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ABSTRACT

BACKGROUND Transcatheter tricuspid valve intervention (TTVI) has emerged as a valuable therapeutic option for
patients with severe tricuspid regurgitation. However, the impact of TTVI on right ventricular (RV) function remains
incompletely understood, partly due to the limitations of conventional echocardiographic parameters.

OBJECTIVES The purpose of this study was to evaluate RV functional trajectories in patients undergoing TTVI using a deep
learning model that estimates RV ejection fraction (RVEF) from two-dimensional apical four-chamber view echocardiographic
videos.

METHODS This single-center analysis included 373 patients undergoing TTVI for severe tricuspid regurgitation be-
tween 2018 and 2023. A previously published and thoroughly validated deep learning model was used to predict RVEF
at baseline and 1 to 3 days after the procedure. The primary endpoint was 1-year all-cause mortality.

RESULTS Although the median deep learning-predicted RVEFs were similar before and after TTVI at the cohort level,
individual trajectories diverged. Using maximally selected log-rank statistics, an optimal prognostic threshold of 38%
for postprocedural RVEF was identified. Patients below this threshold showed significantly worse 1-year survival
compared to those above it (58.4% vs 85.1%; HR: 3.12; P < 0.001). RVEF in this high-risk group had declined from 41%
(IQR: 38%-44%) at baseline to 36% (IQR: 35%-37%) postprocedurally (P < 0.001).

CONCLUSIONS Deep learning enabled an unbiased echocardiographic assessment of RV function after TTVI and
identified a high-risk group with poor outcomes. These findings are exploratory and require external validation; if
confirmed, deep learning-enhanced echocardiography may improve risk stratification and guide personalized follow-up
strategies in patients undergoing TTVI. (JACC Adv. 2026;5:102530) © 2026 The Authors. Published by Elsevier on
behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Deep Learning-Derived RVEF Identifies High-Risk Trajectories Following TTVI

ABBREVIATIONS
AND ACRONYMS

LVEF = left ventricular
ejection fraction

RV FAC = right ventricular

fractional area change

RV = right ventricle/right
ventricular

RVEF = right ventricular
ejection fraction

TAPSE = tricuspid annular
plane systolic excursion

TR = tricuspid regurgitation

TTVI = transcatheter tricuspid

valve intervention

evere tricuspid regurgitation (TR) is

strongly associated with elevated car-

diovascular morbidity and mortality."
Since the first in-human implantation of a
transcatheter annuloplasty device for the
treatment of severe, symptomatic TR a
decade ago,” transcatheter tricuspid valve
interventions (TTVIs) have emerged as a
safe and effective therapeutic option for
these high-risk patients. The TRILUMINATE
Pivotal (Trial to Evaluate Cardiovascular
Outcomes in Patients Treated with the
Tricuspid Valve Repair System Pivotal)
trial-the first randomized controlled trial
evaluating  transcatheter edge-to-edge
repair—demonstrated significant improvements in
quality of life compared to medical therapy alone.?
However, no survival benefit was observed during
the first 2 years of follow-up.*

TR is a heterogeneous disease, with secondary
(functional) TR accounting for approximately 90% of
cases.” Ventricular secondary TR commonly arises
from right ventricular (RV) remodeling due to chronic
left-sided heart disease, pulmonary hypertension,
and RV volume overload. These changes result in RV
dilatation, papillary muscle displacement, and leaflet
malcoaptation. Assessing RV function in the context
of TR and pulmonary hypertension can be
misleading. In patients with pulmonary hyperten-
sion, severe TR may mask underlying RV dysfunction
by allowing regurgitant flow into the low-resistance
right atrium, giving a false impression of preserved
or hyperdynamic RV function. Repairing the
tricuspid valve can eliminate this compensatory
mechanism, leading to an acute increase in RV
afterload and possible decompensation.®

Despite its prognostic importance, RV function
remains difficult to assess accurately. Standard two-
dimensional (2D) echocardiographic measures such
as tricuspid annular plane systolic excursion (TAPSE)
and RV fractional area change (FAC) have significant
limitations due to their reliance on geometric as-
sumptions and high interobserver variability.”®
Three-dimensional (3D) echocardiography has sub-
stantially improved the structural and functional
assessment of the RV and tricuspid valve,”'° but its
use is constrained by operator dependence in terms
of expertise as well as image quality variability.
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Moreover, human interpretation of imaging data is
inherently subjective and potentially biased. This
phenomenon is particularly relevant in the post-
procedural setting, where both patients and clini-
cians may anticipate improvement, which might
influence image interpretation.

To address these limitations, we applied a previ-
ously validated deep learning model that estimates
RV ejection fraction (RVEF) from standard 2D apical
four-chamber view echocardiographic videos. This
model was trained using 3D echocardiography-
derived RVEF as the reference standard and was
validated externally in a heterogeneous cohort of
patients with various cardiovascular diseases.'' It has
exhibited superior predictive performance over con-
ventional RV metrics, and its prognostic capabilities
have been demonstrated in patients undergoing
transcatheter mitral valve repair.’”> Moreover, prior
work using this deep learning model also revealed
that RV function rarely recovers once compromised
in chronic left-sided heart disease (eg, in patients
undergoing transcatheter mitral valve repair),
emphasizing the need for earlier intervention before
irreversible right heart damage occurs."?

In the present study, we used this deep learning
model to assess RV function before and after TTVI.
Our objective was to investigate the trajectory of
RVEF in patients undergoing TTVI and to explore the
prognostic significance of the predicted RVEF values.

METHODS

STUDY POPULATION. This is a post hoc, single-
center analysis of prospectively and systematically
collected data from 373 patients undergoing isolated
TTVI for severe TR at the Heart and Diabetes Center
North Rhine-Westfalia, in Bad Oeynhausen, Ger-
many, between 2018 and 2023. Planned and con-
ducted in conformity with the Declaration of
Helsinki, the study was approved by the Ethics
Committee of the Medical Faculty of the Ruhr-
University Bochum, Germany, and all patients gave
their written informed consent.

ECHOCARDIOGRAPHIC ANALYSIS. All echocardio-
graphic studies were performed by experienced
institutional cardiologists as part of the clinical
routine. Baseline echocardiography was conducted
during the index hospitalization in a clinically stable,

The authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’
institutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more

information, visit the Author Center.

Manuscript received September 21, 2025; revised manuscript received November 18, 2025, accepted December 8, 2025.


https://www.jacc.org/author%2Dcenter

JACC: ADVANCES, VOL. 5, NO. 2, 2026
FEBRUARY 2026:102530

recompensated state prior to TTVI. Postprocedural
studies were typically performed 1 to 3 days after the
intervention, once hemodynamic stabilization was
achieved. To account for changes in loading condi-
tions, medical therapy, including diuretics, was var-
iably adjusted according to the individual’s clinical
status. Left ventricular ejection fraction (LVEF) was
measured using Simpson’s biplane method. RV sys-
tolic function was evaluated using TAPSE and RV FAC.
TR severity was classified using a 5-grade scale, inte-
grating semiquantitative and quantitative parameters
in accordance with guideline recommendations.'*

DEEP LEARNING-BASED RVEF ASSESSMENT. Expe-
rienced echocardiographers reviewed all videos in
each patient’s echocardiographic studies and manu-
ally identified suitable 2D apical four-chamber view
recordings (either standard or RV-focused, without
color Doppler). Following the manual identification
of the suitable videos, they were exported as dei-
dentified Digital Imaging and Communications in
Medicine files and were processed using a previously
published deep learning pipeline, coded in Python
(Python Software Foundation). The architecture and
design of the deep learning model for predicting
RVEF have been previously described,'" and the deep
learning pipeline, along with its requirements and
instructions, is publicly available at https://github.
com/rvenet/RVENet-Demo.

ETIOLOGY OF TR. Etiology of TR was delineated
following the recent classification proposed by Praz
et al.” This comprehensive scheme distinguishes
between primary TR, secondary TR (subdivided into
functional atrial and ventricular TR), and TR related
to cardiac implantable electronic devices (see the
classification  scheme

stepwise depicted in

Supplemental Figure 1 for detailed information).
PROCEDURAL SUCCESS DEFINITION. Procedural
success was defined as a device being successfully
implanted and the delivery system retrieved, with TR
reduction by at least one grade'® and/or a residual TR
grade <II/V°'7 as evaluated on transthoracic echo-
cardiography before discharge (ie, 2-5 days after
the procedure).

CLINICAL ENDPOINT DEFINITION. As a population
of elderly and multimorbid patients was studied,
postprocedural 1-year all-cause mortality was
defined as a clinically meaningful primary outcome
measure. This time frame offers a balanced perspec-
tive: on the one hand, it avoids the pitfalls of shorter
follow-up periods, which may risk an insufficient
number of events to discern survival differences; on
the other hand, it mitigates the potential for
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confounding factors more common in extended
follow-up durations, such as incidental mortality
from unrelated causes.

STATISTICAL ANALYSIS. All statistical analyses
were performed using R statistical software (R
version 4.3.2, R Foundation for Statisti-
cal Computing).

Categorical data are presented as numbers and
frequencies (%), while continuous data are expressed
as median and IQR. Chi-square or Fisher exact tests
were used to evaluate the association between cate-
gorical variables, and independent-samples Wil-
coxon tests were used to compare continuous
variables. Pairwise comparisons of preprocedural and
postprocedural continuous data were performed us-
ing paired-samples Wilcoxon tests. Furthermore,
differences in paired categorical data (eg, changes in
TR grade) were assessed using McNemar’s test.

To evaluate the prognostic value of predicted
RVEF as a continuous variable, we employed maxi-
mally selected log-rank statistics. The identified
cutoff was then used to stratify patients into 2 groups
based on RV function, enabling subsequent survival
analysis.

Survival was illustrated using the Kaplan-Meier
method, and the log-rank test was applied to
compare survival rates. Moreover, Cox proportional
hazards models were used to estimate HRs and the
corresponding 95% ClIs. The proportional hazards
assumption for each model was evaluated using
Schoenfeld residuals and global tests of
proportionality.

Univariable logistic regression analyses were first
performed to identify potential predictors of reduced
postprocedural RVEF, guided by prior clinical evi-
dence of factors associated with RV dysfunction after
TTVI. Variables that showed significant associations
in univariable testing and were not collinear or
redundant were considered for multivariable
modeling. To minimize model overfitting, we fol-
lowed the approximate rule of including 1 variable
per 10 events.

Multivariable Cox proportional hazards models
were constructed to evaluate whether post-
procedural RVEF remained independently associated
with mortality after adjustment for potential con-
founders. Covariates were selected based on prior
evidence and clinical relevance, including age, renal
function, LVEF, and residual TR severity. To mini-
mize model overfitting, covariate inclusion in the
multivariable Cox regression was again restricted to
approximately 1 variable per 10 events.
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No imputation of missing values was performed.
Overall completeness across all baseline variables
was 92.6%.

A P value of =0.05 was considered to indicate
statistical significance.

RESULTS

CLINICAL CHARACTERISTICS OF THE STUDY POPULATION.
A total of 373 patients who underwent TTVI for se-
vere TR between 2018 and 2023 were included in this
single-center analysis. Baseline demographic, clin-
ical, echocardiographic, and hemodynamic data are
summarized in Tables 1 and 2. The median age of the
study population was 81.4 (IQR: 77.2-84.1) years, and
43.7% of patients were male (Table 1). The majority of
patients experienced severe exertional dyspnea, with
82.8% in NYHA functional class III and 8.3% in class
IV. Additionally, patients presented with a median
N-terminal pro b-type natriuretic peptide level of
2,480 (IQR: 1,375-4,270) pg/mL. Severe, massive, and
torrential TR were diagnosed in 185 (49.6%), 105
(28.2%), and 83 (22.3%) patients (Table 2).

Transcatheter edge-to-edge repair was the pre-
dominant TTVI technique, performed in 273 (73.2%)
patients, followed by annuloplasty in 91 (24.4%) and
valve implantation in 9 (2.4%) patients. A successful
TR reduction by at least one grade was achieved in
353 (94.6%) out of 373 cases, while a reduction to TR
severity = II/V° was achieved in 82.0% (Supplemental
Table 1). Over the study period, 134 deaths were
recorded among the 373 enrolled patients. Survivors
had a median follow-up duration of 2.62 (IQR: 1.81-
3.56) years. Accordingly, 1- and 2-year survival rates
in the entire study population were 81.1% (95% CI:
77.2%-85.2%) and 69.2% (95% Cl: 64.5%-74.3%),
respectively (Figure 1).

DESPITE AMELIORATION OF RIGHT ATRIAL
ENLARGEMENT AND INFERIOR VENA CAVA CONGESTION
FOLLOWING TTVI, RIGHT VENTRICULAR FUNCTION
REMAINS LARGELY UNCHANGED, WITH NO SIGNIFICANT
RECOVERY DETECTED BY EITHER CONVENTIONAL
OR DEEP LEARNING-BASED ECHOCARDIOGRAPHIC
ASSESSMENT. Postprocedural assessment by trans-
thoracic echocardiography was typically performed 2
(IQR: 1-3) days after TTVI (available data for 371 out of
373 patients; 99.5%). While TTVI resulted in a signifi-
cant reduction of right atrial area (from 30 [IQR: 25-38]
cm? at baseline to 28 [23-35] cm? at follow-up; P <
0.001) and inferior vena cava diameter (from 24 [IQR:
20-28] mm at baseline to 22 [IQR: 17-25] mm at follow-
up, P <0.001), basal RV diameter remained unchanged
(46 [IQR: 41-53] mm at baseline and 48 [IQR: 42-53]
mm at follow-up; P = 0.295) (Table 2). Interestingly,
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TABLE 1 Demographics and Baseline Clinical Characteristics of
the Study Population (N = 373)
Age, median (IQR), y

Men, n (%)

BMI, median (IQR), kg/m?
Arterial hypertension, N (%)

Diabetes mellitus, n (%)

81.4 (77.2-84.1)
163 (43.7%)
25.3(22.8-29.4)
299 (80.2%)
94 (25.2%)

NYHA functional class =< II, n (%) 33 (8.8%)
NYHA functional class Ill, n (%) 309 (82.8%)
NYHA functional class IV, n (%) 31 (8.3%)
EuroScore I, median (IQR), % 4.56 (2.69-7.48)
eGFR, median (IQR), mL/min/1.73 m? 48 (34-65)

N-terminal pro b-type natriuretic peptide, 2,480 (1,375-4,270)

median (IQR), pg/mL
Hemoglobin, median (IQR), g/dL
Bilirubin, median (IQR), mg/dL

12.1 (10.8-13.5)
0.86 (0.59-1.23)

AST, median (IQR), U/L 31 (26-38)
ALT, median (IQR), U/L 19 (14-25)
gGT, median (IQR), U/L 84 (45-168)

CAD, n (%)
COPD, n (%)
Atrial fibrillation, n (%)

Pacemaker, n (%)

178 (47.7%)
65 (17.4%)
338 (90.6%)
112 (30.0%)

TR etiology

262 (70.2%)
96 (25.7%)
3 (0.8%)
12 (3.2%)

Ventricular, n (%)
Atrial, n (%)
CIED-related, n (%)
Primary, n (%)

ALT = alanine aminotransferase; AST = aspartate aminotransferase; BMI = body
mass index; CAD = coronary artery disease; CIED = cardiac implantable electronic
device; COPD = chronic obstructive pulmonary disease; eGFR = estimated
glomerular filtration rate; EuroScore = European System for Cardiac Operative
Risk Evaluation; gGT = gamma-glutamyl transferase; TR = tricuspid
regurgitation.

at the cohort level, conventional echocardiographic
metrics of RV performance decreased after TTVI
(TAPSE: from 17 [IQR: 14-20] mm at baseline to 16
[IQR: 13-19] mm at follow-up; P < 0.001; RV FAC: from
44% [IQR: 37%-50%] at baseline to 35% [IQR: 29%-
43%] at follow-up; P < 0.001); however, the deep
learning-predicted RVEF suggested unchanged RV
function over time, as it was 43% (IQR: 40%-47%)
at baseline and 43% (IQR: 40%-47%) at follow-up
(P =0.629).

To assess the relationships between conventional
RV functional metrics and deep learning-derived
RVEF, correlation analyses were performed before
and after TTVI. Prior to the procedure, TAPSE
showed a modest but statistically significant
correlation with RVEF (Spearman’s p: 0.26;
P < 0.001), as did RV FAC (Spearman’s p: 0.16,
P = 0.005). Following TTVI, these correlations
persisted but were slightly attenuated (Spearman’s
p for TAPSE: 0.24; P < 0.001; Spearman’s p for RV
FAC: 0.12; P = 0.023) (Figure 2).
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PROGNOSTIC UTILITY OF POSTPROCEDURAL RVEF
FOR RISK STRATIFICATION AFTER TTVI: LOWER
PREDICTED RVEF IS STRONGLY ASSOCIATED WITH
INCREASED MORTALITY. Lower RVEF, as predicted
based on postprocedural echocardiography, was
significantly associated with higher mortality
following TTVI. This association was observed
consistently across all evaluated time points. Spe-
cifically, each 1% decrease in predicted RVEF was
associated with a higher hazard for mortality at 1 year
(HR per 1% decrease: 1.06 [95% CI: 1.01-1.12]; P value:
0.016), at 2 years (HR: 1.07 [95% CI: 1.02-1.11];
P value: 0.002), and even if uncensored follow-up
data were used (HR: 1.04 [95% CI: 1.00-1.08];
P value: 0.037) (Figure 3A).

To identify a prognostically meaningful cutoff
value for predicted RVEF, we applied maximally
selected rank statistics. A cutoff value of 38% was
identified for both 1- and 2-year mortality, yielding
the highest log-rank statistics. This threshold was
subsequently used to split the cohort into 2 risk
groups: one with RVEF of 38% or higher and another
with RVEF below <38%. Kaplan-Meier survival
analysis showed a significant difference in 1-year
survival between the 2 groups: 85.1% (95% CI:
81.1%-89.3%) in the former and 58.4% (95% CI:
46.3%-73.8%) in the latter group. Importantly, pa-
tients with predicted RVEF <38% exhibited a 3.12-
fold higher risk of 1-year mortality (HR: 3.12
[95% CI: 1.85-5.26]; P value: <0.001) compared to
those with RVEF =38% (Figure 3B).

PATIENTS WITH LOWER POSTPROCEDURAL RVEF
EXHIBIT ADVANCED RV DYSFUNCTION AND HEMO-
DYNAMIC CONGESTION ALREADY AT BASELINE.
Patients with postprocedural deep learning-
predicted RVEF <38% differed significantly in
several baseline characteristics compared to those
with RVEF =38% (Supplemental Tables 2 and 3). They
were younger (77.8 [IQR: 70.9-82.4] vs 81.7 [IQR:
77.9-84.1] years; P < 0.001), presented more
frequently with NYHA functional class IV symptoms
(15.4 vs 6.5%; P = 0.044), and exhibited significantly
higher N-terminal pro b-type natriuretic peptide
levels (3,430 [IQR: 1,710-9,270] vs 2,350 [IQR: 1,330-
3,838] pg/mL; P = 0.005). Ventricular etiology of TR
was more prevalent in the group with lower post-
procedural RVEF (84.6% vs 67.3%; P = 0.019), while
atrial TR was more common in the other group (13.5%
VS 27.9%; P = 0.043). Regarding baseline echocar-
diographic characteristics, patients with post-
procedural RVEF <38% had lower LVEF (50% [IQR:
41%-55%] Vs 55% [IQR: 48%-60%]; P < 0.001), more
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TABLE 2 Baseline and Postprocedural Echocardiographic and Hemodynamic

Characteristics of the Study Population

Study Population

Postprocedural

(n =373) (n =371) P Value
LVEF, median (IQR), % 55 (47-59) 54 (49-58) 0.338
LVESD, median (IQR), mm 34 (30-42) 34 (29-41) 0.204
LVEDD, median (IQR), mm 47 (42-52) 48 (43-53) 0.024
LA volume, median (IQR), mL 84 (65-104) 91 (75-118) 0.002
SPAPechocardiography: Median (IQR), mm Hg 50 (34-81) 37 (30-43) <0.001
TAPSE, median (IQR), mm 17 (14-20) 16 (13-19) <0.001
RV FAC, median (IQR), % 44 (37-50) 35 (29-43) <0.001
RVEF redicteds % 43 (40-47) 43 (40-47) 0.629
Basal RV diameter, median (IQR), mm 46 (41-53) 48 (42-53) 0.295
TV EROA, median (IQR), cm? 0.6 (0.5-0.8) /
TV regurgitation volume, median (IQR), mL 58 (43-79) /
TR vena contracta width, median (IQR), mm 11 (9-14) /
TR = llI/V°, No. (%) 185 (49.6%) 347 (93.5) <0.001
TR = IV/V®, No. (%) 105 (28.2%) 15 (4.0%) <0.001
TR = V/V°, No. (%) 83 (22.3%) 9 (2.4%) <0.001
RA area, median (IQR), cm? 30 (25-38) 28 (23-35) <0.001
Inferior vena cava diameter, median (IQR), mm 24 (20-28) 22 (17-25) <0.001
SPAP;vasives Mmedian (IQR), mm Hg 42 (35-52) /
dPAP, median (IQR), mm Hg 15 (12-20) /
mPAP, median (IQR), mm Hg 27 (22-34) /
mPCWP, median (IQR), mm Hg 17 (13-24) /

Basal RV diameter = basal right ventricular diameter; dPAP = diastolic pulmonary artery pressure (as assessed
by right heart catheterization); LA volume = left atrial volume; LVEDD = left ventricular end-diastolic diameter;
LVEF = left ventricular ejection fraction; LVESD = left ventricular end-systolic diameter; mPAP = mean pul-
monary artery pressure (as assessed by right heart catheterization); mPCWP = mean postcapillary wedge
pressure (as assessed by right heart catheterization); RA area = right atrial area; RVEF = right ventricular
ejection fraction; RV FAC = right ventricular fractional area change; sPAPechocardiography = Systolic pulmonary
artery pressure (as assessed by echocardiography); sPAPinvasive = systolic pulmonary artery pressure (as
assessed by right heart catheterization); TAPSE = tricuspid annular plane systolic excursion; TR = tricuspid
regurgitation; TR vena contracta width = tricuspid regurgitation vena contracta width; TV regurgitation
volume = tricuspid valve regurgitation volume; TV EROA = tricuspid valve effective regurgitant orifice area.

impaired RV performance as indicated by TAPSE (15

[IQR: 14-18] vs 18 [IQR: 15-20] mm; P = 0.001) and RV
FAC (42% [IQR: 34%-46%] Vs 44% [IQR: 37%-51%]; P
= 0.015), and larger RV chamber dimensions (basal
RV diameter: 50 [IQR: 44-55] mm vs 46 [IQR: 41-53]
mm; P = 0.011). Additionally, these patients showed
more pronounced venous congestion, as reflected by
a significantly dilated inferior vena cava (28 [IQR: 22-
31] mm vs 24 [IQR: 20-27] mm, P = 0.003). Procedural
comparable  between  groups
(Supplemental Table 4). Despite these baseline dif-
ferences, postprocedural RVEF remained an inde-
pendent predictor of 1-year mortality after

success was

adjustment for age, NYHA functional class, NT-
proBNP, renal function, baseline LVEF, RV basal
diameter, and postprocedural TR severity (HR per 1%
increment in postprocedural RVEF: 0.95 [95% CI:
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FIGURE 1 Kaplan-Meier Curve Visualizing the Survival of the Entire Study Population

100% 1

75% 1

50% 1

Survival

25% 1

0% 1

Total population
(373 patients)

1-year survival: 81.1% (95% CI: 77.2-85.2%)
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TTVI = transcatheter tricuspid valve intervention.

0.91-1.00]; P = 0.048). Conversely, residual TR
severity emerged as an adverse prognostic factor
(HR per grade severity increment: 1.38 [95% CI: 1.16-
1.64]; P < 0.001) (Supplemental Table 5).

PATIENTS WITH REDUCED POSTPROCEDURAL RVEF
EXHIBIT EARLY RV FUNCTIONAL DECLINE
BETWEEN BASELINE AND POSTPROCEDURAL
ECHOCARDIOGRAPHY. High-risk patients with a
predicted postprocedural RVEF <38% had exhibited
a significant decline in median RVEF from 41% (IQR:
38%-44%) at baseline to 36% (IQR: 35%-37%) at
postprocedural echocardiography (median A: —4.31
percentage points; P < 0.001) (Figure 4A). In line with
these findings, conventional echocardiographic
markers of RV function had also deteriorated in this
high-risk group: TAPSE had declined from 15 (IQR:
14-18) mm to 14 (IQR: 11-16) mm (P = 0.010), and RV
FAC had decreased from 42% (IQR: 34-46) to 33%
(IQR: 25-40) (P < 0.001) (Figure 4B). In contrast, pa-
tients classified as low risk (defined by post-
procedural RVEF =38%) had unchanged or even
marginally improved RV function following TTVI
compared to baseline. Median RVEF in this group had
increased slightly, yet statistically significantly, from
44% (IQR: 41%-47%) at baseline to 44% (IQR: 42%-
47%) at postprocedural assessment (median A: +1.39
percentage points; P = 0.003).

JACC: ADVANCES, VOL. 5, NO. 2, 2026
FEBRUARY 2026:102530

PREDICTORS OF REDUCED POSTPROCEDURAL
RVEF FOLLOWING TTVI: YOUNGER, MALE, MORE
SYMPTOMATIC PATIENTS WITH PRE-EXISTING RV
DYSFUNCTION AND HEMODYNAMIC CONGESTION
ARE PARTICULARLY VULNERABLE. Given the
observed divergence in RV functional trajectories
described in the previous subsection (one of pro-
gressive decline in patients with already borderline
RV function, and another of stability or modest
improvement among those with preserved RV
reserve), we next sought to identify independent
predictors of lower postprocedural RVEF. To this
end, we performed univariable and multivariable
logistic regression analyses to determine which
clinical, echocardiographic, and hemodynamic fac-
tors at baseline were associated with a post-
procedural RVEF <38%, as predicted by the deep
learning model (Table 3).

In the univariable analysis, several parameters
were significantly associated with a higher likelihood
of RVEF <38% after TTVI. These included younger
age (OR per 1-year increment: 0.94 [95% CI: 0.90-
0.97]; P < 0.001), male sex (OR: 1.82 [95% CI: 1.01-
3.33]; P = 0.050), worse NYHA functional class (OR
per increment in NYHA functional class: 2.13 [95% CI:
1.03-4.44]; P = 0.043), lower LVEF (OR per 1%
increment: 0.94 [95% CI: 0.91-0.97]; P < 0.001),
lower RV performance (TAPSE, OR per 1 mm incre-
ment: 0.89 [95% CI: 0.83-0.96], P = 0.002; RV FAC,
OR per 1% increment: 0.96 [95% CI: 0.93-0.99], P =
0.011; baseline RVEF, OR per 1% increment: 0.88
[95% CI: 0.82-0.94], P < 0.001), and higher indices of
venous congestion, such as larger basal RV diameter
(OR per 1 mm increment: 1.04 [95% CI: 1.01-1.08]; P
value: 0.021) and inferior vena cava diameter (OR per
1 mm increment: 1.08 [95% CI: 1.02-1.14]; P = 0.006).

In the multivariable model, independent pre-
dictors of RVEF <38% were younger age (OR per
1-year increment: 0.94 [95% CI: 0.90-0.98]; P =
0.007), lower baseline LVEF (OR per 1% increment:
0.96 [95% CI: 0.93-1.00]; P = 0.036), and lower
predicted baseline RVEF (OR per 1% increment:
0.91 [95% CI: 0.84-0.98]; P = 0.022).

To further explore the relationship between age
and postprocedural RV dysfunction, receiver-
operating characteristic curve analysis identified an
optimal cutoff of 78.7 years for predicting reduced
postprocedural RVEF (area under the curve: 0.646;
sensitivity: 58%; specificity: 71%). When patients
were stratified according to this threshold, those
aged <78.7 years exhibited atrial TR etiology less
frequently but demonstrated more pronounced
biventricular impairment, reflected by lower baseline
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FIGURE 2 Correlation Analysis Between Conventional Metrics of RV Function and Deep Learning-Predicted RVEF

B Postprocedural assessment
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systolic excursion; other abbreviation as in Figure 1.

Scatter plots visualizing the correlation between conventional echocardiographic parameters of RV function and deep learning-predicted
RVEF at baseline (A) and after TTVI (B). The blue line represents a nonparametric LOESS smoother with its 95% CI (gray area), illustrating
the monotonic relationship between variables in accordance with Spearman's rank correlation analysis. LOESS, locally estimated scatterplot
smoothing; RVEF = right ventricular ejection fraction; RV FAC = right ventricular fractional area change; TAPSE = tricuspid annular plane

LVEF and lower predicted baseline RVEF, compared
with older patients (Supplemental Tables 6 and 7).

DISCUSSION

NOVELTY: FIRST OBJECTIVE, DEEP LEARNING-BASED
ASSESSMENT OF RV FUNCTIONAL TRAJECTORIES IN
PATIENTS UNDERGOING TTVI. To the best of our
knowledge, this is the first study to objectively

evaluate RV functional trajectories in patients un-
dergoing TTVI using a thoroughly validated deep
learning model. Our analysis revealed two distinct
patterns of RV response: the vast majority of patients
exhibited stable or unchanged RVEF, while a smaller,
high-risk subgroup showed a significant decline in
RVEF when baseline and postprocedural values were
compared. Importantly, the latter group demon-
strated a significantly lower 1-year survival rate than
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FIGURE 3 Survival Stratified by Deep Learning-Predicted RVEF From Postprocedural Echocardiography
A Association of mortality following TTVI
with predicted RVEF from postprocedural echocardiography
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(A) HR for mortality per 1% decrease in deep learning-predicted RVEF as assessed at postprocedural echocardiography. (B) Kaplan-Meier
curves of subgroups created based on right ventricular function (as assessed by predicted RVEF after TTVI). Abbreviations as in Figures 1
and 2.

the former, underscoring the pressing need for
intensified surveillance and more aggressive treat-
ment of comorbidities. The observed decline in RVEF
was in line with the deterioration of conventional
echocardiographic metrics such as TAPSE and RV
FAC, reinforcing the validity of deep learning-based
assessment and supporting the clinical relevance of
these findings. Notably, the applied deep learning
model is not influenced by subjective biases or

“wishful thinking” in terms of interpretative opti-
mism, which may lead clinicians to overestimate RV
function, particularly during postprocedural exami-
nations where the implanted device is clearly visible.
In this context, deep learning-enhanced echocardi-
ography provides a uniquely objective framework to
address ongoing debates regarding the individual RV
response to abrupt afterload changes following TTVI.
Therefore, deep learning may help identify patients
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FIGURE 4 Comparative Analysis for Changes in Deep Learning-Predicted RVEF and Conventional Echocardiographic Parameters of RV
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(A) Paired box plots comparing changes in deep learning-predicted RVEF following TTVI. (B) Paired box plots comparing changes in con-
ventional metrics of RV function following TTVI. Abbreviations as in Figures 1 and 2.

most likely to benefit from the procedure, while
prompting caution in others with underlying RV
vulnerability, for whom the net benefit of TTVI may
be limited or even potentially harmful.

INTERPRETING RVEF AFTER TTVI: BEYOND DELTA
METRICS, TOWARD CLINICAL MEANING. In a dedi-
cated imaging substudy of the TRILUMINATE Pivotal

trial, a proportional relationship was observed

between the magnitude of TR reduction and the
decline in RV end-diastolic volumes after TTVI.'®
Similar findings have been reported in registry
studies utilizing cardiac magnetic resonance imaging
and 3D echocardiography.'®?° Interestingly, these
studies also noted that while RV end-diastolic vol-
ume decreased after TTVI, RV end-systolic volume
remained relatively unchanged in the early post-
procedural period, often resulting in a modest
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TABLE 3 Univariable and Multivariable Logistic Regression Analyses to Identify Predictors of Postprocedural RVEF <38%

Predictor Variable

Univariable Analysis

Multivariable Analysis

OR (95% CI)

P Value

OR (95% CI) P Value

Age (per 1 year increment)
Sex (male as reference)

BMI (per 1 kg/m? increment)

NYHA functional class (per grade severity increment)

History of arterial hypertension
History of diabetes mellitus
History of CAD

History of COPD

History of atrial fibrillation

History of pacemaker implantation

N-terminal pro b-type natriuretic peptide
(per 1,000 pg/mL increment)

eGFR (per 10 mL/min/1.73 m? increment)
Hemoglobin (per 1 g/dL increment)

LVEF (per 1% increment)

LA volume (per 1 mL increment)
SPAPechocardiography (P€r 1 mm Hg increment)
mMPAPRyc (per 1 mm Hg increment)
mMPCWPrpc (per 1 mm Hg increment)
TAPSE (per 1 mm increment)

RV FAC (per 1% increment)

RVEF redicted (Per 1% increment)

Basal RV diameter (per 1 mm increment)

RA area (per 1 cm? increment)

Inferior vena cava diameter (per 1 mm increment)

Baseline TR severity (per grade severity increment)

0.94 (0.90-0.97)

1.82 (1.01-3.33)
1.01 (0.95-1.06)
2.13 (1.03-4.44)
0.80 (0.41-1.68)
0.96 (0.47-1.84)
1.69 (0.93-3.12)
1.50 (0.71-2.99)
1.31 (0.49-4.57)
1.28 (0.67-2.37)
1.04 (1.00-1.08)

0.94 (0.81-1.08)
0.88 (0.75-1.03)
0.94 (0.91-0.97)
1.00 (0.98-1.02)
1.00 (0.99-1.01)
1.03 (0.99-1.07)
1.04 (0.99-1.08)
0.89 (0.83-0.96)
0.96 (0.93-0.99)
0.88 (0.82-0.94)
1.04 (1.01-1.08)
1.01 (0.98-1.04)
1.08 (1.02-1.14)
1.14 (0.79-1.64)

<0.001
0.050
0.814
0.043
0.540
0.897
0.086
0.266
0.624
0.438
0.048

0.383
0.110
<0.001
0.996
0.830
0.112
0.126
0.002
0.011
<0.001
0.021
0.534
0.006
0.466

0.94 (0.90-0.98) 0.007
1.85 (0.89-3.91) 0.101

1.02 (0.98-1.06) 0.298

0.96 (0.93-1.00) 0.036

0.91(0.84-0.98) 0.022
1.02 (0.97-1.07) 0.387

RHC = right heart catheterization; other abbreviations as in Tables 1 and 2.

reduction in RVEF. Orban et al similarly reported a
decrease in 3D-derived RVEF in 71% of patients un-
dergoing TTVI, though only the preprocedural RVEF,
but not the postprocedural value or its change, was
associated with mortality.”’ In contrast, our findings
highlight the strong prognostic utility of post-
procedural RVEF, as predicted by deep learning, in
stratifying patient risk. In our cohort, only post-
procedural RVEF was consistently associated with
survival, whereas baseline RVEF and the absolute
change in RVEF were not. This observation likely
reflects the clinical nuance that a minor decline in
RVEF, for instance, from 50% to 48%, may represent
normalization of a previously hyperdynamic,
volume-overloaded RV and does not necessarily
indicate functional deterioration (although we
acknowledge that acute afterload mismatch may
contribute to true RV decompensation in particularly
vulnerable patients, underscoring the need for lon-
gitudinal imaging to distinguish transient hemody-
namic adaptation from progressive dysfunction).

Therefore, the interpretation of the change in RVEF
in isolation can be misleading, especially in hetero-
geneous populations as commonly encountered in
TTVI patients, whereas the absolute postprocedural
RVEF more accurately reflects residual RV reserve.
Moreover, our findings support the hypothesis that
postprocedural RVEF may reflect the patient’s “true”
RV systolic function, unmasked by the abrupt
removal of TR-related volume overload. Prior to
TTVI, higher baseline RVEF values may represent
either genuinely preserved RV function or pseudo-
normalization due to regurgitant volume-induced
hyperkinesis. Recent work proposing the adjust-
ment of baseline RVEF for TR volume has demon-
strated improved prognostic performance in
secondary TR, highlighting the need for load-adapted
measures when interpreting RV function.”” Future
studies should therefore explore the predictive value
of TR volume-corrected baseline RVEF to improve
preprocedural risk stratification in patients under-
going TTVI.
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CLINICAL AND PROGNOSTIC IMPLICATIONS OF
REDUCED POSTPROCEDURAL RVEF FOLLOWING
TTVI: TOO LATE REFERRAL TO BENEFIT?

Severe TR may arise from diverse pathophysiological
mechanisms. Given these distinct etiologies and
varying stages of disease progression, heterogeneity
in RV response following TTVI is not surprising.
Although only 15% of patients were classified as high
risk based on a postprocedural RVEF below 38%, this
group exhibited a significant functional decline and a
notably poor 1-year survival rate of only 58.4%,
which is worse than those reported in contemporary
cohorts of conservatively treated patients with se-
vere TR (64%-74%)."7>* These findings raise impor-
tant concerns about whether such patients derive a
meaningful benefit from TTVI, either because they
are referred too late or because their vulnerable RV
fails to tolerate abrupt afterload changes introduced
by TTVIL.

Indeed, independent predictors of reduced post-
procedural RVEF in our cohort included lower
baseline-predicted RVEF, higher NYHA functional
class, and larger inferior vena cava diameter—all in-
dicators of advanced right heart failure and systemic
congestion. Notably, worsening NYHA functional
class also suggests prolonged symptom duration and
delayed referral, implying that some patients may
have crossed a critical “point of no return” beyond
which RV function may not recover despite successful
correction of TR. This highlights the potential impact
of referral and timing bias in our cohort, as patients
were often evaluated at an advanced stage of TR with
long-standing congestion. Earlier identification and
referral—before irreversible RV dysfunction and sys-
temic involvement—may be necessary to realize the
full therapeutic benefit of TTVI. Recent cluster-based
risk stratification models considering both cardiac and
extracardiac damage indicate that only patients in
intermediate-risk categories may derive a survival
benefit from TTVI.?* These findings underscore the
need for refined patient selection and optimal timing
of intervention, recognizing that treatment may be
unable to prolong survival if performed too early in
disease progression, or futile if performed too late to
reverse cardiac and end-organ damage.

At present, the therapeutic armamentarium for
right heart failure remains limited: management of
RV failure relies primarily on loop diuretics to alle-
viate systemic congestion®® by unloading the thin-
walled, preload-sensitive RV, but these agents lack
disease-modifying properties. In contrast to left
heart failure—where neurohormonal antagonists
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prevent maladaptive remodeling and improve sur-
vival-no pharmacological therapies exist that
directly target RV maladaptation. This therapeutic
asymmetry likely reflects the distinct embryological
origins of the left and right ventricles, with the RV
arising mainly from the second heart field, resulting
in molecular differences in stress responses and
remodeling pathways.?®>” Our study contributes to
raising awareness of this major gap in heart failure
care by showing that patients with established RV
damage are vulnerable to progressive remodeling and
poor outcomes despite TTVL.

In this context, the associations of male sex and
younger age with lower postprocedural RVEF merit
further investigation. While the mechanisms remain
unclear, these patterns may reflect distinct under-
lying disease substrates rather than chronological
age as the dominant driver of RV vulnerability.
Younger patients referred for TTVI may represent a
particularly vulnerable subgroup with more
advanced or secondary ventricular TR phenotypes,
whereas older, frailer patients with similar disease
severity are often triaged to conservative manage-
ment, creating a potential referral bias. The link
with male sex further suggests possible biological
differences in RV adaptation, fibrotic remodeling,
or hemodynamic response to volume and pressure
overload, consistent with prior reports of sex-based
disparities in severe aortic stenosis®® and TR.?%:*°
Taken together, these findings indicate that patient
phenotype, genetic or molecular predisposition,
and sex-specific remodeling may be more important
than age per se in determining RV vulnerability.
Prospective studies including cardiac magnetic
resonance tissue characterization and molecular
analyses will be needed to clarify these
mechanisms.

STUDY LIMITATIONS. This is a retrospective, single-
center, observational, nonrandomized registry
study in a highly selected population with advanced
TR, which limits generalizability; therefore, our
findings should be considered exploratory and
hypothesis-generating. Five major limitations war-
rant consideration:

1) Imaging limitations and timing of follow-up:
Because echocardiographic studies were not orig-
inally performed with subsequent deep learning
analysis in mind, the availability and quality of
apical four-chamber views varied. To maximize
real-world applicability, all apical 2D four-
chamber views (either standard or RV-focused
views) were included without strict selection,
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CENTRAL ILLUSTRATION Deep Learning-Derived RVEF Identifies High-Risk Patients After TTVI

Study Characteristics

« 373 patients with severe TR undergoing TTVI between 2018 and 2023

RV function was assessed before and after TTVI using a deep learning algorithm
« Post-hoc analysis of a retrospective, single-center study

* Median follow-up time: 2.6 years

* Primary outcome: 1-year all-cause mortality

Lower Postprocedural RVEF Is Associated With Increased Mortality After TTVI
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« Deep learning enables objective and unbiased assessment of RV function after TTVI.
* Postprocedural RVEF <38% identifies patients at high risk for 1-year mortality.

* RVEF impairment after TTVI reflects limited RV reserve and may indicate too late referral.

Fortmeier V, et al. JACC Adv. 2026;5(2):102530.

Deep learning-derived RVEF assessed shortly after TTVI identifies a high-risk group with significantly impaired RV function and poor 1-year survival.
Patients with postprocedural RVEF <38% experienced a more than 3-fold increase in mortality, highlighting the need for refined patient selection,
timely intervention, and more aggressive treatment of comorbidities. Abbreviations as in Figures 1 and 2.

resulting in the analysis of 346 videos from 373 hemodynamic changes. Therefore, our analysis
patients (92.8%). Furthermore, postprocedural may not reflect delayed and long-term RV
echocardiography was performed in the early remodeling.

postprocedural period (median 2 days after TTVI) 2) Absence of core lab assessment and limited
to capture acute RV responses to abrupt blinding: Although all studies were locally
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reviewed by experienced echocardiographers
(V.F. and M.L.), no core lab was involved, which
may have introduced interobserver variability in
assessing cardiac structure and function. More-
over, complete blinding was not feasible, as the
implanted device was clearly visible in post-
procedural studies. This visibility may have
influenced the qualitative interpretation of RV
recovery using conventional metrics such as
TAPSE and RV FAC. These limitations under-
score the potential value of deep learning-based
analysis as an objective, reproducible, and un-
biased tool. At the same time, it should be
acknowledged that the deep learning model
applied in this study was originally developed
and validated in a broader population,' rather
than exclusively in patients with advanced or
severe TR undergoing TTVI. Its performance in
this specific high-risk cohort has not yet been
benchmarked against reference standards such
as 3D echocardiography or cardiac magnetic
resonance imaging.

3) Lack of a control group: Our study does not
include a control group of patients with severe TR
receiving optimized medical treatment without
TTVL. Such a conservative treatment group would
be essential to determine whether the observed
RV deterioration reflects natural disease progres-
sion or is unmasked by abrupt hemodynamic
changes related to TTVI. Future prospective, ran-
domized studies are needed to quantify the net
therapeutic effect of TTVI and guide optimal pa-
tient selection.

4) Exploratory cutoff: The 38% threshold for post-
procedural RVEF was derived from this data set
using an outcome-oriented approach based on
maximally selected log-rank statistics. As such,
this cutoff may be subject to overfitting and
should be considered as hypothesis-generating
rather than definitive. External validation in in-
dependent cohorts will be required before any
clinical application.

5) Study endpoint: This analysis used all-cause mor-
tality as the primary outcome, given its objectivity
and the completeness of follow-up ensured
through national civil registry data. Specific causes
of death—such as cardiovascular, age-related, or
oncologic—were not consistently documented and
therefore could not be reliably differentiated.
Moreover, considering the advanced age and mul-
timorbidity of this cohort, symptomatic improve-
ment may represent an equally meaningful
therapeutic goal. Future investigations should thus
aim to correlate postprocedural RVEF with patient-
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reported outcomes and relief of heart failure
symptoms following TTVI.

CONCLUSIONS

In this study, we provide the first objective, deep
learning-based assessment of RV functional trajec-
tories in patients undergoing TTVI. While most pa-
tients had similar RV function before and after TTVI,
a high-risk subgroup characterized by postprocedural
RVEF <38% exhibited early RV deterioration and
substantially impaired 1-year survival (Central
Illustration). Our findings highlight the potential
prognostic utility of postprocedural RVEF, under-
scoring the importance of optimized patient selec-
tion and timely intervention before irreversible RV
damage occurs. However, these findings should be
interpreted as hypothesis-generating, given the
single-center design and the fact that the cutoff was
derived from this data set, and they warrant external
validation in independent cohorts. If confirmed,
deep learning-enhanced echocardiography may
become a valuable tool to improve risk stratification
and guide clinical decision-making in the evolving
field of transcatheter tricuspid valve therapies.
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PERSPECTIVES

technically challenging.

COMPETENCY OF MEDICAL KNOWLEDGE 1: RV
function is a key determinant of prognosis in patients

curate assessment is therefore crucial but remains

COMPETENCY OF MEDICAL KNOWLEDGE 2: This
study applied a previously validated deep learning
model to objectively quantify RVEF before and after
TTVI. Patients with postprocedural RVEF <38% expe-
rienced significantly worse 1-year survival compared to
those with preserved function. Younger male patients
with greater symptom burden, baseline RV dysfunction,
and signs of hemodynamic congestion were particularly
vulnerable to RV deterioration following TTVI,
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undergoing TTVI. Given the thin-walled structure of
the RV and its high susceptibility to alterations in
loading conditions, even modest afterload changes
following TTVI may precipitate RV dysfunction. Its ac-
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identifying a high-risk subgroup that may benefit from
earlier intervention and closer follow-up.

TRANSLATIONAL OUTLOOK: Our findings under-

score the need for intensified surveillance and individ-
ualized management strategies for patients exhibiting
persistent or worsening RV dysfunction following TTVI.

Future studies should include conservatively managed
control groups to clarify whether the observed decline

clinical outcomes.

reflects the natural trajectory of advanced TR or is
unmasked by TTVI-related changes in RV loading con-
ditions and to determine the net benefit of TTVI in
patients with reduced RV function. Finally, there is a
pressing need to develop right heart-targeted phar-
macological therapies beyond diuretics, akin to neuro-
hormonal modulation in left-sided heart failure, to
mitigate maladaptive RV remodeling and improve
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