricular (LV) hypertrophy; Cluster 2 consisted of preserved LV ejection fraction, larger aortic valve 
area, and high blood pressure; and Cluster 3 demonstrated tachycardia and low flow/low gradient AS. Adverse outcomes 
differed significantly among clusters during a median of 2.2 years of follow-up (P < 0.001). After adjustment for clinical and 
echocardiographic data in a Cox proportional hazards model, Cluster 3 (hazard ratio, 4.18; 95% confidence interval, 1.76– 
9.94; P = 0.001) was associated with increased risk of adverse outcomes. In sequential Cox models, a model based on clinical 
data and echocardiographic variables (χ2 = 18.4) was improved by Cluster 3 (χ2 = 31.5; P = 0.001) in the validation cohort.

Conclusion Unsupervised cluster analysis of patients after TAVR revealed three different groups for assessment of prognosis. This pro-
vides a new perspective in the categorization of patients after TAVR that considers comorbidities and extravalvular cardiac 
dysfunction.

* Corresponding author. Tel: +81 98 895 1150, Fax: +81 98 895 1416, Email: kusunok@med.u-ryukyu.ac.jp
© The Author(s) 2023. Published by Oxford University Press on behalf of the European Society of Cardiology. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits 
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

European Heart Journal Open (2024) 4, 1–12 
https://doi.org/10.1093/ehjopen/oead136

ORIGINAL ARTICLE 
Valvular heart disease

https://orcid.org/0000-0002-4909-754X
https://orcid.org/0000-0002-3379-9387
https://orcid.org/0000-0003-3794-899X
mailto:kusunok@med.u-ryukyu.ac.jp
https://creativecommons.org/licenses/by-nc/4.0/


. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Graphical Abstract

Keywords Artificial intelligence • Machine learning • Aortic stenosis • Echocardiography

Introduction
The incidence of aortic stenosis (AS) continues to rise with the rapid 
aging of society, and severe AS is a fatal condition without intervention. 
Current guidelines categorize AS into severity stages based on echocar-
diographic evaluations of the aortic valve and symptoms.1–3 Recently, 
the advancement of transcatheter aortic valve replacement (TAVR) 
has greatly improved the outcomes of elderly patients. However, the 
prognosis of patients who have undergone TAVR is variable, with com-
plex interactions between patient characteristics and associated cardiac 
and non-cardiac factors.4 This suggests that the current classification fo-
cused on valve severity may not fully capture the diversity in patients 
with AS who have undergone TAVR. Due to the rising number of co-
morbidities, the phenotypes and outcomes of patients with AS who 
have undergone TAVR are more diverse than anticipated for varying 
outcomes from treatments.5 Identifying subpopulations (phenotypes) 
relevant to patient prognosis profiles based on several clinical para-
meters may be important for providing optimal patient care.6

Single-factor analysis (such as the use of only aortic valve peak vel-
ocity) may oversimplify the complexity of patients who have undergone 
TAVR. Recently, machine learning techniques, particularly unsupervised 
clustering, have been used to identify relationships among many fac-
tors.7 The unsupervised approach offers the potential to uncover novel 
phenotypes that may not be immediately obvious from clinical progno-
ses. While similar cluster analyses have been conducted in the context 
of heart failure and atrial fibrillation,8–10 we can incorporate machine 
learning to evaluate the meaning of clusters beyond traditional statistic-
al methods in patients with TAVR. We aim to explore whether un-
supervised cluster analysis could yield novel insights in discerning 

phenotypes with significant prognostic value after TAVR, rather than 
concentrating only on native AS phenotypes.

Methods
Ethics statements
The study protocol received approval from each participating institution’s 
local ethics committee and was conducted in accordance with the guide-
lines set forth in the Declaration of Helsinki. To maintain the anonymity 
of the participants, the need for informed consent was waived, and the 
data were de-identified.

Study population
This was a retrospective analysis of a multi-centre registry of TAVR11 that 
involved 17 cardiovascular centres across Japan, including St. Marianna 
Medical University Hospital, National, Cerebral and Cardiovascular Center, 
Dokkyo Medical University Hospital, University of Tsukuba Hospital, 
Osaka University Hospital, Sakakibara Heart Institute, Iwate Medical 
University Hospital, Oita University Hospital, Kobe City Medical Center 
General Hospital, Hokkaido University Hospital, Nihonkai General 
Hospital, Asahikawa Medical University Hospital, Jichi Medical University 
Hospital, Hiroshima City Hiroshima Citizens Hospital, Tokushima 
University Hospital, Shimane University Hospital, and Japanese Red Cross 
Ise Hospital. Patients who underwent TAVR for severe symptomatic AS be-
tween January 2015 and 31 March 2019, with pre-procedural echocardio-
graphic evaluation and follow-up after TAVR, were included in the study. 
Those who lacked complete baseline data for echocardiographic parameters 
and follow-up information after TAVR or who had poor image quality were 
excluded from the analysis. For the unsupervised cluster analysis, patient data 
were divided into a derivation cohort (80%) and a validation cohort (20%) by 
stratified sampling for the year of TAVR.
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Data collection and outcome assessment
Clinical and demographic data were collected from patient electronic med-
ical records through manual extraction. Follow-up was conducted through 
chart review, and the date of the last follow-up or death was recorded (last 
reviewed on 31 December 2019). Mortality data and hospitalization due to 
cardiovascular events, such as heart failure, arrhythmia, coronary artery dis-
ease, stroke, prosthetic valve-related issues, and device implantation, were 
obtained from patient medical records or available electronic databases. 
The primary outcome was a composite of cardiovascular death and re- 
hospitalization due to cardiovascular causes. Secondary outcomes included 
the components of the primary outcome and all-cause mortality. Follow-up 
was completed in all included patients, and an outcome review committee 
reviewed all events to avoid ascertainment bias.

Echocardiographic assessment
All patients underwent echocardiographic evaluation with commercially 
available ultrasound systems. Readers performed the assessments in ac-
cordance with current guidelines and reviewed all echocardiographic mea-
surements.12,13 These readers are highly trained and experienced, ensuring 
a high level of consistency and reproducibility in the measurements. To 
measure baseline left ventricular (LV) global longitudinal strain (GLS), two- 
dimensional speckle-tracking echocardiography was performed offline with 
vendor-independent software (Image Arena 4.6; TOMTEC Imaging 
Systems, Munich, Germany). The apical four-chamber, two-chamber, and 
long-axis views were captured for analysis, and the average of the estimated 
peak systolic strain values from each view was used to calculate GLS, re-
ported as an absolute value according to the American Society of 
Echocardiography/European Association of Cardiovascular Imaging recom-
mendations. A single observer, blinded to the clinical and other echocardio-
graphic data and outcomes, performed all strain measurements.

Variable preparation for cluster analysis
All variables used throughout the analysis are from pre-TAVR echocardiog-
raphy and clinical characteristics. Variables used in the study were selected 
from clinical and echocardiographic measures used to evaluate the severity 
of AS, to stratify risk, or that have prognostic value for AS. Most were stand-
ard echocardiographic parameters, including aortic valve measurements 
[atrioventricular (AV) peak velocity, mean pressure gradient (PG), aortic 
velocity time interval, and aortic valve area index (AVAi)], LV systolic func-
tion [LV ejection fraction (LVEF) and stroke volume index (SVi)], cardiac 
geometry (LV end-diastolic diameter, LV end-systolic diameter, LV end- 
diastolic volume, LV end-systolic volume, LV mass index, and left atrial vol-
ume index), LV diastolic function (E wave, A wave, e′, and E/e′), and tricuspid 
regurgitation (TR) velocity. Non-echocardiographic parameters, such as 
age, body mass index, blood pressure, heart rate, and laboratory results, 
were also included. Patients with missing values for any variables were re-
moved by listwise deletion. Pearson’s coefficient matrix was calculated 
for each variable pair, and if the two were strongly correlated, the variable 
with greater clinical importance was kept and the other was discarded 
(Figure 1A). The distribution patterns of each variable were evaluated, and 
log-transformation was applied to two variables with substantial right skew-
ness. All variables were standardized by transforming them to have a mean 
of 0 and a standard deviation (SD) of 1.

K-means clustering and visualization of 
important variables
The primary cluster analysis was performed with K-means clustering, which 
has been widely adopted in prior studies.14–17 The optimal number of clus-
ters was determined with the elbow method and silhouette coefficient.18,19

The sum of squared error and silhouette coefficients for changing the num-
ber of clusters in K-means clustering are plotted (Figure 1B). Clustering was 
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Figure 1 Overall scheme of the study design. (A) Data from patients with aortic stenosis were prepared, and pivotal variables for clustering were 
selected. The correlation matrix among 27 candidate variables is shown. With dimensionality reduction, 20 variables were selected. (B) K-means clus-
tering was performed. For simple visualization, the classification plot was projected onto the subspace where the 20 variables were reduced to two 
dimensions by principal component analysis. (C) Each cluster’s phenotype was interpreted. Outcomes were compared among the clusters, and different 
associations sought. MACE, major adverse cardiovascular event.
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done without consideration of outcome data, and after assigning individuals 
to each cluster, differences in phenotypes and outcomes were compared 
and interpreted for their clinical significance. The validity of the clustering 
was confirmed by inferring the trained K-means model to a validation co-
hort (Figure 1C). To investigate the relative importance of the explanatory 
variables for cluster assignment, a logistic regression model was trained with 
the predicted clusters obtained by K-means clustering as the ground truth, 
and the partial regression coefficients of the trained model were calculated. 
In this case, the logistic regression model was trained with a derivation co-
hort, and then the trained model was evaluated with a validation cohort. If 
the trained model had high classification accuracy, the partial regression co-
efficient of the trained model could be considered as the relative import-
ance of the explanatory variables for cluster assignment. The initialization 
method was set to greedy k-means++ in K-means clustering.20 The regular-
ization strength and L1 ratio in the logistic regression with elastic net regu-
larization were optimized with Optuna.21 The K-means and the logistic 
regression with elastic net regularization were implemented with 
scikit-learn 1.0.2.22 The code has been uploaded in GitHub (https://github. 
com/TakumasaTsuji/TAVR-Clustering).

Statistical analysis
Continuous variables were expressed as mean ± SD for normally distribu-
ted data or median (interquartile range) for non-normal data. Normality 
was assessed using the Kolmogorov–Smirnov test. Differences in continu-
ous variables were analysed with analysis of variance or the Kruskal– 
Wallis test, and differences in categorical variables were assessed with the 
chi-square or Fisher’s exact tests. Kaplan–Meier curves were plotted for 
time to last follow-up or death and compared with the log-rank test. 
Cox proportional hazards analysis was used to examine the relationship be-
tween outcomes and clusters. The assumption of proportional hazards was 
verified by plotting the scaled Schoenfeld residuals against time, which 
showed no significant correlations. To determine the value of the clusters 
in predicting outcomes, sequential Cox models were performed to 
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Table 1 Clinical characteristics of the entire study 
cohort

Number 1365

Clinical background
Age 84 ± 5
Male 441 (32.3)

BMI 22.4 ± 3.8
NYHA III/IV, n (%) 483 (35.4)

CHF, n (%) 796 (58.3)

CAD, n (%) 408 (29.9)
Prior PCI, n (%) 246 (18.0)

Hypertension, n (%) 1084 (79.4)

DM, n (%) 358 (26.2)
DL, n (%) 722 (52.9)

Chronic lung disease 232 (17.0)

Prior MI, n (%) 74 (5.4)
Smoking current/quit 342 (25.1)

Atrial fibrillation, n (%) 239 (17.5)

STS PROM, % 7.1 ± 5.6
Laboratory data

WBC, /µL 5630 ± 1804

Haemoglobin, g/dL 11.3 ± 1.6
BNP, pg/mL 221 (103–489)

NT-proBNP pg/mL 1197 (545–3098)

TAVR procedure
Approach

Trans-femoral, n (%) 1156 (84.7)

Trans-apical, n (%) 163 (11.9)
Trans-aorta, n (%) 25 (1.8)

Others, n (%) 21 (1.5)

Valve type
Sapien XT, n (%) 343 (25.1)

Sapien 3, n (%) 724 (53.0)

CoreValve, n (%) 76 (5.6)
EvoluteR, n (%) 173 (12.7)

EvolutePRO, n (%) 49 (3.6)

Valve size
20 mm, n (%) 69 (5.1)

23 mm, n (%) 620 (45.4)

26 mm, n (%) 494 (36.2)
29 mm, n (%) 182 (13.3)

Echocardiographic variables
Systolic BP, mmHg 129 ± 21
Diastolic BP, mmHg 65 ± 13

Heart rate, b.p.m. 69 ± 13

LVEDV, mL 85 ± 32
LVESV, mL 34 ± 22

LVEF, % 62 ± 11

LV mass index, g/m2 122 ± 39
LAD, mm 42 ± 7
LAVi, mL/m2 56 ± 22

E, cm/s 84 ± 31
E-DCT, ms 267 ± 95

Continued 
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Table 1 Continued  

Number 1365

E/e′ 19.2 ± 8.9
AV Vmax, m/s 453 ± 82

AV mean PG. mmHg 50.4 ± 19.3

AVAi, cm2/m2 0.44 ± 0.13
SVi, mL/m2 47 ± 13

TR velocity, m/s 259 ± 45

TAPSE, mm 19.2
FAC, % 43.3 ± 8.9

IVC, mm 13.4 ± 4.1

LVGLS, % 11.9 ± 4.2
More than moderate AR, n (%) 174 (12.7)

More than moderate MR, n (%) 172 (12.6)

More than moderate TR, n (%) 138 (10.1)

Data are expressed as the number of patients (percentage) and mean ± SD or median 
(interquartile range). 
AR, aortic regurgitation; AV, aortic valve; AVAi, aortic valve area index; BMI, body mass 
index; BNP, B-type natriuretic peptide; CAD, coronary artery disease; CHF, congestive 
heart failure; DCT; deceleration time; DL, dyslipidaemia; DM, diabetes mellitus; E, early 
diastolic filling velocity; e′, early mitral annular velocity; FAC, fractional area change; GLS, 
global longitudinal strain; IVC, inferior vena cava; LAD, left atrial dimension; LAVi, left 
atrial volume index; LVEDV, left ventricular end-diastolic volume; LVEF, left 
ventricular ejection fraction; LVESV, left ventricular stroke volume; MI, myocardial 
infarction; MR, mitral regurgitation; NT-pro BNP; N-terminal pro B-type natriuretic 
peptide; NYHA, New York Heart Association; 
PCI, percutaneous coronary intervention; STS PROM; Society of Thoracic Surgeons 
predicted risk of mortality; SVi, stroke volume index; TAPSE; tricuspid annular plane 
systolic excursion; TR; tricuspid valve regurgitation; WBC; white blood cell.
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compare the global chi-square values. All statistical analyses were per-
formed using SPSS 21.0 (SPSS, Chicago, IL, USA), MedCalc 19.5.6 
(Mariakerke, Belgium), and R 3.3.3 (R Foundation for Statistical 
Computing, Vienna, Austria). A P-value of <0.05 was considered statistically 
significant.

Ethical approval
The study protocol was approved by the local ethics committee of each 
participating institution (Institutional Review Board of the University of 
Tokushima: protocol number: 3499) and followed the guidelines of the 
Declaration of Helsinki. Data were de-identified, so the requirement for in-
formed consent was waived.

Results
Study population
We identified 1742 patients with severe AS who had undergone TAVR 
between January 2015 and March 2019. Among these, 377 patients 
were excluded due to missing data for any variables used for clustering 
data analysis. The records of the remaining 1365 patients were analysed 
for both deriving and validating the results (Table 1).

Variable selection and optimal number of 
clusters
The heatmap for variable selection is presented in Figure 1A. Twenty of the 
31 initial variables were selected for clustering analysis by removing vari-
ables with high correlation coefficients. During the K-means clustering pro-
cess, the three clusters were determined to be the optimal solution, based 
on the elbow method and silhouette coefficient (see Supplementary 
material online, Figure S1). To investigate the relative importance of the 
20 variables for cluster assignment, we trained a logistic regression with 
elastic net regularization using the predicted clusters obtained by 
K-means clustering as ground truth. The model was trained with a deriv-
ation cohort, and then the trained model was evaluated with a validation 
cohort. The classification results for these cohorts are shown in 
Supplementary material online, Figure S2 as a confusion matrix.

These results have high classification accuracy, suggesting that the partial 
regression coefficients of the logistic regression model reflect the relative 

importance of the 20 variables assigned to each cluster class. These partial 
regression coefficients for each cluster are shown in Figure 2.

Cluster 1: higher mean PG, AV peak velocity, and LV mass index, 
lower AVAi, diastolic blood pressure, and heart rate.

Cluster 2: higher LVEF, AVA, and systolic blood pressure, lower LV 
mass index, TR velocity, and E/e′.

Cluster 3: higher heart rate, inferior vena cava, and left atrial dimen-
sion, lower deceleration time, SVi, and LVEF.

Comparison of clinical and echocardiography 
parameters among clusters
The baseline characteristics of the clusters were compared (Table 2). 
Cluster 1 was older; however, its patients had less coronary artery dis-
ease and less diabetes. Cluster 2 was the youngest of the three groups, 
with minimal symptoms, few comorbidities, and a low Society 
of Thoracic Surgeons (STS) short-term risk score. Cluster 3 consisted 
of older patients who were thin and had more comorbidities. 
The notable finding was the highest prevalence of atrial fibrillation in 
Cluster 3.

Regarding echocardiographic evaluation (Table 3), Cluster 2 had the 
most preserved cardiac function and structure. Left ventricular and left 
atrial (LA) size were small, and diastolic function was preserved. Cluster 
1 had very severe AS with the highest AV pressure gradient among 
these clusters. Left ventricular and LA size were large, and diastolic dys-
function was more severe. Cluster 3 had significantly depressed LVEF, 
decreased GLS, lower stroke volume, and lower aortic valve mean 
pressure gradient. Cluster 3 also had concomitant valve disease includ-
ing aortic regurgitation, mitral regurgitation, and TR. Overall, the three 
clusters could be characterized as follows: traditional severe AS for 
Cluster 1, severe AS with preserved cardiac function for Cluster 2, 
and cardiac dysfunction AS for Cluster 3.

Clinical outcomes of the clusters in the 
independent validation cohort
Clinical outcomes were markedly different per cluster in the derivation 
and validation cohorts. In the derivation cohort, during a median of 2.0 
years (interquartile range, 1.0–3.0 years) of follow-up, 304 major ad-
verse cardiovascular events (MACE) and all-cause deaths occurred. In 

Cluster 1 Cluster 2 Cluster 3

HR

HR

HR

Figure 2 Significant features among clusters. These figures show the partial regression coefficients of logistic regression for each cluster. AV_peak_V, 
atrioventricular peak velocity; AVAi, aortic valve area index; BMI, body mass index; DBP, diastolic blood pressure; DCT, deceleration time; E/e′, the ratio 
of transmitral early peak velocity to mitral annulus velocity; EF, ejection fraction; Hb, haemoglobin; HR, heart rate; IVC, inferior vena cava; LAD, left atrial 
diameter; LV, left ventricular; LVOTd, left ventricular outflow tract diameter; Mean PG, mean pressure gradient; PWTd, posterior wall thickness diam-
eter; SBP, systolic blood pressure; Svi, stroke volume index; TR, tricuspid valve regurgitation; WBC, white blood cell.
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the validation cohort, during a median of 2.2 years (interquartile range, 
1.0–3.1 years) of follow-up, 69 MACE and all-cause deaths occurred. 
There was no difference in the event-free survival rate between the 
derivation and validation cohorts (see Supplementary material online, 
Figure S3). Cluster 3 had the highest all-cause mortality in both cohorts. 
Figure 3A and B shows the time to reach the primary and secondary 
endpoint in the derivation and validation cohorts. In both cohorts, 
Cluster 3 appeared to be associated with the worst outcomes.

In the validation cohort, when compared with Clusters 1 and 2, 
Cluster 3 had higher MACE and all-cause mortality risk. Cluster 3 

had the strongest risk of MACE (hazard ratio, 2.66; 95% CI 1.41– 
5.03, P = 0.003) and MACE + all-cause mortality (hazard ratio, 2.26; 
95% CI 1.36–3.75, P = 0.004). After adjustment for clinical and echocar-
diographic data in a Cox proportional hazards model, Cluster 3 (hazard 
ratio, 4.18; 95% CI 1.76–9.94, P = 0.001) was associated with primary 
outcomes (Table 4). Figure 4 shows the added benefit of cluster analysis 
in the prediction of the primary endpoint. The addition of cluster ana-
lysis significantly improved the prognostic power of a model containing 
age, gender, STS score, New York Heart Association (NYHA) class, and 
echocardiographic data (Model 1, age, gender, STS score, and NYHA, 
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Table 2 Clinical data among clusters

ALL Cluster 1 Cluster 2 Cluster 3
Number 1092 311 538 243

Clinical background
Age 84.4 ± 5 86 ± 5 83 ± 5a 85 ± 6b

Male 357 (32.7) 90 (29) 175 (32.5) 92 (37.9)

BMI 22.4 ± 3.8 21.9 ± 3.6 22.9 (3.9)a 21.9 ± 3.6b

NYHA III/IV, n (%) 387 (35.4) 136 (43.7) 132 (24.5)a 119 (49) b

CHF, n (%) 635 (58.2) 222 (71.4) 234 (43.5)a 179 (73.7) b

CAD, n (%) 324 (29.7) 64 (20.6) 164 (30.5)a 96 (39.5) b,c

Prior PCI, n (%) 193 (17.7) 39 (12.5) 95 (17.7)a 59 (24.3) c

Hypertension, n (%) 870 (79.7) 242 (77.8) 436 (81) 192 (79)

DM, n (%) 283 (25.9) 67 (21.5) 139 (25.8)a 77 (31.7) c

DL, n (%) 566 (51.8) 153 (49.2) 300 (55.8)a 113 (46.5) b

Chronic lung disease 185 (16.9) 53 (17) 84 (15.6) 48 (19.8)

Prior MI, n (%) 60 (5.5) 11 (3.5) 22 (4.1)a 27 (11.1) b,c

Smoking current/quit 279 (25.5) 62 (20) 139 (25.8)a 78 (32) c

Atrial fibrillation, n (%) 199 (18.2) 46 (14.8) 45 (8.4)a 108 (44.4) b,c

STS PROM, % 7.2 ± 5.7 7.5 ± 4.3 5.97 ± 3.6a 9.6 ± 9.3b

Laboratory data
WBC, /µL 5626.7 ± 1834 5406 ± 1728 5764 ± 1761a 5605 ± 2088

Haemoglobin, g/dL 11.3 ± 1.6 10.87 ± 1.6 11.58 ± 1.5a 11.05 ± 1.7b

BNP, pg/mL 105 (230–507) 448 (240–708) 122 (69.5–229.5)a 415 (242–778) b

NT-proBNP pg/mL 1349 (592–3172) 2214 (1304–4798) 649 (341–1120)a 2968 (1450–5988) b

TAVR procedure
Approach

Trans-femoral, n (%) 923 (84.5) 268 (86.2) 453 (84.2) 202 (83.1)

Trans-apical, n (%) 129 (11.8) 35 (11.3) 60 (11.2) 34 (14)
Trans-aorta, n (%) 21 (1.9) 2 (0.6) 15 (2.8) 4 (1.6)

Others, n (%) 19 (1.7) 6 (1.9) 10 (1.9) 3 (1.2)

Valve type
Sapien XT, n (%) 273 (25) 76 (24.4) 137 (25.5) 60 (24.7)

Sapien 3, n (%) 582 (53.3) 162 (52.1) 284 (52.8) 136 (56)

CoreValve, n (%) 60 (5.5) 16 (5.1) 34 (6.3) 10 (4.1)
EvoluteR, n (%) 136 (12.5) 45 (14.5) 65 (12.1) 26 (10.7)

EvolutePRO, n (%) 41 (3.8) 12 (3.9) 18 (3.3) 11 (4.5)

Valve size
20 mm, n (%) 55 (5) 16 (5.1) 29 (5.4) 10 (4.1)

23 mm, n (%) 505 (46.2) 157 (50.5) 245 (45.5) 103 (42.4)

26 mm, n (%) 385 (35.3) 95 (30.5) 205 (38.1) 85 (35)
29 mm, n (%) 147 (13.5) 43 (13.8) 59 (11)a 45 (18.5)

Other abbreviations as in Table 1. P < 0.05. 
aCluster 1 vs. Cluster 2. 
bCluster 2 vs. Cluster 3. 
cCluster 1 vs. Cluster 3.
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χ2 = 7.9; Model 2, plus echocardiography, χ2 = 18.4, P = 0.015; Model 3, 
cluster analysis, χ2 = 31.5, P = 0.001). For the Cox model based on age, 
gender, STS score, NYHA, and echocardiographic data, the Harrell C 
concordance statistic was calculated to be 0.69 (95% CI: 0.63–0.74). 
When Cluster 3 was added to the model, the C-statistic significantly im-
proved to 0.75 (95% CI: 0.69–0.80, P = 0.041 vs. without Cluster 3). 
Representative cases are shown in Figure 5.

Finally, we have performed supplementary analyses using both ag-
glomerative clustering and model-based (Gaussian mixture) clustering. 
The results of these analyses have been summarized in the 
Supplementary material online. Both these alternative clustering meth-
ods independently identified three as the optimal number of clusters. 
This convergence on the number of clusters across different methods 
adds robustness to our original findings with K-means clustering. We 
have included Kaplan–Meier survival curves for each of these clusters. 
The survival analysis distinctly showed that the prognosis of patients 
was well segregated among the three clusters identified by both ag-
glomerative and Gaussian mixture model-based clustering, which was 
similar with our original findings using K-means clustering.

Discussion
The results of this study revealed the presence of three different clus-
ters of patients with severe AS who underwent TAVR. These clusters 

were identified with unsupervised cluster analysis and were character-
ized by markedly different clinical and echocardiographic features. 
Cluster 1 was associated predominantly with elderly age, a high aortic 
valve gradient, and LV hypertrophy; Cluster 2 consisted of preserved 
LVEF, larger AVA, and high blood pressure; and Cluster 3 demon-
strated tachycardia and low flow/low gradient AS. Adverse outcomes 
differed significantly among clusters during a median of 2.2 years of 
follow-up. After adjustment for clinical and echocardiographic data in 
a Cox proportional hazards model, Cluster 3 was associated with 
worse outcomes. The current study presents three key discoveries. 
First, unsupervised cluster analysis effectively identified three patient 
groups with TAVR with unique phenotypes. Second, each group 
showed significant variations in clinical data and outcomes. Finally, the 
findings were verified in the validation cohort.

Phenotyping after transcatheter aortic 
valve replacement
Cardiologists commonly concentrate on echocardiography parameters 
of the valves in patients with AS. Previous studies have identified differ-
ent predictors of outcomes in patients undergoing TAVR, such as age, 
LV function, and valve characteristics.23,24 However, those studies did 
not consider the heterogeneity of the patient population and did not 
explore the existence of different subgroups. While these various 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Echocardiographic data among clusters

ALL Cluster 1 Cluster 2 Cluster 3

Echocardiographic variables
Systolic BP, mmHg 129 ± 21 123.7 ± 18.8 136.2 ± 20.4a 119.9 ± 19.6b

Diastolic BP, mmHg 64.7 ± 12.8 61.1 ± 11.5 66.6 ± 13.2a 65.1 ± 12.5c

Heart rate, b.p.m. 68.5 ± 12.7 65.7 ± 11 65.9 ± 10 78 ± 15.2b

LVEDV, mL 84.6 ± 31.7 88.4 ± 31.9 77.6 ± 25.1a 95.1 ± 39.6b,c

LVESV, mL 33.4 ± 22.2 34.2 ± 17.8 25.7 ± 11.4a 49. ± 33.93b,c

LVEF, % 61.6 ± 10.7 62.2 ± 8.6 66 ± 6.7a 51.1 ± 13.1b,c

LV mass index, g/m2 123.8 ± 39 155.4 ± 40.7 105.2 ± 26.7a 124.4 ± 33.5b,c

LAD, mm 42.1 ± 7.3 44 ± 7.3 39.6 ± 6.3a 45.4 ± 7.4b

LAVi, mL/m2 56.5 ± 22.2 64.8 ± 22.5 47.8 ± 15.5a 65 ± 26.6b

E, cm/s 83.9 ± 31.2 92.8 ± 35.6 73.6 ± 23a 95.5 (35.5)b

E-DCT, ms 267 ± 96 287.9 ± 109.6 288.4 ± 82.2 192.9 ± 64.6b,c

E/e′ 19.2 ± 9 24 ± 10.9 16.4 ± 6.1a 19.9 ± 9.6b,c

AV Vmax, cm/s 454.3 ± 82.5 538.4 ± 63.4 432.5 ± 56.2a 395 ± 69.7b,c

AV mean PG, mmHg 50.5 ± 19.1 70.6 ± 17.7 44.4 ± 12.1a 38.4 ± 13.4b,c

AVAi, cm2/m2 0.44 ± 0.1 0.37 ± 0.1 0.48 ± 0.11a 0.42 ± 0.12b,c

SVi, mL/m2 46.9 ± 13.5 49.7 ± 13 50 ± 13 36 ± 9b,c

TR velocity, cm/s 259.5 ± 44.8 274.4 ± 49.4 244.5 ± 34.3a 273.3 ± 48.5b,c

TAPSE, mm 19.1 ± 4.4 19.6 ± 3.9 20 ± 4.2 17.1 ± 4.6b,c

FAC, % 43.3 ± 8 44.7 ± 6.9 44.2 ± 6.4 40.3 ± 10.4b,c

IVC, mm 13.7 ± 4.3 14.4 ± 3.8 12.8 ± 4.1a 15.5 ± 4.7b

LVGLS, % 11.9 ± 4.2 11.2 ± 3.8 13.5 ± 3.6a 8.47 ± 3.9b,c

More than moderate AR, n (%) 137 (12.5) 54 (17.4) 44 (8.2)a 39 (16)b

More than moderate MR, n (%) 130 (11.9) 49 (15.8) 24 (4.5)a 57 (23.5)b,c

More than moderate TR, n (%) 83 (7.6) 35 (11.3) 23 (4.3)a 54 (22.2)b,c

Other abbreviations as in Table 1. 
P < 0.05. 
aCluster 1 vs. Cluster 2. 
bCluster 2 vs. Cluster 3. 
cCluster 1 vs. Cluster 3.

Cluster analysis after TAVR                                                                                                                                                                               7

http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oead136#supplementary-data


elements have been investigated individually through traditional 
hypothesis-driven methods, a more comprehensive, data-driven cluster 
analysis can be a potent tool to examine heterogeneity. Our study 
builds upon previous research by identifying distinct subgroups of pa-
tients and highlighting the importance of considering comorbidities 
and extravalvular cardiac dysfunction in the prognostic assessment of 
patients who have undergone TAVR. Our cluster analysis found three 
distinct phenotypes: high gradient and cardiac hypertrophy for Cluster 
1, traditional AS for Cluster 2, and comorbidities for Cluster 
3. Importantly, the echocardiographic variables that were crucial for 
clustering were TR jet velocity, LA volume, E- and A-wave velocity, 
and LVEF, while none of the AS severity indices were critical. This high-
lights the substantial prognostic value of these cardiac imaging markers 
in AS beyond the diseased aortic valve.

Characteristics of clusters
Cluster 1 was characterized by elderly patients with a high aortic valve 
gradient and LV hypertrophy. This cluster may represent patients with 

more advanced stages of AS and LV remodelling, which may lead to ad-
verse outcomes without TAVR/surgical AVR. Cluster 2 was associated 
predominantly with preserved LVEF, larger AVA, and high blood pres-
sure. Notably, Cluster 2 patients, who have larger AVA and are not typ-
ically categorized as having very severe AS, also demonstrated 
significant benefits from TAVR. This cluster may represent patients 
with less cardiac remodelling, leading to better outcomes post-TAVR. 
A previous study suggested that the post-TAVR prognosis in patients 
tends to align more closely with the natural history outcomes observed 
in elderly populations.25 This alignment could be a contributing factor 
to the similarity in outcomes between Clusters 1 and 2. Despite the dif-
ferences in their pre-procedural characteristics, these clusters might 
converge in terms of overall prognosis due to the overarching impact 
of TAVR, which potentially ‘normalizes’ their outcomes towards those 
observed in general elderly cohorts.

Cluster 3 demonstrated tachycardia and low flow/low gradient AS, 
which may indicate the presence of other comorbidities, such as frailty, 
or other cardiac dysfunctions. Cluster 3 had the worst prognosis, 
underscoring the observation that there are specific types of death 
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Figure 3 Kaplan–Meier curves by cluster. (A) Derivation cohort. (B) Validation cohort. Survival free from major adverse cardiovascular event and 
major adverse cardiovascular event plus all-cause death. MACE, major adverse cardiovascular event.
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that are more related to specific groups of patients with AS and dem-
onstrating that non-cardiac death should not be ignored, especially in 
those with significant comorbidities.26 Moreover, the significant right 
heart dysfunction observed in Cluster 3 underscores the advanced na-
ture of extravalvular damage.27 This underlines the necessity for thor-
ough echocardiographic assessments including right heart examination 
as part of the pre-TAVR evaluation process. Such detailed evaluations 
are essential for devising appropriate management strategies for pa-
tients with complex clinical presentations, as indicated by the distinct 

phenotype of Cluster 3. These insights reinforce the clinical relevance 
of our findings and the need for a nuanced approach to patient care 
in TAVR, considering the extensive and diverse impacts of comorbid-
ities on patient outcomes.

Clinical implications
Our study has important clinical implications for the phenotyping of pa-
tients with severe AS undergoing TAVR. By identifying these different 

Chi-square
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Figure 4 Incremental value of cluster data to clinical and echocardiographic data. These figures illustrate the global χ2 of sequential Cox models in-
corporating clinical data, echocardiographic data, and cluster group. EF, ejection fraction; HR, hazard ratio; LF, low flow; LG, low gradient; NYHA, 
New York Heart Association; STS, Society of Thoracic Surgeons.
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Table 4 Multivariate associations of primary outcomes

Model 1 (χ2 = 7.9) Model 2 (χ2 = 18.4) Model 3 (χ2 = 31.5)

HR 95% CI P-value HR 95% CI P-value HR 95% CI P-value

Clinical parameter
Age 1.01 0.95–1.07 0.84 1.01 0.95–1.08 0.68 1.02 0.96–1.08 0.53

Gender 1.16 0.58–2.31 0.67 1.18 0.59–2.38 0.64 1.13 0.56–2.28 0.73

STS score 0.98 0.91–1.04 0.48 0.99 0.93–1.06 0.81 0.97 0.91–1.04 0.41
NYHA 1.87 1.19–2.92 0.006 1.98 1.22–3.20 0.005 2.03 1.24–3.32 0.005

Echocardiography
LVEF 1.00 0.97–1.03 0.98 1.02 0.99–1.06 0.19
LF 0.52 0.19–1.39 0.19 0.31 0.11–0.86 0.024

LG 2.73 1.43–5.23 0.002 1.81 0.89–3.68 0.103

Cluster
Cluster 3 vs. Cluster 1/2 4.18 1.76–9.94 0.001

HR, hazard ratio; CI, confidence interval; LF, low flow; LG, low gradient; other abbreviations as in Table 1.
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phenotypes, clinicians can better tailor patient selection and manage-
ment strategies to optimize outcomes.28 For instance, for patients in 
Cluster 1, which appears to represent a severe stage of AS, outcomes 
can be improved by a well-planned surgical procedure. Conversely, pa-
tients in Cluster 2 may require less intense monitoring post-TAVR and 
may have better outcomes overall. Furthermore, patients in Cluster 3 
may require additional post-operative management, such as closer 
follow-up and optimization of medical therapy, to minimize adverse 
outcomes.

Additional key distinguishing features of our research is its specific 
focus on patients undergoing TAVR. This focus is significant as, to the 
best of our knowledge, there are no existing studies that have concen-
trated exclusively on clustering analyses within a TAVR-only patient 
population. By focusing solely on this patient group, our research pro-
vides insights that are directly applicable to the contemporary man-
agement of AS. The clustering approach used in our study allows 
for a nuanced understanding of patient subgroups within the TAVR 
population, potentially aiding in more personalized and effective treat-
ment decisions.

Limitations
While this study provides important insights into the phenotypic het-
erogeneity of patients undergoing TAVR, there are several limitations 
that should be acknowledged. Determining the most suitable clustering 
method can be challenging. The results of the K-means clustering de-
pend on the starting point. We varied the initial centroids in K-means 
clustering across 10 different scenarios. These analyses were comple-
mented by generating Kaplan–Meier survival curves for each of the re-
sulting cluster configurations. Despite changing the initial values, we 
observed minimal variation in the clustering outcomes. We conducted 
an additional analysis with the number of clusters set to four. This ana-
lysis aimed to explore whether a four-cluster model might provide a 
more accurate or distinct segmentation of our dataset. The Kaplan– 
Meier survival curves for the four-cluster model did not reveal a signifi-
cantly different pattern compared to the three-cluster model (see 
Supplementary material online). A limitation in the application of 
K-means clustering was its exclusion of categorical variables such as 

sex and atrial fibrillation. While K-means offers several advantages in 
terms of simplicity and ease of interpretation, its inability to incorporate 
these categorical variables could impact the comprehensiveness of our 
findings. The prevalence of more than moderate valvular diseases other 
than AS in our cohort was approximately 10%. Given this relatively low 
proportion, we decided not to include these conditions in the primary 
analysis. While our analysis was deliberately focused on AS to maintain 
specificity in assessing post-TAVR outcomes, we recognize that other 
valvular pathologies may also affect these outcomes. Future research 
may benefit from including a wider array of valvular heart diseases to 
enrich the understanding of the prognosis following TAVR. The sample 
size of this study, although substantial, was limited to a certain extent, 
which may limit the statistical power of the study. The follow-up period 
was relatively short, and longer-term outcomes of different phenotypes 
need to be studied in the future. An additional limitation of our study is 
the exclusion of detailed post-operative echocardiographic data. While 
our analysis focused on pre-operative patient phenotypes, the lack of 
detailed post-operative echocardiographic outcomes limits our ability 
to assess factors influencing post-procedural prognosis. Future re-
search could benefit from a more comprehensive inclusion of both 
pre- and post-operative echocardiographic data to fully understand 
the impact of TAVR on patient outcomes. Despite these limitations, 
this study provides a valuable contribution to the understanding of 
the heterogeneity of patients undergoing TAVR and highlights the 
need for individualized treatment approaches based on patient 
phenotype.

Conclusion
The unsupervised cluster analysis of patients who had undergone 
TAVR uncovered three distinct groups for prognostic evaluation and 
demonstrated the association of Cluster 3 with worse outcomes. 
These findings have important clinical implications and highlight the im-
portance of considering comorbidities and extravalvular cardiac dys-
function in the prognostic assessment of patients undergoing TAVR. 
Our study provides a new perspective in the categorization of patients 
undergoing TAVR and can inform clinical decision-making and resource 
allocation.

Event ( ) > Cluster 1 Event (+) > Cluster 3

Age: 92 years
Hb: 9.4 mg/dl
Ao V: 4.2 m/sec
EF: 64%
SVi: 52 ml/m2

Age: 84 years
Hb: 10.6 mg/dl
Ao V: 3.1 m/sec
EF: 42%
SVi: 36 ml/m2

Figure 5 Representative cases with and without events. Ao-V, aortic velocity; EF, ejection fraction; Hb, haemoglobin; SVi, stroke volume index.
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