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Aims: The 2025 American Society of Echocardiography guidelines on the right heart introduce severity grading
for right ventricular (RV) dysfunction based on individual functional parameters. However, single-parameter
assessment may result in inconsistent diagnosis of RV dysfunction and discordant grading of its severity.
We aimed to investigate the prognostic value and discordance among RV functional echocardiographic pa-
rameters.

Methods: We analyzed two- and three-dimensional echocardiographic data from 3 centers, including 1,146
consecutive patients followed for the composite end point of all-cause mortality and heart failure hospitaliza-
tion. RV dysfunction severity was graded using the guideline-recommended cutoff values for tricuspid annular
plane systolic excursion (TAPSE), fractional area change (FAC) and free-wall longitudinal strain (FWLS) and
compared with severity assessment based on RV ejection fraction (RVEF).

Results: Over a median follow-up of 3.2 years, 261 patients (23%) met the composite end point. Assessed by
RVEF, worsening RV dysfunction categories carried a higher risk of the composite end point, which was sig-
nificant between mild versus normal and moderate versus mild dysfunction (hazard ratio [HR] = 2.385 [95% ClI,
1.720-3.307], P < .001; and HR = 1.581 [95% ClI, 1.066-2.346], P = .023), but not between severe versus mod-
erate dysfunction. TAPSE and FWLS did not show a significant difference in risk between the dysfunction cat-
egories. FAC identified a significant risk difference between adjacent severity categories only for moderate
versus mild dysfunction (HR = 1.928 [95% CI, 1.309-2.840], P < .001). Agreement with RVEF in patients
with dysfunction was poor for TAPSE (quadratic weighted « = 0.06, P = .132) and fair for FAC and FWLS
(xk =0.34, P <.001, and x = 0.30, P < .001, respectively).
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Conclusion: Significant discordance exists between conventional echocardiographic parameters of RV func-
tion and RVEF in grading RV systolic dysfunction. None of the individual RV functional parameters provided
consistent risk stratification across all severity categories. RVEF showed the most consistent overall risk
discrimination, whereas FAC and FWLS provided partial prognostic stratification. (J Am Soc Echocardiogr
2026;39:728-40.)

Keywords: 3D echocardiography, Right ventricular ejection fraction, Tricuspid annular plane systolic excur-
sion, Free-wall longitudinal strain, Fractional area change

. b
1146 consecutive patients Primary endpoint: Clinically indicated 2D
with various cardiac diseases heart failure hospitalization and and 3D echocardiography
from three centers all-cause mortality combined

2025 ASE guideline-recommended cut-off values indicated severity of RV dysfunction

3D RVEF TAPSE FAC FWLS
Normal >45% >17 mm >35% >20%
Mild <45% to >39% €17 mm to >13 mm <35% to >29% <20% to 215%
Moderate <39% to 232% <13 mm to >10 mm <29% to >22% <15% to 211%
Severe <32% <10 mm <22% <11%

Substantial discordance was TAPSE showed poor No single parameter

observed between RVEF and agreement, and FAC and stratified risk across all

2D parameters, especially in FWLS showed only fair grades, whereas RVEF
categorizing mild and agreement with RVEF in showed the best prognostic
moderate dysfunction categorizing dysfunction discrimination.

Tolvaj: J Am Soc Echocardiogr. 2026

Central lllustration In a cohort with various cardiac diseases, substantial discordance was observed between RVEF and conven-
tional RV functional parameters when using the 2025 ASE guideline-recommended cutoff values for grading RV dysfunction severity.
This discordance impacts risk stratification.
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Abbreviations

2D = Two-dimensional
3D = Three-dimensional

3DE = Three-dimensional
echocardiography

ASE = American Society of
Echocardiography

EDVi = End-diastolic volume
index

EF = Ejection fraction

ESVi = End-systolic volume
index

FAC = Fractional area change

FWLS = Free-wall
longitudinal strain

HF = Heart failure
HR = Hazard ratio
LV = Left ventricle, ventricular

RV = Right ventricle,
ventricular

RVEF = Right ventricular
ejection fraction

SVi = Stroke volume index

TAPSE = Tricuspid annular
plane systolic excursion

WASE = World Alliance of
Societies of
Echocardiography
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METHODS

Comprehensive  evaluation  of
right ventricular (RV) systolic
function is essential for risk stratifica-
tion and clinical management
across a broad range of cardiac dis-
eases.' * In recognition of the RV's
critical prognostic role, the 2025
guidelines from the American
Society of  Echocardiography
(ASE) introduced an updated
framework  for right heart
assessment, including, for the first
time, a standardized grading
system for RV systolic dysfunction
severity.

The guidelines propose cutoff
values to classify RV systolic
dysfunction as mild, moderate, or
severe, using  well-established
echocardiographic indices such as
tricuspid annular plane systolic excur-
sion (TAPSE), fractional area change
(FAQ), free-wall longitudinal strain
(FWLS), and three-dimensional
(BD)  echocardiography—derived

RV ejection fraction (RVEP.®?
However, these  parameters
reflect  different  physiological

components of RV contraction and
may yield discordant estimates of
dysfunction severity when applied
in isolation.'” Such inconsistency
may become even more pro-
nounced with the adoption of multi-
class severity grading, potentially

limiting clinical interpretability and confidence in decision-making.

See page 741 in issue for related content.

Among available metrics, 3D RVEF is often regarded as the most

comprehensive echocardiographic measure of RV systolic function,
as it accounts for the chamber’s complex geometry without relying
on geometric assumptions.'"'? Nevertheless, disagreement between
RVEF and conventional indices remains frequent in clinical practice,
even when single abnormality thresholds are used.'® Whether the
newly recommended severity grades improve prognostic stratifica-
tion or introduce further classification conflict has not yet been sys-
tematically evaluated, and their relationship with adverse clinical
outcomes remains unvalidated.

Accordingly, this study aims to evaluate the extent of discordance
between TAPSE, FAC, FWLS, and RVEF in identifying and grading RV
systolic dysfunction severity. Additionally, it seeks to assess the prog-
nostic utility of the newly proposed ASE severity categories for these
parameters.

Study Design and Population

This multicenter retrospective study included patients with a broad
spectrum of cardiovascular conditions who underwent clinically
indicated two-dimensional (2D) and 3D transthoracic echocardiogra-
phy between December 2014 and March 2021 at the University of
Occupational and Environmental Health (Kitakyushu, Japan), Istituto
Auxologico Italiano, IRCCS (Milan, Italy), and Semmelweis
University Heart and Vascular Center (Budapest, Hungary). The pa-
tients from the latter 2 centers were also included in a previous study
investigating the disagreement between conventional parameters and
RVEF in the detection of RV systolic dysfunction.'®

Patients were eligible if the following criteria were met: (1) availabil-
ity of complete full-volume 3D datasets for both the left ventricle (LV)
and the RV; (2) adequate image quality and temporal resolution for
reliable volumetric analysis; and (3) availability of follow-up data. All
patients underwent standardized 2D and 3D echocardiographic imag-
ing protocols. Image quality was assessed subjectively, based on factors
including dataset optimization for depth and width, signal-to-noise ra-
tio, volume rate (=20 volumes/s), and complete visualization of the
endocardial borders of both ventricles. Quality was rated on a 5-
point scale (1 = poor, 5 = excellent); datasets that were deemed to
be of poor quality were excluded from further analysis.

Demographic and clinical variables, including age, anthropometric
data (weight, height, body surface area, body mass index), hemody-
namic parameters (systolic and diastolic blood pressure, heart rate),
cardiovascular risk factors, comorbidities, and medical history, were
extracted from hospital electronic health records. Given the retro-
spective design, written informed consent was waived. The study
complied with the Declaration of Helsinki and was approved by the
institutional ethics committees at all participating centers (University
of Occupational and Environmental Health approval no. CR25-
085, Istituto Auxologico Italiano approval no. 2021_05_18_13,
Semmelweis University approval no. 190/2020).

Two- and Three-Dimensional Echocardiography

Transthoracic echocardiographic examinations were performed us-
ing commercially available ultrasound platforms (Vivid E9, E95 with
4V or 4Vc-D probe, GE Vingmed Ultrasound; and iE33, EPIQ 7 and
7G with X5-1 probe, Philips Medical Systems). A standardized acqui-
sition protocol was employed across all centers, including the acquisi-
tion of 2D image loops from parasternal, apical, and subxiphoid
views. All image data were digitally archived in raw-data format and
analyzed offline using commercially available software packages
(EchoPAC BT12, GE Vingmed, and TomTec Imaging). TAPSE, RV
end-diastolic and end-systolic area, FAC, and RV systolic pressure
were measured according to current guidelines.’

In addition to conventional 2D imaging, electrocardiogram-
gated full-volume 3D datasets were reconstructed from 4 to 6
consecutive cardiac cycles, optimized for left or right heart assess-
ment. Left heart—focused datasets were analyzed using semiauto-
mated, commercially available software (AutolVQ, EchoPAC;
and 4D LV-Analysis 3, TomTec Imaging) to derive left ventricular
(LV) end-diastolic volume index (EDVi), end-systolic volume index
(ESVi), stroke volume index (SVi), and ejection fraction (EF),
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providing a comprehensive evaluation of global LV systolic func-

HIGHLIGHTS tion. Concerning the right heart, 3D RV EDVi, ESVi, SVi, EF,
and septal and 2D FWLS were quantified (4D RV-Function 2,
e We compared 2D parameters and 3D RVEF in grading RV TomTec Imaging)."”'* All echocardiographic analyses were per-

formed at the respective institutions by attending physicians with
at least 3 years of experience in advanced echocardiographic post-
processing.

dysfunction severity.

e Substantial discordance exists between RVEF and conven-
tional parameters.

e Discordance was the greatest in mild and moderate dysfunc-
tion.

o No single RV parameter consistently stratified risk across all RV systolic function was classified according to the 2025 ASE
guidelines.” TAPSE was classified as normal at values >17 mm, mildly

reduced from =17 mm to >13 mm, moderately reduced from
=13 mm to >10 mm, and severely reduced at =10 mm. FAC was
considered normal at >3 5%, mildly reduced from =35% to >29%,
moderately reduced from =29% to >22%, and severely reduced
at =22%. FWLS was defined in absolute values as normal at

Assessment of RV Systolic Function

severity grades.
e RVEF demonstrated the strongest ability to distinguish prog-
nostically distinct groups.

Table 1 Demographic and clinical characteristics

Primary end Primary end
Overall point not met point met
(n=1,146) (n = 885) (n=261) P value
Baseline demographic characteristics
Age, years 61.5 + 16.6 60.3 = 16.5 65.4 = 16.3 <.001
Gender, male 765 (66.9) 593 (67.0) 172 (65.9) 774
Height, m 1.67 = 0.11 1.67 = 0.11 1.66 = 0.11 440
Weight, kg 68.8 = 16.0 69.0 = 15.7 68.0 = 16.8 .350
BSA, m 1.77 = 0.25 1.78 = 0.24 1.76 = 0.26 274
BMI, kg/m? 245+ 4.2 24.6 4.2 243 4.4 .365
Systolic blood pressure, mm Hg 126.5 = 20.5 128.0 = 20.3 121.7 = 20.3 <.001
Diastolic blood pressure, mm Hg 73.4 =125 74.0 = 12.6 715 =123 .009
Heart rate, bpm 70.0 = 14.9 68.9 + 14.2 74.0 = 16.5 <.001
Risk factors and medical history
History of smoking 278 (24.3) 218 (24.6) 60 (23.0) .617
Diabetes 259 (22.6) 185 (20.9) 74 (28.4) .013
Dyslipidemia 517 (45.1) 410 (46.3) 107 (41.0) 139
Hypertension 670 (58.5) 513 (57.9) 157 (60.2) 510
Coronary artery disease 365 (31.8) 275 (31.1) 90 (34.5) .306
2D echocardiographic parameters
TAPSE, mm 18.7 = 5.9 19.2 £ 5.9 171 £ 5.7 <.001
FAC, % 35.6 £ 10.0 36.7 £ 9.6 31.9 £10.5 <.001
RV SLS, % 13.3 =55 14.0 = 5.3 10.8 =54 <.001
FWLS, % 242 £ 6.7 251 £6.5 211 £ 6.4 <.001
3D echocardiographic parameters
LV EDVi, mL/m? 85.1 = 35.0 81.9 = 31.7 95.9 + 42.8 <.001
LV ESVi, mL/m? 47.2 + 323 43.5 + 28.8 59.3 = 39.6 <.001
LV SVi, mL/m? 38.0 = 13.7 38.4 + 134 36.6 £ 14.5 .062
LVEF, % 48.4 = 15.0 50.1 = 141 42.5 £ 16.3 <.001
RV EDVi, mL/m? 74.9 + 28.1 71.2 £ 25.2 87.0 = 33.6 <.001
RV ESVi, mL/m? 40.9 £ 211 374 £17.8 52.6 + 26.4 <.001
RV SVi, mL/m? 33.9 £ 11.4 33.8 £ 11.0 34.4 £12.7 .440
RVEF, % 46.9 + 9.6 48.5 + 8.7 412 £10.3 <.001

BMI, Body mass index; BSA, body surface area; SLS, septal longitudinal strain.
Continuous variables are presented as means *+ SD; categorical variables are reported as frequencies (%). Strain parameters are reported in ab-
solute values. Significant P values are indicated in bold.
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Agreement of conventional parameters with RVEF grading
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Figure 1 Agreement of conventional parameters with RVEF-based RV systolic function grading visualized using percentage stacked

bar graphs.

>20%, mildly reduced from =20% to =15%, moderately reduced
from <15% to =11%, and severely reduced at <11%. For RVEF,
normal function was defined as >45%, mildly reduced from =45%
to >39%, moderately reduced from =39% to =32%, and severely
reduced at <32%.

Study Outcomes

The primary objective was to evaluate the discordance in the
severity grading of RV systolic function between conventional echo-
cardiographic parameters (TAPSE, FAC, and FWLS) and 3D echocar-
diography—derived (3DE-derived) RVEE

Follow-up data (heart failure [HFI hospitalization, date of HF hospi-
talization, status [dead or alivel, date of death) were obtained from
institutional records and national healthcare databases. The primary
end point was a composite of HF hospitalization and all-cause mortal-
ity. The secondary end points were HF hospitalization and all-cause
mortality separately. HF hospitalization was defined as hospital admis-
sion for worsening signs and symptoms of HF, requiring intravenous
treatment aimed at managing fluid overload and hemodynamic
compromise.

Statistical Analysis

Statistical analysis was performed using SPSS (ver. 25, IBM), Stata
(ver. 19, StataCorp), R (ver. 4.1.2, R Foundation for Statistical
Computing), and GraphPad Prism (ver. 9.5.1, GraphPad Software).
Continuous variables are expressed as mean = SD or median and in-
terquartile range, whereas categorical variables are reported as per-
centages. After verifying the normal distribution of variables using
the Kolmogorov-Smirnov and Shapiro-Wilk test, the clinical and
echocardiographic characteristics were compared with unpaired
Student t test or Mann-Whitney U test for continuous variables and
chi-squared or Fisher’s exact test for categorical variables, as appro-
priate. Multiple group comparisons (>2) were performed using 1-
way analysis of variance or Welch's analysis of variance and x? or
Fisher exact test, as appropriate. Outcomes of different groups based

on their classification by RV parameters were visualized via Kaplan-
Meier curves and compared using log-rank tests. For the composite
end point and all-cause death, Cox proportional hazards models
were used to compute hazard ratios (HRs) with 95% Cls. For HF hos-
pitalization, subdistribution HRs with 95% Cls were estimated using
Fine-Gray competing risk regression, with all-cause death treated as
the competing event. Proportional-hazards assumptions were veri-
fied using Schoenfeld residual-based tests. Quadratic weighted kappa
(k) was used to assess the concordance between the RV parameters,
and the results were interpreted based on conventional Landis and
Koch thresholds. Sankey diagrams were constructed using
SankeyMATIC (https://sankeymatic.com) to visualize the volume
of reclassified patients caused by the discordance between conven-
tional parameters and RVEF in RV systolic function grading. For
missing measurements, pairwise exclusion was applied when con-
structing the Sankey diagrams. To further assess the relationship be-
tween RV functional parameters as continuous variables and the
risk of the composite end point, we derived pointwise estimates of
the univariable and multivariable hazard ratio curves, along with their
corresponding Cls, using the smoothHR package in R, with reference
values defined according to the mean values reported in the World
Alliance of Societies of Echocardiography (WASE) study.”'” A 2-
sided P value of <05 was considered statistically significant.

RESULTS

Baseline Clinical and Echocardiographic Characteristics
and Their Association with Outcomes

A total of 1,146 patients were included in this 3-center study,
comprising 396 patients from the University of Occupational and
Environmental Health (Kitakyushu, Japan), 393 patients from the
Istituto Auxologico Italiano, IRCCS (Milan, Italy), and 357 patients
from the Heart and Vascular Center of Semmelweis University
(Budapest, Hungary). The initial total cohort consisted of 1,352 pa-
tients, of whom 206 (15%) were excluded due to the absence of com-
plete 3D full-volume datasets for either the RV or LV (n = 87),
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Figure 2 Disagreement in the classification of RV systolic dysfunction between TAPSE and 3DE-derived RVEF visualized by the rate
of reclassification using a Sankey diagram. Green flows represent patients with normal RV function; yellow, orange, and red flows
represent patients with mild, moderate, and severe RV dysfunction by RVEF, respectively.
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Figure 3 Disagreement in the classification of RV systolic dysfunction between FAC and 3DE-derived RVEF visualized by the rate of
reclassification using a Sankey diagram. Green flows represent patients with normal RV function; yellow, orange, and red flows repre-
sent patients with mild, moderate, and severe RV dysfunction by RVEF, respectively.

suboptimal 3D image quality precluding RV or LV analysis (n = 105),
the presence of arrhythmias or stitching artifacts (n = 8), unavailable
follow-up (n = 5), and duplicate records (n = 1).

The study population represented a broad range of cardiac condi-
tions including patients with aortic valve disease (n = 146, 13%),
mitral valve disease (n = 123, 11%), heart transplant (n = 91, 8%),

nonischemic dilated cardiomyopathy (n = 136, 12%), ischemic car-
diomyopathy (n = 137, 12%), acute coronary syndrome (n = 167,
15%), other forms of cardiomyopathy (n = 146, 13%), and various
other cardiac conditions (n = 200, 17%).

During the median follow-up time of 3.2 years (interquartile
range, 1.5-4.3), 261 (23%) patients met the primary end point.
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Figure 4 Disagreement in the classification of RV systolic dysfunction between FWLS and 3DE-derived RVEF visualized by the rate of
reclassification using a Sankey diagram. Green flows represent patients with normal RV function; yellow, orange, and red flows repre-
sent patients with mild, moderate, and severe RV dysfunction by RVEF, respectively.
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Figure 5 Risk analysis regarding the primary end point of patients classified into RV function categories based on RVEF (A), TAPSE

(B), FAC (C), and FWLS (D), visualized via Kaplan-Meier curves.

HF hospitalization occurred in 162 (14%) cases, and 153 (13%) in-
dividuals died during the follow-up period. Demographic and clin-
ical characteristics of the study cohort, as well as a comparison
of patients who met the primary end point, are presented in

Table 1. A comparison by center is also available in
Supplemental Table S1.
Hypertension (58%), dyslipidemia (459%), coronary artery disease

(32%), and diabetes mellitus (23%) were the most prevalent
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Table 2 Univariable Cox regression models predicting the primary end point

HR [95% CI] P value
RVEF-based assessment
Mild dysfunction vs normal function 2.385 [1.720-3.307] <.001
Moderate dysfunction vs normal function 3.770 [2.655-5.353] <.001
Severe dysfunction vs normal function 5.205 [3.758-7.210] <.001
Moderate vs mild dysfunction 1.581 [1.066-2.346] .023
Severe vs mild dysfunction 2.183 [1.504-3.168] <.001
Severe vs moderate dysfunction 1.381 [0.931-2.046] .108
TAPSE-based assessment
Mild dysfunction vs normal function 1.663 [1.235-2.240] .001
Moderate dysfunction vs normal function 2.072 [1.484-2.894] <.001
Severe dysfunction vs normal function 1.931 [1.252-2.978] .003
Moderate vs mild dysfunction 1.246 [0.868-1.790] .233
Severe vs mild dysfunction 1.161 [0.736-1.832] .521
Severe vs moderate dysfunction 0.932 [0.576-1.507] 773
FAC-based assessment
Mild dysfunction vs normal function 1.180 [0.841-1.657] .337
Moderate dysfunction vs normal function 2.276 [1.638-3.164] <.001
Severe dysfunction vs normal function 3.297 [2.343-4.639] <.001
Moderate vs mild dysfunction 1.928 [1.309-2.840] <.001
Severe vs mild dysfunction 2.793 [1.874-4.162] <.001
Severe vs moderate dysfunction 1.448 [0.980-2.140] .063
FWLS-based assessment
Mild dysfunction vs normal function 2.198 [1.640-2.945] <.001
Moderate dysfunction vs normal function 3.073 [2.082-4.535] <.001
Severe dysfunction vs normal function 3.609 [2.117-6.150] <.001
Moderate vs mild dysfunction 1.398 [0.912-2.144] 124
Severe vs mild dysfunction 1.642 [0.937-2.878] .083
Severe vs moderate dysfunction 1.174 [0.634-2.176] .609

Significant P values are indicated in bold.

comorbidities in the study cohort. Patients who met the primary end
point were older, exhibited higher resting heart rates, and had a
greater prevalence of diabetes, as shown in Table 1. These clinical fea-
tures, along with the aforementioned comorbidity, were identified as
significant predictors of the primary outcome in univariable Cox
regression analysis (Supplemental Table S2). Notably, all examined
2D and 3D echocardiographic parameters of RV size and systolic
function, with the exception of LV and RV SVi, significantly differed
between patients who met the primary end point and those who
did not (Table 1) and were also associated with the incidence of the
primary end point during follow-up, including LV SVi
(Supplemental Table S2).

RV Dysfunction Grading and Reclassification

RVEF measurements were available in all 1,146 cases, while TAPSE
was measured in 1,140 cases, FAC in 1,137 cases, and FWLS in
1,134 cases, respectively.

According to RVEF, 748 patients (65%) demonstrated normal RV
function, while 180 (16%) had mild, 116 (10%) had moderate, and
102 (9%) had severe RV dysfunction. Agreement between RVEF
and the 3 conventional parameters was limited. Among patients

with normal RVEF, full agreement across all 3 conventional echocar-
diographic parameters (TAPSE, FAC, FWLS) was observed in 50%,
and 2-parameter agreement was present in an additional 35%. In
contrast, 2% of the patients with mildly and moderately reduced
RVEF showed complete concordance among the 3 conventional
echocardiographic parameters, whereas only 5% of those with
severely reduced RVEF demonstrated full agreement among the 3
conventional echocardiographic parameters. Importantly, complete
disagreement among the 3 conventional parameters was observed
in 32%, 43%, and 24% of patients with mildly, moderately, and
severely reduced RVEF (Figure 1).

Using TAPSE, 658 patients (58%) were classified as having normal
RV function, while 250 (22%) had mild, 144 (13%) moderate, and 88
(8%) severe RV dysfunction. In comparison to RVEF-based classifica-
tion, agreement within the dysfunction categories was remarkably
limited, with rates of 25% for mild, 20% for moderate, and 33%
for severe dysfunction. A substantial proportion of patients with RV
dysfunction based on TAPSE values were reclassified as having
normal function by RVEF, including nearly half of those initially cate-
gorized as mild RV dysfunction, approximately one-third of those
classified as moderate, and around one-fifth of those classified as se-
vere RV dysfunction (Figure 2).
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Figure 6 Relationships between RV functional parameters—(A) RVEF; (B) TAPSE; (C) FAC; and (D) FWLS —and the risk of the com-
posite end point. Mean values of RV functional parameters defined in the WASE study were used as reference values (indicated by
vertical blue lines)."®'” Red dashed vertical lines indicate guideline-recommended cutoffs for grading RV dysfunction severity. In
addition to the given RV functional parameter, each multivariable Cox model included age, sex, LVEF, body mass index, systolic
blood pressure, diabetes, and study center as covariates.
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Using FAC, 621 patients (55%) were categorized as having normal
RV function, while 245 (22%) had mild, 165 (15%) moderate, and
106 (9%) severe RV dysfunction. The agreement with RVEF-based
classification remained low, particularly for mild (20%) and moderate
(21%) RV dysfunction, although it was higher for the severe category
(52%). Notably, approximately two-thirds of patients with mild RV
dysfunction based on FAC values and more than one-third with mod-
erate RV dysfunction were reclassified to the normal category by
RVEF (Figure 3).

Using FWLS, 828 patients (73%) were found to have normal RV
function, while 200 (18%) had mild, 74 (7%) moderate, and 32
(3%) severe RV dysfunction. The agreement rates with RVEF for
the mild and moderate RV dysfunction categories remained modest,
at 29% and 28%, respectively. Conversely, the severe category
showed an agreement rate of 78% with RVEF, the highest among
the conventional parameters. The highest rate of reclassification to
normal function occurred in the mildly reduced FWLS group,
affecting nearly one-third of patients (Figure 4).

Across the 4-grade RV function scale, RVEF showed statistically sig-
nificant but variable agreement with conventional echocardiographic
indices (Supplemental Table S3). Both TAPSE and FAC demonstrated
moderate concordance with RVEF (quadratic weighted « = 0.51
[95% (I, 0.45-0.571, P<.001; and k = 0.57 [95% (I, 0.51-0.631,
P < .001, respectively), while FWLS exhibited the strongest associa-
tion with RVEF, demonstrating substantial agreement (x = 0.65
[95% CI, 0.60-0.711, P<.001).

By excluding patients with normal RVEF and normal TAPSE, FAC,
or FWLS (1 parameter at a time), we generated 3 separate cohorts of
RV dysfunction for severity-specific agreement analysis (Supplemental
Table S4). In these analyses, concordance declined markedly. In the
RVEEF versus TAPSE dysfunction cohort (n = 363), agreement was
poor. TAPSE showed no meaningful agreement beyond chance
(k = 0.06 [95% CI, —0.04 to 0.16], P = .132). In the RVEF versus
FAC dysfunction cohort (n=318) and RVEF versus FWLS dysfunction
cohort (n=285), agreements were fair (« =0.34 [95% CI, 0.23-0.45],
P<.001, and k =0.30 [95% CI, 0.21-0.38], P<.001, respectively).

Association of the Severity Categories with Outcomes

The outcomes of patients with different RV function according to
each study parameter were visualized using Kaplan-Meier curves
(Figure 5), and the number of events in each group is provided in
Supplemental Table S5. Using RVEF-based grading, patients with
mild RV dysfunction had a more than twofold increased risk of
meeting the primary end point compared to those with normal RV
function (unadjusted HR = 2385 [95% CI, 1.720-3.307],
P < .001). Furthermore, patients with moderate RV dysfunction
also showed a higher risk than patients with mild RV dysfunction (un-
adjusted HR = 1.581 [95% (I, 1.066-2.346], P=.023). However, no
significant difference was observed between patients with severe and
moderate RV dysfunction (unadjusted HR = 1.381 [95% ClI, 0.931-
2.0461, P=.108; Figure 5A). The full risk comparison of the RV func-
tional categories based on RVEF is provided in Table 2.

According to TAPSE, patients with mild, moderate, and severe RV
dysfunction exhibited a nearly twofold higher risk compared to pa-
tients with normal RV function (unadjusted HRs = 1.663 [95% CI,
1.235-2.2401, P = .001; 2.072 [95% CI, 1.484-2.894]1, P < .001,
and 1931 [95% CI, 1.252-2978], P = .003, respectively).
However, pairwise comparisons among the patients with different
grades of RV dysfunction revealed no statistically significant differ-
ences (Figure 5B, Table 2).
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FAC-based grading showed that patients with normal RV function
and those with mild RV dysfunction had a similar incidence of the pri-
mary end point (unadjusted HR = 1.180 [95% CI, 0.841-1.657],
P=.337).n contrast, patients with moderate and severe RV dysfunc-
tion exhibited significantly higher risks than patients with normal RV
function (unadjusted HRs = 2.276 [95% CI, 1.638-3.1641, P<.001;
and 3.297 [95% CI, 2.343-4.639], P < .001, respectively).
Additionally, patients with moderate RV dysfunction showed a nearly
twofold higher risk compared to patients with mild RV dysfunction
(unadjusted HR = 1.928 [95% (I, 1.309-2.8401, P<.001), although
no significant difference was observed between patients with moder-
ate and severe RV dysfunction (unadjusted HR = 1.448 [95% (I,
0.980-2.1401, P=.063; Figure 5C, Table 2).

Using FWLS-based grading, patients with mild, moderate, and se-
vere RV dysfunction had a higher occurrence of the primary end
point compared to those with normal function (unadjusted HRs =
2.198 [95% CI, 1.640-2.945], P < .001; 3.073 [95% CI, 2.082-
4.535], P<.001; and 3.609 [95% CI, 2.117-6.1501, P<.001, respec-
tively). However, no significant differences in outcome were observed
between patients with RV dysfunction (Figure 5D, Table 2).

Findings were consistent for HF hospitalization and all-cause mor-
tality considered separately in univariable analysis (Supplemental
Tables S6 and S7).

In multivariable models adjusting for age, sex, LVEF, body mass in-
dex, systolic blood pressure, diabetes, and center, RVEF grading re-
mained independently associated with the primary outcome
(Supplemental Table S8). Patients with mild RV dysfunction demon-
strated a nearly twofold increased risk of meeting the primary end
point compared to those with normal function (adjusted HR =
1.967 [95% CI, 1.352-2.8631, P < .001). Patients with moderate
RV dysfunction also showed a higher risk relative to those with
mild dysfunction (adjusted HR = 1.768 [95% CI, 1.141-2.740],
P = .011). In contrast, TAPSE-based categories showed limited inde-
pendent prognostic separation, with significance retained only for
moderate dysfunction versus normal function (adjusted HR =
1.800 [95% (I, 1.214-2.6701, P=.003). FAC-based assessment re-
vealed that patients with moderate and severe RV dysfunction ex-
hibited substantially higher risks than those with normal RV
function (adjusted HRs = 2.064 [95% CI, 1.393-3.0601, P < .001;
and 2.742 [95% CI, 1.790-4.199], P < .001, respectively).
Additionally, patients with moderate and severe RV dysfunction
had a nearly twofold higher risk than those with mild RV dysfunction
(adjusted HRs = 1.805 [95% CI, 1.160-2.808I, P=.009; and 2.397
[95% CI, 1.514-3.795], P < .001, respectively). Patients with mild,
moderate, and severe FWLS-based RV dysfunction showed a twofold
higher risk compared to patients with normal RV function in the
multivariable analysis as well (adjusted HRs = 2.081 [95% (],
1.485-2.9161, P<.001; 2.110 [95% (I, 1.333-3.341], P=.001; and
2311 195% CI, 1.255-4.256l1, P=.007, respectively).

Using the same covariates, the difference in risk between RV
dysfunction categories based on each RV functional parameter was
assessed regarding the secondary end points (Supplemental Tables
S9 and S10).

When modeled as continuous variables, RVEF, FAC, and FWLS
demonstrated consistent associations with the composite end point,
with progressively increasing risk at lower values across both uni-
variable and multivariable models (Figure 6A, 6C, and 6D). In
contrast, TAPSE exhibited a comparatively flatter risk gradient,
with substantial attenuation after multivariable adjustment
(Figure 6B).
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DISCUSSION

This multicenter study evaluated the concordance between conven-
tional echocardiographic parameters and 3DE-derived RVEF in
grading the severity of RV systolic dysfunction and assessed the associ-
ations of the newly proposed ASE severity categories with clinical out-
comes (Central lllustration). In this large cohort of patients with diverse
cardiac conditions we found that (1) there is substantial discordance
between RVEF and conventional RV functional parameters, particu-
larly within the RV dysfunction categories; (2) in patients with RV
dysfunction, TAPSE showed slight agreement, while FAC and FWLS
showed a fair agreement with RVEF; (3) severity categories derived
from conventional parameters showed limited ability to differentiate
incremental risk across dysfunction grades; (4) despite the absence
of statistically significant separation between moderate and severe
dysfunction categories, RVEF provided the strongest prognostic
discrimination and remained independently associated with outcome
after adjustment for clinically relevant covariates; and (5) these findings
underscore the need for validated, disease-sensitive multiparametric
frameworks to support clinically meaningful RV dysfunction grading.

Conventional indices such as TAPSE, FAC, and FWLS remain
widely used for RV systolic function assessment because they are
accessible and well established in clinical workflows.'®?° Their
broad availability, relative technical simplicity, and lower
dependence on image quality support their clinical practicality,
particularly in settings where advanced 3D imaging is not routinely
feasible. However, these parameters provide only partial surrogates
of RV performance and do not fully capture the chamber’s complex
geometry, contraction pattern, and regional mechanics. These
limitations likely contribute to the substantial disagreement
previously demonstrated between abnormality thresholds of
conventional indices and RVEF with important clinical
implications.'® The present study extends these observations by
showing that the newly proposed multiclass ASE severity grading sys-
tem introduces even greater discordance between parameters, partic-
ularly in mild and moderate dysfunction categories, and does not
consistently reflect progressive risk across severity levels.

Among the conventional parameters, TAPSE showed particularly
low concordance with RVEF. Agreement rates remained below
30% in mild and moderate dysfunction, with frequent reclassification
to normal function when compared to RVEE Even in severe dysfunc-
tion, concordance remained modest. FAC and FWLS showed greater
agreement, especially in advanced dysfunction categories. In severe
dysfunction, the agreement reached over 50% in the case of FAC
and 70% in the case of FWLS; however, the overall agreement re-
mained only fair. These findings highlight the clinical challenge of in-
terpreting conflicting severity classifications when different
parameters suggest divergent grades of RV impairment and under-
score that readily obtainable conventional indices may not be inter-
changeable with more comprehensive measures of RV performance.

Beyond the inherent 2D and regional nature of conventional pa-
rameters, discordance is also expected because each parameter re-
flects distinct physiological components of RV dysfunction.! TAPSE
predominantly captures longitudinal basal motion, FAC incorporates
both longitudinal and radial shortening, FWLS reflects free-wall
myocardial deformation, and RVEF integrates global chamber perfor-
mance. Therefore, reliance on isolated indices may lead to inconsis-
tent grading and potentially suboptimal clinical decision-making.
Beyond these physiological differences, the observed discordance
may also partly reflect methodological variability inherent to the
multicenter design, including intersite differences in image acquisi-

Journal of the American Society of Echocardiography
August 2026

tion, the use of multiple imaging vendors, and reader-dependent mea-
surement variability; nevertheless, this heterogeneity enhances the
external validity of the study by reflecting real-world clinical practice.
Nonetheless, adjustment for center did not substantially change the
observed associations.

Importantly, conventional severity grades showed limited prog-
nostic stratification. TAPSE, in particular, did not appear to have a
meaningful role in severity-based risk stratification in this cohort, as
it failed to differentiate between dysfunction categories associated
with distinct levels of risk, suggesting a plateau effect. The higher event
rate in the moderate group than in the severe group further under-
scores the restricted discriminatory performance of TAPSE-based
categorization, together with the influence of sample size, category
distribution, and clinical heterogeneity. These may indicate that
TAPSE is only suitable for detecting RV systolic dysfunction rather
than grading its severity. FWLS showed limited discriminatory capac-
ity across severity groups and demonstrated a modest separation
across dysfunction grades when all-cause mortality was the end point.
Interestingly, FAC thresholds did not adequately separate normal
from mild dysfunction, suggesting reduced sensitivity for early impair-
ment. Ideally, a severity grading system should detect subtle dysfunc-
tion while also reflecting a stepwise increase in risk across mild,
moderate, and severe categories. Collectively, these findings raise
the possibility that single-parameter grading may be insufficient and
that guideline-recommended severity thresholds may not optimally
separate risk in unselected, heterogeneous populations. This also
highlights that alternative severity thresholds could yield different
and potentially more clinically meaningful risk stratification in such
cohorts.

In contrast, RVEF demonstrated the most consistent prognostic
utility, consistent with prior evidence of its independent association
with outcomes across diverse cardiac conditions.”*' > Although
the moderate and severe dysfunction groups did not show a
statistically significant difference, RVEF-based grading provided the
clearest distinction between clinically relevant risk strata, even after
multivariable adjustment. Importantly, the lack of significant discrim-
ination between moderate and severe dysfunction was consistent
across all assessed RV parameters, suggesting that this finding may
reflect a broader limitation of the current severity grading framework
rather than a weakness of any individual metric. Such a pattern raises
the possibility that a 4-grade classification may be excessively granular
for prognostic stratification in a heterogeneous population, or alterna-
tively, that the currently recommended cutoff values do not provide
optimal separation of risk in the more advanced stages of RV dysfunc-
tion. Previous work by Muraru et al*® proposed alternative partition
values validated for cardiac death and major adverse cardiac events,
suggesting that optimal thresholds may vary across populations and
disease substrates. Similarly, expert initiatives—such as the Tricuspid
Valve Academic Research Consortium—have proposed RV dysfunc-
tion grading cutoffs in specific contexts, such as tricuspid regurgita-
tion, although these remain primarily trial oriented and require
prospective validation.”” From a clinical perspective, however, the
applicability of RVEF must be weighed against its practical limitations.
Acquisition and analysis of 3D datasets are more technically
demanding than conventional RV measures and are more dependent
on image quality, operator expertise, and dedicated software. As a
result, although RVEF may provide superior prognostic stratification,
it may not be obtainable in all patients in routine practice.

Our results emphasize that no single echocardiographic metric can
reliably grade RV dysfunction across all severity categories and stratify
prognosis. These findings support the growing consensus that
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multiparametric approaches are needed, particularly when clinical de-
cisions depend on accurate severity classification.'”?® In
PARAGON-HF, the presence of =2 abnormal RV functional param-
eters was associated with markedly worse outcomes, whereas isolated
abnormalities were not.”’

However, rather than relying on generic multiparametric combina-
tions, a more tailored strategy may be warranted. In such a frame-
work, simpler and more readily obtainable parameters, such as
TAPSE, may still be useful for initial rapid screening (with the excep-
tion of the post-open-heart surgery setting). FWLS may aid in detect-
ing subtle, early dysfunction, whereas RVEF provides a more
comprehensive assessment of global RV performance, particularly
in advanced disease stages. In selected contexts, evaluation of more
advanced dysfunction may be further refined by combining RVEF
with a complementary parameter. However, the present study was
not designed to derive or validate a formal stepwise diagnostic algo-
rithm; accordingly, this proposed framework should be regarded as
hypothesis generating and as a potential direction for future investiga-
tion. Ultimately, multiparametric frameworks should be driven by
clinical context and feasibility and validated within specific disease
populations. Emerging approaches incorporating composite scores
or machine learning—based models may further refine RV risk stratifi-
cation.'

LIMITATIONS

This study has several limitations that have to be considered. First, the
retrospective multicenter design may have introduced selection bias,
and the use of different imaging vendors may have contributed to mea-
surement variability, potentially limiting generalizability. In addition, in-
tercenter variability (including differences in patient population
characteristics, image acquisition, and analysis workflows) and interob-
server variability may have contributed to the observed discordance be-
tween RV functional parameters. Second, the clinical applicability of
the findings should be interpreted with recognition of the feasibility lim-
itations of 3D RVEF acquisition, as the exclusion of patients with sub-
optimal 3D datasets may have introduced selection bias and may limit
generalizability. Nevertheless, the analyzed cohort is representative of a
tertiary care population, the multicenter and multiplatform setting re-
flects real-world clinical practice, and the availability of long-term
follow-up enhances the clinical relevance of the findings. Third, as
RVEF is not an external gold standard for assessing RV systolic function,
our analyses were limited to interparameter comparisons rather than
validation against a definitive reference standard. Fourth, the severity
categories of RV dysfunction were unevenly distributed, potentially
limiting statistical power for comparisons across advanced grades.
Fifth, cause-specific mortality was unavailable, precluding assessment
of the cardiovascular mortality end point. Lastly, the external validity
and generalizability of the results require confirmation in prospective
studies across disease-specific cohorts.

CONCLUSION

Substantial discordance exists between conventional echocardio-
graphic parameters and RVEF in identifying and grading RV systolic
dysfunction, with particularly high reclassification rates in the mild
and moderate dysfunction categories. In the presence of RV dysfunc-
tion, FAC showed the highest concordance with RVEF among con-
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ventional metrics, although the level of agreement remained only
fair. None of the individual RV functional parameters provided
consistent risk stratification across all severity categories. RVEF
showed the most consistent overall risk discrimination, whereas
FAC and FWLS provided partial prognostic stratification. These find-
ings support the need for validated and clinically tailored multipara-
metric approaches to RV functional assessment beyond current
guideline cutoffs.
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