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BACKGROUND Adverse outcomes from moderate aortic stenosis (AS) may be caused by progression to severe AS or by

the effects of comorbidities. In the absence of randomized trial evidence favoring aortic valve replacement (AVR) in

patients with moderate AS, phenotyping patients according to risk may assist decision making.

OBJECTIVES This study sought to identify and validate clusters of moderate AS that may be used to guide patient

management.

METHODS Unsupervised clustering algorithms were applied to demographics, comorbidities, and echocardiographic

parameters in a training data set in patients with moderate AS (n ¼ 2,469). External validation was obtained by assigning

the defined clusters to an independent group with moderate AS (n ¼ 1,358). The primary outcome, a composite of cardiac

death, heart failure hospitalization, or aortic valve (AV) intervention after 5 years, was assessed between clusters in both

data sets.

RESULTS Four distinct clusters—cardiovascular (CV)-comorbid, low-flow, calcified AV, and low-risk—with significant

outcomes (log-rank P < 0.0001 in both data sets) were identified and replicated. The highest risk was in the CV-

comorbid cluster (validation HR: 2.00 [95% CI: 1.54-2.59]; P < 0.001). The effect of AVR on cardiac death differed

among the clusters. There was a significantly lower rate of outcomes after AVR in the calcified AV cluster (validation HR:

0.21 [95% CI: 0.08-0.57]; P ¼ 0.002), but no significant effect on outcomes in the other 3 clusters. These analyses were

limited by the low rate of AVR.

CONCLUSIONS Moderate AS has several phenotypes, and multiple comorbidities are the key drivers of adverse out-

comes in patients with moderate AS. Outcomes of patients with noncalcified moderate AS were not altered by AVR in

these groups. Careful attention to subgroups of moderate AS may be important to define treatable risk.
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ABBR EV I A T I ON S

AND ACRONYMS

AS = aortic stenosis

AVA = aortic valve area

AVR = aortic valve

replacement

CV = cardiovascular

DBSCAN = density-based

spatial clustering of

applications with noise

DSI = dimensionless severity

index

HDBSCAN = hierarchical

density-based scan

LVEF = left ventricular ejection

fraction

LVOT = left ventricular outflow

tract

PAM = partition around

medoids

ROC = receiver-operating

characteristic

TAVR = transcatheter aortic

valve replacement

Vmax = peak velocity

VTI = velocity-time integral
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A ortic stenosis (AS) is a major public
health burden, affecting at least
12% of people aged >75 years.1 As

this population continues to grow, frailty
and complex comorbidities such as renal fail-
ure, concurrent mitral valve disease, left ven-
tricular (LV) and right ventricular
dysfunction, and raised filling pressure in
older adult AS patients will augment the
complexity of risk assessment for aortic valve
replacement (AVR), either surgical AVR or
transcatheter AVR (TAVR).2-4

These considerations may be crucial in
patients with moderate AS, but the current
classification relies on echocardiographic
criteria without adequately capturing
noncardiac disease heterogeneity.4,5 As a
result, the diagnosis of moderate AS provides
ambiguous management implications. A 5- to
6-year event-free survival of 53% to 56% has
been reported and was longer than in severe
AS in studies using aortic valve area (AVA)
and aortic valve (AV) morphology to define
moderate AS.6 Notwithstanding, a mortality
ratio of 2.43 (95% CI: 2.17-2.72) has been re-
ported compared with the general popula-
tion. However, several studies have suggested that
moderate AS is associated with poor outcomes,
approaching those of severe AS.6-12 Many of these
recent studies reporting unexpectedly poor outcomes
in patients with moderate AS were derived from
echocardiographic databases, with limited clinical
data.6-12 In the absence of clinical and demographic
information, it is impossible to discern the principal
drivers of adverse outcomes. Better phenotyping to
categorize patients with moderate AS, on the basis of
demographics, and comorbidities, as well as echo-
cardiographic parameters, could inform a tailored
treatment approach. Moreover, the presence of
external validation would ensure that such an
approach would be generalizable. Accordingly, we
used an unsupervised machine learning strategy to
identify distinct clinical phenotypes of moderate AS,
on the basis of clinical and echocardiographic vari-
ables, to associate these phenotypes with clinical
outcomes, with external validation.

METHODS

STUDY DESIGN. This cohort study included adults
aged at least 18 years with moderate AS who were
identified from the Metro South Health echocardio-
graphic database (Brisbane, Australia) from January 1,
2009, to August 1, 2023. Using the Queensland
Cardiac Outcomes Registry, demographic, clinical, and
imaging data of these patients were obtained from
hospital data sets (cardiac catheterization laboratory,
cardiac surgery, echocardiography, electrophysiology,
International Classification of Diseases–10th edition
[ICD-10] codes, and death registry data set). This
registry was also used to track outcomes over 7.4
years. A separate validation group was obtained from
Western Health (Melbourne, Australia).13

The Melbourne Health Human Research Ethics
Committee (HREC/49236/MH-2018), along with
Research Governance at the Metro South Research
Office and the Western Health Office for Research,
granted approval for this study. This study was con-
ducted in accordance with the National Statement on
Ethical Conduct in Human Research 2007 (updated
2018), the Australian Code for the Responsible
Conduct of Research, and the principles outlined in
the Declaration of Helsinki.

CLINICAL VARIABLES. At baseline (ie, at the first
identification of moderate AS), we assessed 54 pre-
dictive variables, thus aiming to identify adverse
outcomes (Supplemental Methods). These variables
included demographic characteristics, clinical vari-
ables, comorbidities (including heart failure [HF],
ischemic heart disease, myocardial infarction, hy-
pertension, diabetes mellitus, hyperlipidemia, car-
diomyopathy, systolic and diastolic blood pressures,
atrial fibrillation, and atrial flutter, as defined on the
basis of ICD-10 codes), echocardiographic variables
(see later), and procedures (pacemaker implantation
or revascularization).

ECHOCARDIOGRAMS. A complete echocardiogram
was obtained in all patients on the basis of a standard
examination protocol, as described by the American
Society of Echocardiography.4 Measurements
included left ventricular outflow tract (LVOT) diam-
eter, LVOT velocity-time integral (VTI), AV VTI, AV
mean gradient, AVA, left ventricular ejection fraction
(LVEF) <50%, moderate or severe tricuspid or mitral
regurgitation, and valve morphology. Moderate AS
was defined by an AVA of 1 to 1.5 cm2, a peak velocity
(Vmax) of 3 to 4 m/s, or a dimensionless severity index
(DSI) of 0.25 to 0.50. Calcification was determined on
the basis of text mined data in AV summaries or
conclusions made from clinical interpretation of
echocardiographic reports.

CLINICAL OUTCOMES. The primary endpoint was a
5-year composite of cardiac death, AV intervention
(surgical or catheter-based), or HF hospitalization.
Cardiac mortality was defined as the primary cause of
death attributable to heart disease, myocardial
ischemia and infarction, HF, cardiac arrest,

https://doi.org/10.1016/j.jcmg.2024.06.013
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cardiomyopathy, amyloidosis, arrhythmias, endo-
carditis, heart block, valvular heart disease, coronary
obstruction, myopericarditis, pericardial effusion, or
cardiorenal syndrome. HF was defined by 1 or more
hospitalizations with the following ICD-10 code: I110,
I130, I132, I50, I500, I501, I509, U822, or I255
(Supplemental Methods). Secondary outcomes
included a composite of cardiac death and HF hospi-
talization, individual components of composite end-
points and all-cause mortality (ie, death attributable
to any cause), and the same outcomes within 3 or
10 years.

DATA ANALYSIS. Exploratory data analyses were
conducted by visualizing distributions of each vari-
able through the use of bar charts for categorical
variables and histograms for continuous variables,
and then summarizing the frequency and percentage
of each categorical variable and mean � SD (or me-
dian [Q1-Q3] ranges for non-normally distributed
data) of continuous variables.

DATA PREPROCESSING. Outliers of continuous var-
iables that were >4 times the SD or a clinically
meaningful prespecified threshold for each variable
were excluded. Variables that had >20% of missing
values were excluded except for blood pressure.
Imputation was applied on the included variables by
using a random forest with an iterative imputer con-
sisting of 1,000 iterations and a random forest re-
gressor with 300 trees.14,15

UNSUPERVISED ANALYSIS. Unsupervised machine
learning on the basis of clustering algorithms,
including k-means,16 partition around medoids
(PAM),17 agglomerative hierarchical clustering a using
complete-linkage method,18 density-based spatial
clustering of applications with noise (DBSCAN),19 and
hierarchical density-based scan (HDBSCAN),20as well
as another unsupervised learning algorithm, dimen-
sionality reduction using principle components
analysis, t-distributed stochastic neighbor embed-
ding, and uniform manifold approximation and pro-
jection,21,22 were used to gain an understanding of the
data distribution of the clinical variables (no out-
comes were used). More details of each algorithm are
described in Supplemental Methods. The optimal
number of clusters was identified initially using
silhouette width23 and the Davies-Bouldin score,24

but the final decision for selection of the number of
clusters was made on the basis of obtaining clinically
interpretable clusters by comparing clinical variables
of the clustering outputs. More details on each
method are described in the Supplemental Methods.
INTERPRETATION OF POST HOC CLUSTERING

ANALYSIS. A heatmap was created to visualize the
clusters of variables in the training data set. The
means of continuous variables and the proportions of
categorical variables were determined and scaled on
the basis of each column (representing the variable)
using the z-score. The importance of every variable in
each cluster was evaluated and explained by means
of local model-agnostic methods such as SHAP
(SHapley Additive exPlanations)25 using XGBoost
(Extreme Gradient Boosting), a highly efficient
gradient boosting implementation.26 The top vari-
ables and SHAP values were compared among the
clusters. The SHAP values are based on a game theory
approach, which is a concept used to distribute fairly
the total payoff of a cooperative game among its
players, by taking into account each player’s contri-
bution and the interactions among the players, an
approach that then helps provide an understanding of
the influence of each variable to create a predictive
model.25

SUPERVISED ANALYSES. Supervised learning algo-
rithms that were easier to interpret, including multi-
variable logistic regression and Cox proportional
hazards, were used to find the ideal algorithm for
phenotypic differentiation and associations between
identified clusters and clinical outcomes. Examples of
parameters that were expected to affect survival
included echocardiographic parameters (eg, AVA,
peak mean gradient) and clinical variables (eg, hy-
pertension, atrial fibrillation). Outcomes assessed
included all-cause or cardiovascular mortality, HF,
and the need for AV intervention. Cardiac death, HF
readmission, and AV intervention were also remod-
eled using competing risk regression analysis, and
mortality from other causes was considered a
competing risk. The subdistribution hazard derived
from the cumulative incidence function was used and
corrected for competing risk estimated using Fine-
Gray regression.27

Differences in the 52 variables and outcomes
among clusters were determined using analysis of
variance and chi-squared tests as appropriate. HRs for
mortality per cluster were computed, and the P value
for comparison against the full cohort was calculated
using the log-rank test.

INTERNAL VALIDATION OF CLUSTERING. Using the
most common split set method with 80% of data
randomly selected for training and 20% for the in-
ternal validation set,28 the prediction of cluster
assignment was performed using multinominal lo-
gistic regression with the least absolute shrinkage and

https://doi.org/10.1016/j.jcmg.2024.06.013
https://doi.org/10.1016/j.jcmg.2024.06.013
https://doi.org/10.1016/j.jcmg.2024.06.013


FIGURE 1 Flowchart for Patient Inclusion

14,645 exams in echo
database filtered for AS

(2009 to 2023)

13,352 echos identified with
at least mild AS based on

AVA ≤2 cm2 or Vmax ≥2 m/s

Excluded 1,229 echos:
    • 1,281 with missing AVA and Vmax
    • 12 not AS based on AVA or Vmax

Excluded 10,883 echos:
    • 2,501 echos post-TAVR, AVR or BAV
    • 7,031 repeated or follow up echos
    • 1,351 mild or severe AS

2,469 patients with
moderate AS based on AVA
1-1.5 cm2 or Vmax 3-4 m/s or

DSI 0.25-0.5 included

AS ¼ aortic stenosis; AVA ¼ aortic valve area; AVR ¼ aortic valve replacement;

BAV ¼ bicuspid aortic valve; DSI ¼ dimensionless severity index; echo ¼ echocardiogram;

TAVR ¼ transcatheter aortic valve replacement; Vmax ¼ peak velocity.
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selection operator to select the optimal set of vari-
ables. This trained model was used to predict the
phenotypes in the internal validation cohort.
Discrimination of this model evaluated the ability of
the scores to distinguish among phenotypic clusters
using the area under the receiver-operating charac-
teristic curve (ROC AUC) and C-statistics with CIs on
the basis of 1,000 bootstrap runs.29,30

EXTERNAL VALIDATION. The aforementioned steps
were repeated for training on the original whole data
set and to predict cluster assignment in an external,
geographically separated, manually validated data set
including 1,358 patients with moderate AS by using
the same AS severity definition and validated echo-
cardiographic parameters from Western Health (Mel-
bourne, Australia), the external validation cohort.
The clinical variables of the 4 clusters in the external
validation data set were compared, and the associa-
tions between the clusters and outcomes were eval-
uated using Cox proportional hazards models. The
HRs and cumulative hazard plots between the inter-
nal and external validation data sets were then
compared. Cumulative hazard plots were plots of the
cumulative hazard, H(ti) vs the time of the i-th failure,
where H(ti) is equivalent to �logS(ti), and S(ti) is the
survival function.31 A value of P < 0.05 was consid-
ered statistically significant. All analyses were per-
formed using the R statistical platform version 4.3.1
(R Foundation).

EFFECT OF AV INTERVENTION ON OUTCOMES IN

EACH CLUSTER. Cox proportional hazards models
were used to derive unadjusted and adjusted HRs for
evaluating the effect of AV intervention within each
cluster on the composite of cardiac death or HF (or
individual components with death from other causes
as competing risk). Adjusted analyses included car-
diac surgical risk factors assessed by the Parsonnet
score at baseline from the time of echocardiographic
examination.32,33

INCREMENTAL BENEFIT OF CLUSTERS TO CARDIAC

DAMAGE SCORING. Net reclassification improve-
ment was used to assess correct reassignment among
risk subgroups in a base model using stages of cardiac
damage alone34compared with the base model in
addition to the clusters. The risk categories or
thresholds used were based on the distribution of
patients over the range of predicted scores, which
included <50% (low risk), 50% to <60% (medium low
risk), 60% to <70% (intermediate risk), and $70%
(high risk). Bootstrapping was used to determine the
95% CI.

RESULTS

PATIENT COHORT. A total of 2,469 patients (median
age, 75 years; 67% male) with moderate AS (AVA: 1-
1.5 cm2; or Vmax: 3-4 m/s; or DSI: 0.25-0.5) were
included (Figure 1). These patients had a median AVA
of 1.40 cm2 (Q1-Q3: 1.27-1.59 cm2), a median Vmax of
2.62 m/s (Q1-Q3: 2.20-3.10 m/s), and a median DSI of
0.37 (Q1-Q3: 0.31-0.43) (Table 1). The most common
type of AS was degenerative calcified AS (65%). Only
9% were bicuspid AVs, and 4% had rheumatic heart
disease. There were 329 patients (13.3%) who under-
went AV intervention during the follow-up period
after an average of 4 years from diagnosis, with 57
patients (2.3%) who underwent AV intervention
within a year.

CLUSTERING RESULTS. Five different clustering al-
gorithms were assessed and compared (k-means,
PAM, agglomerative hierarchical clustering, DBSCAN,
and HDBSCAN). By using silhouette width and the
Davies-Bouldin index, several clusters were identi-
fied from k-means, PAM, agglomerative hierarchical
clustering, DBSCAN, and HDBSCAN. When comparing
the number of patients in each cluster and the dif-
ferences in characteristics, PAM identified most clin-
ically distinct subgroups with meaningful
differences. Although based on silhouette width or
the Davies-Bouldin index, 3 (or 2) clusters seemed to
be the optimal number for the PAM-derived clus-
tering model (Supplemental Figure 1); 4 clusters were
selected because they reflected clinically significant
groups. The 4 distinct clusters are as follows: cluster
#1, low-risk; cluster #2, calcified AV morphology;

https://doi.org/10.1016/j.jcmg.2024.06.013


TABLE 1 Selected Characteristics of the 4 Clusters in 2,469 Patients With Moderate Aortic Stenosis in the Training Set

Cluster #1
(Low-Risk)
(n ¼ 539)

Cluster #2
(Calcified AV)
(n ¼ 940)

Cluster #3
(Low-Flow)
(n ¼ 571)

Cluster #4
(CV-Comorbid)

(n ¼ 419)
Overall

(N ¼ 2,469) P Value

Demographics

Age, y 75 � 11 71 � 0.2 75 � 10 73 � 10 73 � 11 <0.001

Male 45 (8) 823 (88) 473 (83) 317 (76) 1,658 (67) <0.001

Height, cm 159 � 7 173 � 8 172 � 8 170 � 9 169 � 10 <0.001

Weight, kg 74 � 18 90 � 20 84 � 18 86 � 18 85 � 20 <0.001

Body mass index, kg/m2 20 � 7 30 � 7 29 � 6 30 � 6 29 � 6 <0.001

Echocardiographic parameters

AV mean gradient, mm Hg 21 � 7 21 � 7 14 � 6 18 � 6 19 � 7 <0.001

AV VTI, cm 65 � 15 63 � 15 49 � 12 57 � 15 59 � 16 <0.001

AVA, cm2 1.3 � 0.2 1.4 � 0.2 1.6 � 0.3 1.4 � 0.3 1.4 � 0.3 <0.001

Vmax, m/s 2.8 � 0.62 2.8 � 0.66 2.3 � 0.48 2.5 � 0.62 2.7 � 0.64 <0.001

DSI 0.39 � 0.1 0.44 � 1.3 0.48 � 1.1 0.45 � 0.96 0.44 � 1.0 0.027

LA volume, mL 78 � 27 82 � 25 101 � 37 82 � 25 86 � 30 <0.001

LV diastolic dimension, cm 4 � 0.6 5 � 0.7 5 � 0.7 5 � 0.7 5 � 0.7 <0.001

LV posterior wall diastole, cm 0.9 � 0.2 1.1 � 0.2 1.1 � 0.2 1.1 � 0.2 1 � 0.2 <0.001

LV septum diastole, cm 1.1 � 0.2 1.2 � 0.2 1.2 � 0.2 1.2 � 0.2 1.2 � 0.2 <0.001

LVEF, % 58 � 11 54 � 12 53 � 13 52 � 14 54 � 13 <0.001

LVOT diameter, cm 2.1 � 0.2 2.3 � 0.2 2.3 � 0.2 2.3 � 0.2 2.2 � 0.2 <0.001

LVOT VTI, cm 24 � 5 22 � 4 20 � 5 21 � 5 22 � 5 <0.001

Stroke volume index, mL/m2 47.9 � 11.4 43.8 � 10.8 42.2 � 12.6 43.0 � 10.6 44.2 � 11.5 <0.001

Low flow stroke volume index <35 mL/m2 60 (11.1) 185 (19.7) 172 (30.1) 93 (22.2) 510 (20.7) <0.001

MV E wave, cm/s 96 � 43 72 � 37 85 � 39 71 � 41 80 � 41 <0.001

RA area, cm2 16 � 4 19 � 5 20 � 6 18 � 5 18 � 5 <0.001

Systolic BP, mm Hg 138 � 16 136 � 16 141 � 58 138 � 14 138 � 31 0.032

Diastolic BP, mm Hg 72 � 8 73 � 8 75 � 8 73 � 7 73 � 8 <0.001

Continued on the next page
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cluster #3, low-flow AS; and cluster #4, cardiovascular
(CV)-comorbid. Additional characteristics of each
cluster are described in Supplemental Table 1. A
heatmap visualized the 4 clusters of top variables in
the data (Figure 2, Supplemental Figure 2). Table 1
summarizes the selected variables of the 4 clusters
derived from PAM.

The distribution of variable contributions to the
cluster output was further assessed using SHAP values
of each variable for every observation, to determine
which variables had the strongest influence on the
clustering results (Supplemental Figures 3 and 4). The
top global variables that differed among the 4 groups
were sex, ischemic heart disease, hyperlipidemia,
atherosclerosis, height, acute coronary syndrome,
weight, calcification, mitral E wave, and diabetes with
complications.

For each cluster, there were distinct differences in
multiple variables, as follows:

� The low-risk cluster (#1) was typified by women
(92%) with preserved LV function (mean LVEF
58%) and low levels of CV-comorbid disease.

� The calcified AV cluster (#2) was typically defined
by overweight (mean weight, 90 kg) men (88%),
with the highest mean body mass index of
30.1 kg/m2, and with calcified valves (80%), gradi-
ents more prominent than valve areas, low levels
of multimorbidity.

� The low-flow cluster (#3) had among the oldest
patients (mean: 75 years), with low gradients and
low flow (largest proportion with stroke volume
index <35 mL/m2 [30%]), despite noncalcified
valves (67%), and concurrent valvular disease
(highest proportion with mitral or tricuspid
regurgitation).

� The CV-comorbid cluster (#4) had positive contri-
butions from ischemic heart disease (73%), hyper-
lipidemia (61%), atherosclerosis including coronary
artery disease and peripheral artery disease (80%),
diabetes with complications (67%), hypertension
(94%), and very high cardiovascular risk. The in-
dividuals in this cluster also had the largest pro-
portion of obesity, with a mean body mass index
30 kg/m2.

INTERNAL VALIDATION OF CLUSTERS. A multino-
mial logistic regression model was used to predict
cluster assignment (Supplemental Table 2,
Supplemental Figure 5). The main independent

https://doi.org/10.1016/j.jcmg.2024.06.013
https://doi.org/10.1016/j.jcmg.2024.06.013
https://doi.org/10.1016/j.jcmg.2024.06.013
https://doi.org/10.1016/j.jcmg.2024.06.013
https://doi.org/10.1016/j.jcmg.2024.06.013
https://doi.org/10.1016/j.jcmg.2024.06.013


TABLE 1 Continued

Cluster #1
(Low-Risk)
(n ¼ 539)

Cluster #2
(Calcified AV)
(n ¼ 940)

Cluster #3
(Low-Flow)
(n ¼ 571)

Cluster #4
(CV-Comorbid)

(n ¼ 419)
Overall

(N ¼ 2,469) P Value

Comorbidities

AF or atrial flutter 106 (20) 185 (20) 193 (34) 127 (30) 611 (25) <0.001

Atherosclerosis, CAD, and PAD 75 (14) 161 (17) 91 (16) 333 (80) 660 (27) <0.001

Bicuspid valve 30 (6) 100 (11) 51 (9) 30 (7) 211 (9) 0.014

Calcified valve 383 (71) 748 (80) 190 (33) 277 (66) 1,598 (65) <0.001

CKD 94 (17) 144 (15) 107 (19) 165 (39) 510 (21) <0.001

Diabetes with complications 127 (24) 253 (27) 145 (25) 281 (67) 806 (33) <0.001

Diabetes without complications 61 (11) 113 (12) 71 (12) 119 (28) 364 (15) <0.001

EF <50% 63 (12) 238 (25) 168 (29) 145 (35) 614 (25) <0.001

Heart failure 94 (17) 144 (15) 125 (22) 124 (30) 487 (20) <0.001

Hyperlipidemia 29 (5) 61 (7) 29 (5) 256 (61) 375 (15) <0.001

Hypertension 221 (41) 331 (35) 255 (45) 392 (94) 1,199 (49) <0.001

IHD 44 (8) 56 (6) 44 (8) 305 (73) 449 (18) <0.001

MR severity

Mild 299 (56) 447 (48) 313 (55) 208 (50) 1,267 (51) <0.001

Moderate 31 (6) 45 (5) 44 (8) 21 (5) 141 (6)

Severe or critical 10 (1.9) 5 (0.5) 5 (0.9) 3 (0.7) 23 (0.9)

Myocardial infarction 69 (13) 138 (15) 104 (18) 329 (79) 640 (26) <0.001

Obesity 28 (5) 95 (10) 35 (6) 93 (22) 251 (10) <0.001

TR severity

Mild 446 (83) 793 (84) 449 (79) 342 (82) 2,030 (82) 0.007

Moderate 36 (7) 38 (4) 36 (6) 12 (3) 122 (5)

Severe or critical 6 (1.1) 3 (0.3) 11 (2) 5 (1.2) 25 (1)

Parsonnet score, % 18.9 (13.4) 14.9 (13.2) 18.7 (13.8) 21.3 (15) 17.7 (13.9) <0.001

Parsonnet score categories <0.001

Good (0-4) 90 (16.7) 243 (25.9) 97 (17.0) 39 (9.3) 469 (19.0)

Fair (5-9) 51 (9.5) 131 (13.9) 54 (9.5) 48 (11.5) 284 (11.5)

Poor (10-14) 83 (15.4) 135 (14.4) 77 (13.5) 57 (13.6) 352 (14.3)

High (15-19) 74 (13.7) 127 (13.5) 87 (15.2) 85 (20.3) 373 (15.1)

Extremely high (20þ) 241 (44.7) 304 (32.3) 256 (44.8) 190 (45.3) 991 (40.1)

Procedures

CABG at baseline only 4 (0.7) 29 (3) 15 (3) 46 (11) 94 (4) <0.001

CABG at baseline and follow-up 22 (4) 95 (10) 36 (6) 67 (16) 220 (9) <0.001

SAVR 46 (9) 142 (15) 24 (4) 24 (6) 236 (9.6) <0.001

TAVR 31 (6) 36 (4) 10 (2) 16 (4) 93 (4)

CABG and SAVR 10 (2) 52 (6) 9 (2) 10 (2) 81 (3) <0.001

Time to AVR, y 4.5 � 3.1 4.1 � 3 5.8 � 3.3 4.6 � 3.4 4.4 � 3.1 0.051

Values are mean � SD or n (%).

AF ¼ atrial fibrillation; AV ¼ aortic valve; AVA ¼ aortic valvular area; AVR ¼ aortic valve replacement; BP ¼ blood pressure; CABG ¼ coronary artery bypass graft; CAD ¼ coronary artery disease;
CKD ¼ chronic kidney disease; CV ¼ cardiovascular; DSI ¼ dimensionless severity index; EF ¼ ejection fraction; HF ¼ heart failure; IHD ¼ ischemic heart disease; LA ¼ left atrial; LV ¼ left ventricular; LV DIAS
DIM ¼ left ventricular diastolic dimension; LV PW DIAS ¼ left ventricular posterior wall end diastole; LV SEPT DIAS ¼ left ventricular septal end diastole; LVEF ¼ left ventricular ejection fraction; LVOT ¼ left
ventricular outflow tract; MI ¼ myocardial infarction; MR ¼ mitral regurgitation; MV ¼ mitral valve; PAD ¼ peripheral artery disease; RA ¼ right atrial; SAVR ¼ surgical aortic valve replacement;
TAVR ¼ transcatheter aortic valve replacement; TR, tricuspid regurgitation; VTI ¼ velocity-time integral.
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variables of cluster components (on the basis of the
highest b values) were the following comorbidities or
risk factors: male sex, HF, ischemic heart disease,
acute coronary syndrome, atherosclerosis, hyperten-
sion, diabetes with complications, hyperlipidemia,
calcification, atrial fibrillation or atrial flutter, car-
diomyopathy, height, weight, LVOT diameter, AV VTI,
mean pressure gradient, AVA, mitral valve E wave,
left atrial volume, right atrial area, LV septal diastolic
dimension, and LV posterior wall at end-diastole.
The cluster score created from this analysis had
moderate to high predictive performance when data
were split to 80% training and 20% internal valida-
tion set on the basis of the ROC AUC, as shown in
Supplemental Figure 6: Low-risk cluster (#1) score:
AUC ¼ 0.96 (95% CI: 0.96-0.97); calcified AV cluster
(#2) score: AUC ¼ 0.7 (95% CI: 0.68-0.72); low-flow
cluster (#3) score: AUC ¼ 0.92 (95% CI: 0.91-0.93);
CV-comorbid cluster (#4) score: AUC ¼ 0.99 (95% CI:
0.99-1).
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FIGURE 2 Heatmap Visualizing the 4 Clusters of Top Variables, With Values Scaled Using Z-Scores
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The low-risk cluster (#1) consisted mostly of female patients with low levels of cardiovascular (CV) comorbid disease. The calcified aortic valve (AV) cluster (#2)

typically comprised overweight male patients with a calcified valve, but with low levels of multimorbidity. The low-flow cluster (#3) had among the oldest patients,

with low gradients and mostly noncalcified valves. The cardiovascular-comorbid cluster (#4) had the highest proportions of ischemic heart disease (IHD), myocardial

infarction (MI), atherosclerosis including coronary artery disease (CAD) and peripheral vascular disease (PVD), hypertension, diabetes with complications, and

hyperlipidemia at very high cardiovascular risk. AVA ¼ aortic valvular area; LA ¼ left atrial; LV DIAS DIM ¼ left ventricular diastolic dimension; LV SEPT DIAS ¼ left

ventricular septal end-diastole; LVOT ¼ left ventricular outflow tract; VTI ¼ velocity-time integral.
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EXTERNAL VALIDATION OF CLUSTERS. The baseline
characteristics of the external test set (n ¼ 1,358) were
compared with those of the training set in Supple-
mental Table 3. Several characteristics of the training
and validation groups showed statistically significant
differences, albeit not clinically significant, except for
the proportion of patients with calcified valves (65%
with calcified valves in the training test and 40% in the
external validation set). The cluster assignment of
each patient from the validation data set was predicted
using the multinominal logistic regression model
trained on the original data set (n ¼ 1,358), and the
differences in clinical characteristics were comparable
to those in the original training set from the Queens-
land Cardiac Outcomes Registry (Supplemental
Table 4). However, there were significantly fewer pa-
tients grouped in the low-risk cluster (#1).
OUTCOMES. The median follow-up duration in the
training set was 8.8 years (Q1-Q3: 5.4-11.4 years). The
overall outcomes included a composite of cardiac
death, HF hospitalization, or AV intervention (59% in
the training group; 75% in the external validation
group), all-cause mortality (51% training; 56%
external validation), or individual cardiac death (22%
training; 23% validation), HF hospitalization (48%
training; 69% external validation), or any AV in-
terventions (14% training; 13% external validation)
(Table 2, Supplemental Table 5).
The highest proportion of composite outcomes
(cardiac death, HF hospitalization, or AV interven-
tion) was found in the CV-comorbid cluster (#4) in
both training (70%) and external validation (86%)
groups. Individually, the CV-comorbid group had the
highest proportion of all-cause death (60% training,
and 65% validation), cardiac death (31% training and
32% validation), and HF hospitalization (60% training
and 79% validation). The calcified AV cluster (#2)
group, in turn, had the highest proportion of AV
intervention in both the training (19%) and validation
groups (20%). There were no differences in noncar-
diac death among the clusters over the entire
follow-up.

The associations among clusters with 5-year all-
cause mortality, cardiovascular mortality, HF diag-
nosis, and the need for AV intervention are summa-
rized in Table 3 for the external validation data set
and in Supplemental Table 6 for the training data set.
In comparison with the low-risk cluster (#1) in both
training and validation data sets, the CV-comorbid
cluster (#4) and, to a lesser degree, the low-flow
cluster (#3), were disproportionately represented in
death and hospitalization endpoints. In contrast, the
calcified AV cluster (#2) was disproportionately rep-
resented in AV interventions. Cumulative hazard
plots for each outcome at 5 years for the external
validation data set are shown in Figure 3 (and for the

https://doi.org/10.1016/j.jcmg.2024.06.013
https://doi.org/10.1016/j.jcmg.2024.06.013
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TABLE 2 Clinical Endpoints Between Each Cluster Over the Full Follow-Up Period in the External Validation Data Set (N ¼ 1,358)

Cluster Management

Composite
(Cardiac Death,

HF, AV intervention)
Composite

(Cardiac Death, HF)
Cardiac
Death

HF
Hospitalization

AV
Intervention

Noncardiac
Death

Overall Medical
NA

844 (71.6) 293 (24.9) 810 (68.8) 0 (0) 402 (34.1)

AV intervention 127 (70.6) 23 (12.8) 127 (70.6) All 48 (26.7)

All 1,024 (75.4) 971 (71.5) 316 (23.3) 937 (69.0) 180 (13.3) 450 (33.1)

Cluster #1 (low-risk) Medical
NA

67 (59.8) 18 (16.1) 65 (58.0) 0 (0) 40 (35.7)

AV intervention 7 (77.8) 1 (11.1) 7 (77.8) All 1 (11.1)

All 76 (62.8) 74 (61.2) 19 (15.7) 72 (59.5) 9 (7.4) 41 (33.9)

Cluster #2 (calcified AV) Medical
NA

214 (64.7) 73 (22.1) 208 (62.8) 0 (0) 120 (36.3)

AV intervention 52 (63.4) 6 (7.3) 52 (63.4) All 20 (24.4)

All 296 (71.7) 266 (64.4) 79 (19.1) 260 (63.0) 82 (19.9) 140 (33.9)

Cluster #3 (low-flow) Medical
NA

331 (72.3) 105 (22.9) 318 (69.4) 0 (0) 152 (33.2)

AV intervention 32 (74.4) 10 (23.3) 32 (74.4) All 11 (25.6)

All 374 (74.7) 363 (72.5) 115 (23.0) 350 (69.9) 43 (8.6) 163 (32.5)

Cluster #4 (CV-comorbid) Medical
NA

232 (83.8) 97 (35.0) 219 (79.1) 0 (0) 90 (32.5)

AV intervention 36 (78.3) 6 (13.0) 36 (78.3) All 16 (34.8)

All 278 (86.1) 268 (83.0) 103 (31.9) 255 (78.9) 46 (14.2) 106 (32.8)

Values are n (%) within each subgroup.

NA ¼ not applicable; other abbreviations as in Table 1.
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training data set in Supplemental Figure 7). Cumula-
tive hazard plots for outcomes at 3 and 10 years are
shown in Supplemental Figures 8 and 9. The separa-
tion in outcomes appears to be greater in the external
validation set than in the training set.

CLUSTERS AND OUTCOMES WITH AND WITHOUT AV

INTERVENTIONS. Selected clusters had a differential
treatment effect for clinical outcomes according to AV
intervention vs no AV intervention. As shown in
Table 2, across the entire follow-up period, cardiac
death was more common in the medical group than in
the intervention group. However, there was no dif-
ference in noncardiac death between AV intervention
and no AV intervention in each cluster. When exam-
ining results at 5 years only, there was a statistical
significance in 5-year noncardiac death between AV
intervention and no AV intervention (17.1% vs 30.8%;
P ¼ 0.046) within cluster #2 only. Nonetheless, HF
(which included baseline HF) was similar or higher in
the intervention group compared with the medical
group in the validation data set. However, over time,
the AV intervention group had generally a lower risk
of HF, but it was significant only in cluster #2. This is
shown in Supplemental Figure 10.

AV intervention showed no association with the
outcome in the low-risk cluster (#1). In the calcified
AV cluster (#2), the intervention was associated with
a reduction of death or cardiac death in the validation
data set (Figure 4) and in a reduction of the composite
outcome and HF alone in the training group
(Supplemental Figure 10). AV intervention was not
associated with any benefit in the low-flow cluster
(#3), although it was associated with a reduction of
mortality in the CV-comorbid cluster (#4) only in the
validation data set, possibly reflecting selection is-
sues. Effects of AV intervention for each cluster over 3
years and 10 years were similar to those at 5 years
(Supplemental Figures 11 and 12).

Among medically treated patients, the CV-
comorbid cluster (#4) had the highest risk of com-
posite outcomes (HR: 2.03 [95% CI: 1.54-2.69]; P <

0.001) in the validation group, and individually, car-
diac death and HF hospitalization. The low-flow
cluster (#3) had the second highest risk of composite
outcomes (HR: 1.50 [95% CI: 1.15-1.96]; P ¼ 0.003) and
cardiac death alone (Supplemental Table 7).

When AV intervention that occurred only within 1
year from diagnosis was assessed as an exposure
variable, a significant effect of AV intervention was
maintained in the calcified AV cluster (#2) only with a
specific effect on cardiac and all-cause mortality in
the external validation data set (Supplemental
Figure 13). Using Cox proportional hazards models
with and without adjustment for Parsonnet score, 1-
year AV intervention was associated with a lower
risk of 5-year cardiac death (with death from other
causes as a competing risk) in both the derivation
data set (adjusted HR: 0.35 [95% CI: 0.15-0.82]; P ¼
0.015) and the validation data set (adjusted HR: 0.28
[95% CI: 0.10-0.77]; P ¼ 0.013) only in the calcified AV
cluster (#2) (Table 4).32 However, in the CV-comorbid
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TABLE 3 Overall Characteristics of the 4 Clusters in Patients With Moderate Aortic Stenosis and Association With 5-Year Clinical Outcomes (Cardiac Death, HF

Hospitalization, or AV Intervention) in the External Validation Set

n

Effect Size

Cardiac Death, HF, or AVR Cardiac Death, HF All-Cause Death
Cardiac Death

(Other Cause Death as Competing Risk)

1. Low-risk 121 Ref. Ref. Ref. Ref.

2. Calcified AV 413 1.20 (0.93-1.55); P ¼ 0.2 1.12 (0.86-1.45); P ¼ 0.4 1.09 (0.80-1.47); P ¼ 0.6 1.28 (0.76-2.17); P ¼ 0.4

3. Low-flow 501 1.46 (1.14-1.88); P ¼ 0.003 1.49 (1.15-1.92); P ¼ 0.002 1.24 (0.92-1.67); P ¼ 0.2 1.60 (0.96-2.66); P ¼ 0.073

4. CV-comorbid 323 2.00 (1.54-2.59); P < 0.001 1.95 (1.50-2.54); P < 0.001 1.60 (1.18-2.16); P ¼ 0.003 2.40 (1.44-4.00); P < 0.001

TABLE 3 Continued

Effect Size

HF Hospitalization HF (Death as Competing Risk) AV Intervention
AV Intervention

(Death as Competing Risk)

1. Low-risk Ref. Ref. Ref. Ref.

2. Calcified AV 1.12 (0.86-1.47); P ¼ 0.4 1.11 (0.89-1.38); P ¼ 0.4 2.56 (1.28-5.12); P ¼ 0.008 2.45 (1.24-4.84); P ¼ 0.010

3. Low-flow 1.46 (1.13-1.89); P ¼ 0.004 1.31 (1.06-1.62); P ¼ 0.012 1.25 (0.61-2.57); P ¼ 0.5 1.16 (0.57-2.36); P ¼ 0.7

4. CV-comorbid 1.89 (1.44-2.47); P < 0.001 1.57 (1.26-1.94); P < 0.001 2.11 (1.03-4.32); P ¼ 0.042 1.86 (0.92-3.77); P ¼ 0.086

Values are HR (95% CI).

Ref. ¼ Reference; other abbreviations as in Table 1.
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cluster (#4), the competing risk analysis showed a
significantly lower risk of 5-year cardiac death in
those patients with 1-year AV intervention in the
external validation data set (adjusted HR: 0.36
[95% CI: 0.15-0.87]; P ¼ 0.022) but not in the internal
training set. Importantly, after adjustment for Par-
sonnet score, there was a significantly higher risk for
composite of cardiac death or HF in low-flow cluster
(#3) by using the training set and in the CV-comorbid
cluster (#4) by using the validation set.

INCREMENTAL BENEFIT OF CLUSTERING GROUPS

TO STAGES OF CARDIAC DAMAGE. The clusters
provide additive information beyond the previously
established cardiac damage stage and as evidenced by
different proportions of different stages of cardiac
damage in different clusters (Supplemental Table 8).
The addition of cluster groups to the staging cardiac
damage improved risk prediction of the primary
composite outcome (net reclassification improve-
ment: 0.17; 95% CI: 0.12-0.23) (Supplemental
Figure 14).

DISCUSSION

This work builds on previous reports that identified
the moderate AS group as having a risk of adverse
cardiovascular outcomes similar to that of the severe
AS group when compared with no AS, thus leading
to calls for more timely AV intervention in moderate
AS.9,35,36 In particular, previous studies reported that
patients with moderate AS with HF with reduced
ejection fraction had an increased risk of HF
hospitalization or mortality compared with no AS
and improved survival with AV intervention.36,37 Our
study used both unsupervised and supervised ma-
chine learning algorithms and data-driven ap-
proaches to identify clinically distinct phenotypes of
patients with moderate AS, beyond using echocar-
diographic parameters. The key findings included
the following: the 4 distinct clusters had clinically
different phenotypes, associated with differential
risks of mortality, HF, and the need for AV inter-
vention. Cluster #1 comprised a low-risk group;
cluster #2 was most likely to have a calcified AV;
cluster #3 had a low-flow phenotype; and cluster #4
was a CV-comorbid group, which had the highest
risk of adverse outcomes. AV intervention may
modify the association between the clinical out-
comes and cluster groups and appeared to have
greatest benefit in reducing cardiac death in the
calcified AV cluster (#2) and the CV-comorbid cluster
(#4), but it had no significant effect in the low-risk
cluster (#1) and the low-flow cluster (#3) (Central
Illustration). These results were consistent after
adjustment for Parsonnet score in the calcified AV
cluster (#2). However, this finding was limited by the
low rate of AV interventions and unbalanced groups.
Furthermore, this study also developed a supervised
machine learning model to identify the distinct
clusters and validated these cluster groups and
outcomes with a geographically separate data set.
We observed that moderate AS is not homogeneous,
and subtypes should have different management
approaches.
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FIGURE 3 Comparing Outcomes at 5 Years Using Cumulative Hazard Plots With an External Validation Data Set
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FIGURE 4 Comparing Cardiac Death for Each Cluster Over 5 Years With or Without AV Intervention Using a Validation Data Set
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FIGURE 4 Continued
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TABLE 4 Effect of 1-Year AV Intervention on Outcomes at 5 Years in Each Cluster

Cluster
Univariate or
Multivariatea

Composite
(Cardiac Death, HF)

Cardiac Death
(Death as Competing Risk)

HF Hospitalization
(death as Competing Risk)

Training set

1. Low-risk Univariate 0.93 (0.63-1.38); P ¼ 0.70 0.00 (0.00-0.00); NA 1.00 (0.69-1.46); P > 0.90

Multivariate 1.55 (0.73-3.31); P ¼ 0.30 0.00 (0.00-0.00); NA 1.17 (0.80-1.71); P ¼ 0.40

2. Calcified AV Univariate 0.61 (0.45-0.83); P ¼ 0.002 0.27 (0.12-0.63); P ¼ 0.002 0.68 (0.51-0.92); P ¼ 0.011

Multivariate 1.0 (0.53-1.88); P > 0.90 0.35 (0.15-0.82); P ¼ 0.015 0.78 (0.58-1.06); P ¼ 0.11

3. Low-flow Univariate 0.67 (0.38-1.20); P ¼ 0.20 0.15 (0.02-1.10); P ¼ 0.062 0.77 (0.44-1.34); P ¼ 0.40

Multivariate 4.33 (1.34-14.0); P ¼ 0.015 0.27 (0.04-2.03); P ¼ 0.20 0.97 (0.55-1.69); P > 0.90

4. CV-comorbid Univariate 0.78 (0.50-1.22); P ¼ 0.30 0.35 (0.11-1.10); P ¼ 0.072 0.90 (0.61-1.34); P ¼ 0.60

Multivariate 0.46 (0.11-1.85); P ¼ 0.30 0.43 (0.13-1.39); P ¼ 0.20 1.04 (0.69-1.55); P ¼ 0.90

External validation

1. Low-risk Univariate 1.07 (0.46-2.48); P ¼ 0.90 0.78 (0.10-5.94); P ¼ 0.80 1.20 (0.64-2.22); P ¼ 0.60

Multivariate 1.43 (0.43-4.69); P ¼ 0.60 0.77 (0.09-6.46); P ¼ 0.80 1.04 (0.57-1.89); P > 0.90

2. Calcified AV Univariate 0.84 (0.62-1.15); P ¼ 0.30 0.21 (0.08-0.57); P ¼ 0.002 0.93 (0.72-1.20); P ¼ 0.60

Multivariate 0.95 (0.59-1.51); P ¼ 0.80 0.28 (0.10-0.77); P ¼ 0.013 1.09 (0.83-1.41); P ¼ 0.50

3. Low-flow Univariate 0.98 (0.68-1.41); P > 0.90 0.84 (0.41-1.73); P ¼ 0.60 1.08 (0.83-1.39); P ¼ 0.60

Multivariate 1.01 (0.68-1.49); P > 0.90 0.93 (0.45-1.92); P ¼ 0.90 1.12 (0.87-1.44); P ¼ 0.40

4. CV-comorbid Univariate 0.77 (0.54-1.11); P ¼ 0.20 0.34 (0.15-0.78); P ¼ 0.011 0.89 (0.69-1.15); P ¼ 0.40

Multivariate 1.65 (1.06-2.56); P ¼ 0.026 0.36 (0.15-0.87); P ¼ 0.022 1.00 (0.80;-1.25); P > 0.90

Values are HR (95% CI), unless otherwise noted. aMultivariate: adjusted for Parsonnet score: good (0-4), fair (5-9), poor (10-14), high (15-19), and extremely high (20þ).32

NA ¼ not applicable; other abbreviations as in Table 1.
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CLUSTER DEFINITION. Recognizing the potential
divergence between the silhouette and Davies-
Bouldin indices in determining the optimal cluster
count, we emphasized the imperative role of clinical
interpretation in guiding this clustering decision-
making process. Thus, in our analysis, we departed
from the conventional use of the silhouette and
Davies-Bouldin indices as the primary determinants
of selecting clustering groups. Instead, we adopted a
“clinical metric” as the pivotal criterion for cluster
selection. By systematically evaluating clustering
outcomes across varying numbers of groups, ranging
from 2 to 5 (eg, Supplemental Table 9 describes the
characteristics of the 3 clusters from the PAM algo-
rithm), we discerned that using 4 clusters held the
greatest clinical significance. This study adds an un-
supervised method to cluster patients other than us-
ing echocardiographic parameters, but it includes
comorbidity and is also different from cardiac damage
staging and showed incremental value.

EVENTS IN MODERATE AS. The appropriate re-
sponses to the risk of moderate AS are currently a
topic of huge interest. There is little question that
moderate AS carries a risk of adverse outcomes that is
comparable (albeit likely rather lower) to that of se-
vere AS and greater than that of no or mild AS. In a
recent meta-analysis of 25 studies of patients with
moderate AS (12,143 patients followed up for
3.7 years),38 all-cause death occurred in 9.0 (95% CI:
6.9-11.7) per 100 person-years, compared with cardiac
death in 4.9 (95% CI: 3.1-7.5), HF in 3.9 (95% CI: 1.9-
8.2), sudden death in 1.1 (95% CI: 0.8-1.5), and AVR in
7.2 (95% CI: 4.3-12.2). A higher risk of mortality was
associated with symptoms, LV dysfunction, diabetes
mellitus, and coronary artery disease. These findings
are concordant with our observations, in that the CV-
comorbid cluster had the highest risk. These patients
are also unlikely to have this risk reduced by AVR.

Two previous studies have reported unsupervised
clustering methods to phenotype AS, albeit in
different groups and with different goals. Kwak et al39

identified 3 distinct groups with moderate or severe
AS from 398 patients in South Korea, with a median of
2.4 years follow-up, and with significant differences
in risks of mortality: 1) cardiac dysfunction; 2) older
adults with comorbidities, especially, end-stage renal
disease; and 3) no cardiac dysfunction or comorbid-
ities and validated with a separate historical cohort of
262 patients. Furthermore, Lachmann et al40 identi-
fied 4 distinct groups with severe AS among 366 pa-
tients who underwent TAVR and found differences in
2-year mortality without validation: 1) a reference
group with an intermediate symptomatic burden and
preserved cardiac function; 2) postcapillary pulmo-
nary hypertension; 3) mostly severely impaired car-
diac function; and 4) dilation of all cardiac chambers
and impairment of left and right ventricular function.
There were differences in disease severity or entities
compared with our current study, which focused on

https://doi.org/10.1016/j.jcmg.2024.06.013
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The comparison of cardiac death between patients with or without aortic valve intervention is shown in the validation data. AS ¼ aortic

stenosis; AV ¼ aortic valve; CV ¼ cardiovascular.
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the moderate AS group of patients who did not un-
dergo TAVR or surgical AVR at baseline. In addition,
our current study has a larger sample size and longer
follow-up, with a median of 9 years, and it validated
the generalizability of clustering with a geographi-
cally separate cohort during the same time period.
There have also been previous attempts to define
phenotypes of moderate AS. The most similar paper
was a smaller (n ¼ 1,245) study of moderate AS,41 in
which patients were categorized into 5 groups ac-
cording to the extent of extra-aortic valvular cardiac
abnormalities detected at diagnosis (no abnormalities
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to the involvement of various cardiac structures).
Over a median follow-up of 4.3 years, 564 patients
(45.3%) died. A notable trend emerged, showing
higher mortality rates correlating with an increased
extent of extra-aortic valvular cardiac abnormalities.
This trend persisted after adjusting for AV interven-
tion as a time-dependent factor in all groups with
other cardiac disturbances, thus emphasizing the
prognostic relevance of these findings. However, in
contrast to this current study, the groups were
defined on the basis of the extent of extra-aortic
valvular cardiac abnormalities, the study in-
vestigators did not use unsupervised algorithms, and
they lacked an external validation group.

In patients with moderate AS, cardiovascular
deaths primarily stem from myocardial-related issues
such as congestive HF or sudden death.42 Interest-
ingly, despite this finding, the proportion of HF was
either similar or higher in the intervention group
compared with the medical group. Notably, within
the cluster #2 calcified AV group, the intervention
group had lower cardiac mortality, yet it did not
exhibit any significant impact on HF hospitalizations.
An essential aspect affecting the analysis is the sub-
stantial proportion of patients with pre-existing HF at
baseline, accounting for 20% in the internal group
and a higher 53% in the external group. As a result,
interpreting the effects of AV intervention is better
informed by observing survival curves of incident HF
over time. This study demonstrated that over time,
the AV intervention group generally had a lower risk
of HF, with significance evident, particularly in pa-
tients with calcified AV.

In our study, cardiovascular risk factors and car-
diac comorbidities had the highest impact on cluster
#4 assignment, associated with the highest risk of all-
cause mortality, cardiac mortality, and HF hospitali-
zation. Cluster #4 had the largest proportion of pa-
tients with LVEF lower than 50% (35%) and the
largest proportion of patients with HF with reduced
ejection fraction (14.3%). Although these findings
support the hypothesis that moderate AS increases
afterload and induces cardiac remodeling in patients
with low LVEF,37 they also reflect the multimorbid
status of these patients. AV intervention was also
associated with improved survival in this group.
Many of these patients with moderate AS at baseline
progressed to severe AS and required AV intervention
during the follow-up period. However, in the training
set, there was no difference in other outcomes, car-
diac death, HF hospitalization, or the composite
outcome.

The calcified AV cluster (#2) appeared to derive a
significant benefit from AV intervention. This study
also suggested that the low-flow cluster (#3) had the
least benefit from AV intervention and, after adjust-
ment with the Parsonnet score, AV intervention
appear to have a 4 times higher risk of composite of
cardiac death or HF, which may be driven by the
higher proportion of HF in patients with AV inter-
vention in the training set. However, a larger sample
size with balanced groups is needed to confirm the
effect of AV intervention.

The potential impact of early intervention in pa-
tients with moderate AS and high-risk features re-
quires further investigation. Delving deeper into the
impact of interventions, especially at an earlier stage
in these high-risk cohorts, stands as a pertinent area
for future research endeavors, by aiming to refine and
optimize clinical management and improve patient
outcomes.

STUDY STRENGTHS. Thousands of consecutive pa-
tients with moderate AS with more than 7 years of
follow-up were included in this study. The data set
included validated echocardiographic data for clus-
tering and validation. The physicians treating the
patients were blinded to the results of cluster as-
signments. The validation cohort was an entirely in-
dependent cohort from a different state. The
confirmation of the findings occurred despite differ-
ences in the groups, especially in HF hospitalization
rates between the training and external validation
cohorts (48% vs 69%). The latter reflects differences
in demographic compositions; the validation group
was older, was socially disadvantaged, and had a
greater proportion of cardiovascular risk factors such
as atherosclerosis, hypertension, and diabetes.

STUDY LIMITATIONS. The limitations included
missing values for echocardiographic parameters and
blood pressure measurements that required imputa-
tion, as well as the possibility that some comorbid-
ities or risk factors may have been missed if they were
not coded in medical records. In addition, the selec-
tion of a cohort leaned toward “mildly” moderate AS
because moderate AS was defined on the basis of a
combination of AVA, Vmax, and DSI. The average AVA
measured 1.4 cm2 (the upper limit of the cutoff for
defining moderate AS). Fourth, this study’s design
cannot effectively address the impact of AV inter-
vention across different clusters, this inquiry. More-
over, the study encountered an imbalance between
the numbers of patients with and without AV inter-
vention, thus hindering a comprehensive assessment
of the benefits associated with AV intervention. This
study performed adjustment for Parsonnet score to
reduce the confounding bias from risk factors for
cardiac surgical procedures between the groups with



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

Moderate AS is associated with increased risk but

comprises a heterogeneous group. Careful phenotyp-

ing may identify groups of patients (eg, with calcified

valves) who may benefit from valvular intervention,

but other groups (eg, with low-risk and low-flow

clusters) may not benefit but require a larger sample

size with balanced groups to confirm its effect.

COMPETENCY IN PATIENT CARE AND

PROCEDURAL SKILLS: Multiple comorbidities and

cardiovascular risk factors, including ischemic heart

disease, acute coronary syndrome, atherosclerosis,

diabetes, hypertension, and hyperlipidemia, predict

poor cardiovascular outcomes in patients with mod-

erate AS and require careful attention before inter-

vention is recommended.

TRANSLATIONAL OUTLOOK: Additional research

on a tailored management strategy for selecting

appropriate timing of aortic valvular intervention

and/or adjunctive treatments could be assessed for

different clinical, demographic, and echocardiographic

phenotypes in moderate AS.
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and without AV intervention. The Parsonnet score
was used instead of The Society of Thoracic Surgeons
Adult Cardiac Surgery Database Operative Risk Score
or the European System for Cardiac Operative Risk
Evaluation II given a lack of data for certain variables
required to calculate the respective scores. The
timing of AV intervention varied notably, spanning
from 0 to 15 years, with an average duration of 7.6
years, and this further complicated the evaluation of
intervention effects. Therefore, the analysis was
limited to evaluating the effect of AV intervention
within 1 year. Finally, the primary indications for AV
intervention in this specific cohort—whether driven
by AS or by coronary artery bypass grafting—remain
uncertain because of insufficient data.

CONCLUSIONS

Multiple comorbidities are key drivers of adverse
cardiovascular events among patients with moderate
AS. In our exploratory analysis, patients who did not
have calcific AV disease did not seem to benefit from
AV intervention, but we require a balanced, pro-
spective trial to investigate this further. By sub-
phenotyping patients with moderate AS, a tailored
management strategy for selecting the appropriate
timing of AV intervention and/or adjunctive treat-
ments could be applied in these patients. Clinical and
demographic factors, in addition to echocardio-
graphic parameters, are needed to improve pheno-
typing of moderate AS to identify patients who are
most likely and least likely to benefit from
intervention.

ACKNOWLEDGMENTS The authors acknowledge the
Queensland Cardiac Outcomes Registry for access to
clinical data from Metro South Health and the Centre
for Victorian Data Linkage for data linkages and ac-
cess to Victorian data sets.

FUNDING SUPPORT AND AUTHOR DISCLOSURES

This work has been supported in part by a Partnership grant (1149692)

from the National Health and Medical Research Council and in part by
The Victorian Government’s Operational Infrastructure Support Pro-

gram. Dr Sen has received scholarships from the National Heart

Foundation of Australia (102578), the National Health and Medical

Research Council of Australia (1191044), the Baker Heart and Diabetes

Institute (Bright Sparks), and the Australian Government Research

Training Program. Dr Ascher has received an investigator grant

(1174405) from the National Health and the Medical Research Council

of Australia. Dr Marwick has received an investigator grant (2008129)

from the National Health and the Medical Research Council of

Australia. All other authors have reported that they have no re-

lationships relevant to the contents of this paper to disclose.

ADDRESS FOR CORRESPONDENCE: Dr Thomas H.
Marwick, Baker Heart and Diabetes Institute, 75
Commercial Road, Melbourne, Victoria 3004,
Australia. E-mail: tom.marwick@baker.edu.au.
RE F E RENCE S
1. Australian Institute of Health and Welfare.
Older Australia at a Glance: Australia’s Changing
Age & Gender Profile. Australian Government;
2018.

2. Australian Bureau of Statistics (ABS). Australian
Historical Population Statistics. Cat. No. 3105.0.65.
001. ABS; 2014.

3. Hung J, Klassen SL, Bermejo J, Chambers JB.
Take home messages with cases from focused
update on echocardiographic assessment of aortic
stenosis. Heart. 2018;104:1317–1322.

4. Baumgartner H, Falk V, Bax JJ, et al. 2017 ESC/
EACTS guidelines for the management of valvular
heart disease. Eur Heart J. 2017;38:2739–2791.

5. Nishimura RA, Otto CM, Bonow RO, et al. 2014
AHA/ACC guideline for the management of pa-
tients with valvular heart disease: a report of the
American College of Cardiology/American Heart
Association Task Force on Practice Guidelines.
J Am Coll Cardiol. 2014;63(22):e57–e185.

6. Delesalle G, Bohbot Y, Rusinaru D, Delpierre Q,
Maréchaux S, Tribouilloy C. Characteristics and
prognosis of patients with moderate aortic ste-
nosis and preserved left ventricular ejection frac-
tion. J Am Heart Assoc. 2019;8:e011036.

7. Rosenhek R, Klaar U, Schemper M, et al. Mild
and moderate aortic stenosis. Natural history and

mailto:tom.marwick@baker.edu.au
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref1
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref1
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref1
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref1
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref2
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref2
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref2
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref3
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref3
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref3
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref3
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref4
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref4
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref4
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref5
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref5
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref5
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref5
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref5
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref5
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref6
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref6
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref6
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref6
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref6
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref7
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref7


J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . - , N O . - , 2 0 2 4 Sen et al
- 2 0 2 4 :- –- Prognostic Phenotypes in Moderate Aortic Stenosis

17
risk stratification by echocardiography. Eur Heart
J. 2004;25:199–205.

8. van Gils L, Clavel MA, Vollema EM, et al. Prog-
nostic implications of moderate aortic stenosis in
patients with left ventricular systolic dysfunction.
J Am Coll Cardiol. 2017;69:2383–2392.

9. Strange G, Stewart S, Celermajer D, et al. Poor
long-term survival in patients with moderate
aortic stenosis. J Am Coll Cardiol. 2019;74:1851–
1863.

10. Ito S, Miranda WR, Nkomo VT, et al. Prognostic
risk stratification of patients with moderate aortic
stenosis. J Am Soc Echocardiogr. 2021;34:248–256.

11. Bae HJ, Hwang J, Han S, Hur SH, Chung JW,
Kim H. Long term clinical outcomes in patients
with moderate aortic stenosis. Heart Surg Forum.
2020;23:E358–e365.

12. Du Y, Gössl M, Garcia S, et al. Natural history
observations in moderate aortic stenosis. BMC
Cardiovasc Disord. 2021;21:108.

13. Sen J, Huynh Q, Marwick TH. Prognostic sig-
nals from moderate valve disease in big data: an
artefact of digital imaging and communications in
medicine structured reporting? J Am Soc Echo-
cardiogr. 2023;36(11):1190–1200.

14. Breiman L. Random forests. Mach Learn.
2001;45:5–32.

15. Liaw A, Wiener M. Classification and regression
by randomForest. R News. 2002;2:18–22.

16. Hartigan JA, Wong MA. Algorithm AS 136: a k-
means clustering algorithm. J R Stat Soc Ser C Appl
Stat. 1979;28:100–108.

17. Partitioning Around Medoids (Program PAM).
Finding groups in data. 1990:68–125. Accessed
April 16, 2024. https://onlinelibrary.wiley.com/
doi/10.1002/9780470316801.ch2

18. Peng RD. Exploratory data analysis with R - 11
hierarchical clustering. 2020. Accessed April 16,
2024. https://bookdown.org/rdpeng/exdata/
hierarchical-clustering.html

19. Hahsler M, Piekenbrock M, Doran D. dbscan:
fast density-based clustering with R. J Stat Softw.
2019;91:1–30.

20. Piekenbrock M, Hahsler M. HDBSCAN with the
dbscan package. Accessed April 16, 2024. https://
cran.r-project.org/web/packages/dbscan/vignettes/
hdbscan.html
21. Li L. Dimension reduction for high-dimensional
data. Methods Mol Biol. 2010;620:417–434.

22. Anowar F, Sadaoui S, Selim B. Conceptual and
empirical comparison of dimensionality reduction
algorithms (PCA, KPCA, LDA, MDS, SVD, LLE,
ISOMAP, LE, ICA, t-SNE). Comput Sci Rev.
2021;40:100378.

23. Batool F, Hennig C. Clustering with the
average silhouette width. Comput Stat Data Anal.
2021;158:107190.

24. Davies DL, Bouldin DW. A cluster separation
measure. IEEE Trans Pattern Anal Mach Intell.
1979;1(2):224–227.

25. Louhichi M, Nesmaoui R, Mbarek M, Lazaar M.
Shapley values for explaining the black box nature
of machine learning model clustering. Proc Com-
put Sci. 2023;220:806–811.

26. Chen T, Guestrin C. XGBoost: A scalable tree
boosting system. In: Proceedings of the 22nd ACM
SIGKDD International Conference on Knowledge
Discovery and Data Mining. Association for
Computing Machinery; 2016:785–794.

27. Fine JP, Gray RJ. A proportional hazards model
for the subdistribution of a competing risk. J Am
Stat Assoc. 1999;94:496–509.

28. Joseph VR, Vakayil A. SPlit: an optimal method
for data splitting. Technometrics. 2022;64:166–
176.

29. Harrell F. Somers’ Dxy rank correlation. R
documentation package Hmisc version 51-0.
Accessed April 16, 2024. https://search.r-project.
org/CRAN/refmans/Hmisc/html/somers2.html

30. Witten IH, Frank E, Hall MA. Credibility: eval-
uating what’s been learned. In: Witten IH, Frank E,
Hall MA, eds. Data Mining: Practical Machine
Learning Tools and Techniques. 3rd ed. Morgan
Kaufmann; 2011:147–187.

31. Clark TG, Bradburn MJ, Love SB, Altman DG.
Survival analysis part I: basic concepts and first
analyses. Br J Cancer. 2003;89:232–238.

32. Parsonnet V, Dean D, Bernstein AD. A method
of uniform stratification of risk for evaluating the
results of surgery in acquired adult heart disease.
Circulation. 1989;79:I3–I12.

33. Poloniecki J, Valencia O, Littlejohns P. Cumu-
lative risk adjusted mortality chart for detecting
changes in death rate: observational study of
heart surgery. BMJ. 1998;316:1697–1700.
34. Généreux P, Pibarot P, Redfors B, et al. Stag-
ing classification of aortic stenosis based on the
extent of cardiac damage. Eur Heart J. 2017;38:
3351–3358.

35. Onishi H, Izumo M, Ouchi T, et al. Clinical
impact of aortic valve replacement in patients with
moderate mixed aortic valve disease. Front Car-
diovasc Med. 2023;10:1259188.

36. Jean G, Van Mieghem NM, Gegenava T, et al.
Moderate aortic stenosis in patients with heart
failure and reduced ejection fraction. J Am Coll
Cardiol. 2021;77:2796–2803.

37. Khan KR, Khan OA, Chen C, et al. Impact of
moderate aortic stenosis in patients with heart
failure with reduced ejection fraction. J Am Coll
Cardiol. 2023;81:1235–1244.

38. Coisne A, Scotti A, Latib A, et al. Impact of
moderate aortic stenosis on long-term clinical
outcomes: a systematic review and meta-analysis.
JACC Cardiovasc Interv. 2022;15:1664–1674.

39. Kwak S, Lee Y, Ko T, et al. Unsupervised
cluster analysis of patients with aortic stenosis
reveals distinct population with different pheno-
types and outcomes. Circ Cardiovasc Imaging.
2020;13:e009707.

40. Lachmann M, Rippen E, Schuster T, et al.
Subphenotyping of patients with aortic stenosis by
unsupervised agglomerative clustering of echo-
cardiographic and hemodynamic data. JACC Car-
diovascular Interv. 2021;14:2127–2140.

41. Amanullah MR, Pio SM, Ng ACT, et al. Prog-
nostic implications of associated cardiac abnor-
malities detected on echocardiography in patients
with moderate aortic stenosis. JACC Cardiovasc
Imaging. 2021;14:1724–1737.

42. Coisne A, Montaigne D, Aghezzaf S, et al. As-
sociation of mortality with aortic stenosis severity
in outpatients: results from the VALVENOR study.
JAMA Cardiol. 2021;6:1424–1431.
KEY WORDS aortic stenosis, cluster
analysis, comorbidity, moderate

APPENDIX For an expanded Methods section
as well as supplemental figures, tables, and
references, please see the online version of this
paper.

http://refhub.elsevier.com/S1936-878X(24)00251-1/sref7
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref7
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref8
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref8
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref8
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref8
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref9
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref9
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref9
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref9
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref10
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref10
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref10
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref11
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref11
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref11
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref11
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref12
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref12
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref12
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref13
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref13
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref13
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref13
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref13
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref14
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref14
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref15
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref15
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref16
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref16
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref16
https://onlinelibrary.wiley.com/doi/10.1002/9780470316801.ch2
https://onlinelibrary.wiley.com/doi/10.1002/9780470316801.ch2
https://bookdown.org/rdpeng/exdata/hierarchical-clustering.html
https://bookdown.org/rdpeng/exdata/hierarchical-clustering.html
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref19
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref19
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref19
https://cran.r-project.org/web/packages/dbscan/vignettes/hdbscan.html
https://cran.r-project.org/web/packages/dbscan/vignettes/hdbscan.html
https://cran.r-project.org/web/packages/dbscan/vignettes/hdbscan.html
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref21
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref21
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref22
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref22
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref22
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref22
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref22
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref23
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref23
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref23
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref24
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref24
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref24
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref25
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref25
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref25
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref25
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref26
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref26
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref26
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref26
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref26
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref27
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref27
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref27
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref28
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref28
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref28
https://search.r-project.org/CRAN/refmans/Hmisc/html/somers2.html
https://search.r-project.org/CRAN/refmans/Hmisc/html/somers2.html
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref30
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref30
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref30
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref30
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref30
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref31
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref31
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref31
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref32
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref32
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref32
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref32
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref33
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref33
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref33
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref33
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref34
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref34
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref34
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref34
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref35
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref35
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref35
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref35
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref36
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref36
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref36
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref36
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref37
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref37
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref37
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref37
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref38
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref38
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref38
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref38
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref39
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref39
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref39
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref39
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref39
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref40
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref40
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref40
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref40
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref40
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref41
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref41
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref41
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref41
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref41
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref42
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref42
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref42
http://refhub.elsevier.com/S1936-878X(24)00251-1/sref42

	Definition and Validation of Prognostic Phenotypes in Moderate Aortic Stenosis
	Methods
	Study design
	Clinical variables
	Echocardiograms
	Clinical outcomes
	Data analysis
	Data preprocessing
	Unsupervised analysis
	Interpretation of post hoc clustering analysis
	Supervised analyses
	Internal validation of clustering
	External validation
	Effect of AV intervention on outcomes in each cluster
	Incremental benefit of clusters to cardiac damage scoring

	Results
	Patient cohort
	Clustering results
	Internal validation of clusters
	External validation of clusters
	Outcomes
	Clusters and outcomes with and without AV interventions
	Incremental benefit of clustering groups to stages of cardiac damage

	Discussion
	Cluster definition
	Cluster definition
	Events in moderate AS
	Study strengths
	Study limitations

	Conclusions
	Acknowledgments
	Funding Support and Author Disclosures
	References


