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Editorial on the Research Topic
Added value of 3D imaging in the diagnosis and prognostication of
patients with right ventricular dysfunction
Right ventricular (RV) function is an important prognostic factor in various cardiovascular

conditions, such as in heart failure with reduced and preserved left ventricular (LV)

ejection fraction (EF) or in pulmonary arterial hypertension (1). The quantification of

RV function is also a cornerstone of perioperative risk assessment (2) and the

management of patients with mechanical circulatory support devices or adults with

congenital heart disease (3). Nevertheless, the precise assessment of RV function is

challenging due to its complex geometry and mechanics. Three-dimensional (3D)

imaging techniques may help clinicians overcome some of these hurdles, allowing them

to capture even subtle changes in RV function related to pressure- and volume overload

(4), which may be undetectable using conventional imaging parameters. Thus, advanced

3D imaging-based indices of RV function may improve diagnostics and prognostication

in numerous diseases (5).

This Research Topic comprises articles providing valuable insights into the intricacies

of RV mechanics in both health and disease and showing the added value of 3D imaging in

diagnosing RV dysfunction and predicting outcomes.

Using cardiac magnetic resonance (CMR) imaging—the gold-standard imaging

modality for assessing RV size and function, a group of investigators analyzed the RV

myocardial architecture in two separate articles. In the first one, Kiss et al. described

the age- and sex-specific characteristics of RV compacted and trabeculated myocardium

using CMR in 200 healthy volunteers. They found that RV compacted (RV-CMi) and

trabeculated myocardial mass indices (RV-TMi) were higher in men than in women,

and RV-TMi decreased with advancing age in the latter group. Furthermore, LV-CMi

and LV-TMi, RV end-systolic volume, and sex were independent predictors of RV-TMi.

In the second article, Kiss et al. measured RV volumetric, functional, and feature-

tracking strain parameters in 100 patients with LV non-compaction (LVNC) phenotype

and normal LVEF and compared them to those of 100 age- and sex-matched healthy

controls. They observed that patients with LVNC had higher RV volumes and lower
01 frontiersin.org5
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RV global and septal strain values than controls. Twenty-two

percent of the analyzed LVNC patients had an RV-TMi above

the reference range, and these patients had higher biventricular

volumes, lower biventricular EFs, and worse RV strains than

patients with normal RV-TMi. Moreover, there was a strong

positive correlation between RV-TMi and LV-TMi, and both

showed inverse relationships with RV function.

Besides CMR imaging, 3D echocardiography also has a crucial

role in assessing RV size and function. Importantly, 3D

echocardiography-derived parameters (e.g., RVEF) have

significant prognostic utility, which was also demonstrated by

Nabeshima et al. in 392 patients with asymptomatic aortic

stenosis. They found that a lower RVEF at baseline was

associated with an increased risk of cardiac events. Moreover,

RVEF had incremental prognostic value over indexed aortic valve

area, LVEF, and two-dimensional echocardiography-derived

RV parameters.

In another study, Lan et al. investigated the effects of combined

ambrisentan and phosphodiesterase type 5 inhibitor therapy on

RV-pulmonary artery coupling (RV-PA coupling, assessed by

different echocardiographic parameters, such as the ratio of 3D

RV stroke volume and 3D RV end-systolic volume) in a

retrospective study including 27 patients with severe pulmonary

arterial hypertension. Six months of therapy resulted in

significantly improved RV-PA coupling, World Health

Organization functional class, 6-min walk distance, N-terminal

pro-B-type natriuretic peptide concentration, and reduced

pulmonary artery pressures and pulmonary vascular resistance

assessed by right heart catheterization.

Beyond the assessment of global RV function, 3D

echocardiography, in combination with advanced post-

processing software solutions, can also be used for the

comprehensive analysis of the RV contraction pattern. One

such tool is ReVISION—a thoroughly validated, FDA-cleared,

commercially available software solution—which decomposes

the motion of the RV along its three orthogonal axes (i.e.,

longitudinal, radial, and anteroposterior axis), quantifies the

contribution of these three motion components to global RV

function, and computes 3D RV longitudinal, circumferential,

and area strains (6, 7). ReVISION has already been used to

characterize the contribution of the three motion components

to global RV function in healthy adults (8, 9). However,

this software solution has not yet been thoroughly tested in

healthy pediatric cohorts. Motivated by this, Valle et al.

initiated a two-center study to analyze the RV motion

components using ReVISION in healthy children. They

demonstrated that assessing the components of RV motion is

also feasible in a pediatric population and found that

shortening along the anteroposterior axis is the dominant

component of RV contractions in healthy children.

To investigate the prognostic value of 3D RV strains measured

using ReVISION, Kitano et al. sought to analyze the data of 341

patients with various cardiac diseases. 3D RV strain values (i.e.,

3D RV global longitudinal, circumferential, and area strains)

were significantly associated with the composite endpoint of

cardiac death, ventricular tachyarrhythmia, or heart failure
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hospitalization, even after adjusting for age, chronic kidney

disease, and LV systolic and diastolic parameters. Similarly,

Tolvaj et al. also aimed to determine the prognostic power of 3D

echocardiography-derived LV and RV strains. In their cohort of

357 patients with different left-sided cardiac diseases, impaired

values of 3D LV and RV global circumferential strains were

associated with long-term all-cause mortality, emphasizing the

prognostic relevance of biventricular circumferential mechanics.

ReVISION was also tested by Evrard et al., who investigated

patients ventilated due to moderate-to-severe acute respiratory

distress syndrome (ARDS): 21 with ARDS related to SARS-CoV-

2, 22 with ARDS unrelated to SARS-CoV-2, and 21 without

ARDS. They performed a 3D transesophageal echocardiographic

examination on each patient within 24 h after admission and

found that RV systolic dysfunction is more pronounced in ARDS

unrelated to SARS-CoV-2 than in SARS-CoV-2-related ARDS.

Moreover, when analyzing the RV contraction pattern using

ReVISION, they observed that the contribution of radial

shortening to global RV function was reduced in patients with

ARDS unrelated to SARS-CoV-2 compared to the other two

groups, whereas the contributions of the other motion

components (i.e., shortening along the longitudinal and

anteroposterior axes) were unchanged.

Remaining in the realm of intensive care units and operating

theatres, Keller et al. analyzed the associations between 3D

transesophageal echocardiography-derived parameters of

regional RV function and short-term outcomes in 357 patients

undergoing elective cardiac surgery. They observed that a

higher ratio of apical vs. inflow tract stroke volumes [assessed

using their previously published custom-made software solution

(10)] was independently associated with the composite of in-

hospital mortality and/or the need for extracorporeal life

support, underlining the importance of RV evaluation on the

segmental level.

Acquiring 3D echocardiographic datasets suitable for 3D

analysis might not always be feasible from the apical view. To

explore whether 3D datasets can also be acquired from an

alternative view, Ferraro et al. measured RV volumes on 3D

echocardiographic datasets acquired from apical and subcostal

views in pediatric patients and compared these measurements to

the corresponding CMR-derived values. RV volumes measured

from both echocardiographic views showed similarly good

agreement with the CMR-derived RV volumes, confirming that

the subcostal view can be an alternative to the apical view in this

context.

Last but not least, in a comprehensive review article, Randazzo

et al. discussed the current capabilities of 3D echocardiography to

enhance RV evaluation and speculated on what the future may

hold for the echocardiographic assessment of the RV.

In conclusion, this collection of articles underscores the pivotal

role of 3D imaging in assessing RV structure and function across

diverse clinical scenarios. Beyond providing a better

understanding of the (patho)physiology of the RV, these

advanced imaging techniques have true potential to enhance the

detection of RV dysfunction and risk stratification, ultimately

leading to improved patient care and outcomes.
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The age and sex-specific characteristics of right ventricular compacted (RV-CMi) and

RV-trabeculated myocardial mass (RV-TMi) and the determinants of RV myocardium

are less well-studied; however, in different conditions, these might provide additional

diagnostic information. We aimed to describe the age- and sex-specific characteristics

of RV-CMi, RV-TMi, and RV volumetric and functional parameters and investigate the

determinants of RV myocardial mass with cardiac magnetic resonance (CMR). Two

hundred healthy Caucasian volunteers free of known cardiovascular or systemic diseases

were prospectively enrolled in this study. Four different age groups were established with

equal numbers of males and females: Group A (n = 50, 20-29 years, mean age: 24.3

± 3.2 years), Group B (n = 50, 30-39 years, mean age: 33.6 ± 2.6 years), Group

C (n = 50, 40-49 years, mean age: 44.7 ± 2.7 years), and Group D (n = 50, ≥50

years, mean age: 55.1 ± 3.9 years). Left ventricular (LV) and RV volumetric, functional,

CMi, and TMi values were measured with a threshold-based post-processing CMR

method. The volumetric parameters, RV-CMi, and RV-TMi values were larger, and the

ejection fraction (EF) was lower in males. The RV-CMi did not correlate with age in

either of the sexes, while the RV-TMi decreased with age in females but remained

stable in males. The RV-TMi and RV-CMi correlated positively with RV volumetric

parameters, the LV-CMi, the LV-TMi, and each other in both sexes. LV-TMi, LV-CMi, RV

end-systolic volume, and sex were independent predictors of RV-TMi. Understanding the

characteristics of RV-trabeculated and RV-compacted myocardium might have additive

value in diagnosing different conditions with RV hypertrophy or hypertrabeculation.

Keywords: right ventricle, cardiac magnetic resonance, trabeculated myocardium, compacted myocardium,

age-related, sex-related, characteristics

INTRODUCTION

The age- and sex-related characteristics of right ventricular (RV) volumetric and functional
parameters have already been described in healthy populations (1, 2). In contrast, the
characteristics of RV-compacted (RV-CMi) and RV-trabeculated myocardial mass (RV-TMi) and
the quantification and determinants of RVmyocardium are less well-studied. However, these might
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have diagnostic, differential diagnostic, and prognostic
relevance in different conditions affecting the right heart
(3–8). The segmentation used to measure RV myocardial
mass is challenging, and the physiologic presence of the high
number of endocardial trabeculae makes its quantification
even more difficult. Threshold-based CMR post-processing
software can accurately differentiate endocardial trabeculation
and papillary muscles from the blood pool and measure
the mass of both compacted and trabeculated myocardium
(9). This study aimed to describe the age- and sex-specific
characteristics of RV volumetric and functional parameters and
RV-compacted and RV-trabeculated myocardial masses and
investigate the relationship between RV trabeculation and RV
volumetric and functional parameters and LV trabeculation
using threshold-based CMR post-processing software.

MATERIALS AND METHODS

Study Population
One hundred male and one hundred female Caucasian
volunteers free of known diseases were prospectively enrolled
between January 2019 and September 2020. Each participant
completed a questionnaire including demographic data,
cardiovascular symptoms, medical history, medication use, and
sport activity. The inclusion criteria were as follows: the absence
of cardiac diseases (congenital abnormality, ischemic heart
disease, arrhythmia, valvular heart disease, cardiomyopathy),
lack of sudden cardiac death in the family history, absence of
other systemic disorders (hypertension-related, pulmonary,
renal, gastrointestinal, metabolic, autoimmune, endocrine,
psychiatric, oncological, neuromuscular, or other hereditary
diseases), and sport activity <6 h per week (10). CMR
examination without an injection of contrast agent, blood
pressure measurement, 12-lead resting electrocardiography, and
echocardiography were performed on the same day, and no
abnormalities were found.

The study population was divided into four different age
groups, which were set up with equal numbers of males
and females: Group A (n = 50, 20-29 years, mean age:
24.3 ± 3.2 years), Group B (n = 50, 30-39 years, mean age: 33.6
± 2.6 years), Group C (n= 50, 40-49 years, mean age: 44.7± 2.7
years), and Group D (n = 50, 50-66 years, mean age: 55.1 ± 3.9
years). The male and female participants’ baseline demographic,
morphometric, and left and right ventricular parameters are
shown in Tables 2, 3. The sports activities of the studied groups
are presented in Supplementary Table 1.

All procedures performed in this study were under the 1964
Helsinki Declaration and its later amendments or comparable
ethical standards. Ethics approval was obtained from the Central
Ethics Committee of Hungary, and all participants provided
informed consent.

Image Acquisition and Analysis
The CMR examinations were performed with 1.5 T MRI
scanners (Achieva, Philips Medical System, Eindhoven, the
Netherlands and Magnetom Aera, Siemens Healthineers,
Erlangen, Germany). Functional imaging was performed with

balanced steady-state free precession cine sequences in 2-, 3-,
and 4-chamber long-axis views and breath-hold short-axis
views from base to apex with complete coverage of the LV and
RV according to current recommendations (11, 12). The scan
parameters acquired with the Philips Achieva and with the
Siemens Aera scanners were the following: repetition time: 2.7
and 2.5ms respectively, echo time: 1.3 and 1.15ms, respectively,
flip angle: 60◦ and 58◦, respectively, spatial resolution: 1.5 ×

1.5mm in both scanners, temporal resolution: 25 frames per
cardiac cycle in both scanners. The slice thickness was 8mmwith
no interslice gap, the field of view 350mm on average adapted to
body size. A contrast agent was not administered.

Medis Suite version 3.0 was used for the segmentation (Medis
Medical Imaging Systems, Leiden, the Netherlands). Automatic
tracing with manual correction of the endo- and epicardial
contours of the LV and RV was performed by two observers (ASz
with 10 years of experience and ARK with 5 years of experience).
Inter-and-intraobserver agreement values are presented in
Table 1. The LV and RV volumetric and functional values and
the myocardial mass values were calculated with the MassK
module of the software. This module performs a threshold-based
papillary muscle and trabeculated myocardium quantification
analysis that differentiates endocardial trabeculation from the
blood pool based on the differing signal intensities of the blood
and myocardium. Each voxel within the epicardial contour
was classified as either blood or myocardium according to
the chosen threshold, which was set to 50% (Figure 1) (9).
Manual correction of the threshold was not applied. Voxels
classified as myocardium within the endocardial contour were
calculated as trabeculated myocardial mass, while compacted
myocardial mass was calculated as the difference between
the total detected and trabeculated myocardial mass. The
following LV and RV parameters were calculated: left and
right ventricular end-diastolic volume (LV-EDV, RV-EDV),

TABLE 1 | Intraclass correlation coefficient (ICC) of the measured left and right

ventricular parameters to describe inter-and intraobserver agreement.

Interobserver

agreement (ICC)

Intraobserver

agreement (ICC)

LV-EDVi 0.98 (0.86-0.99) 0.99 (0.99-0.99)

LV-ESVi 0.96 (0.90-0.98) 0.95 (0.90-0.98)

LV-SVi 0.95 (0.85-0.98) 0.99 (0.98-0.99)

LV-EF 0.95 (0.89-0.98) 0.98 (0.95-0.99)

LV-TMi 0.99 (0.95-0.99) 0.98 (0.95-0.99)

LV-CMi 0.99 (0.98-0.99) 0.99 (0.98-0.99)

RV-EDVi 0.99 (0.97-0.99) 0.99 (0.98-0.99)

RV-ESVi 0.96 (0.93-0.99) 0.95 (0.87-0.97)

RV-SVi 0.99 (0.97-0.99) 0.99 (0.98-0.99)

RV-EF 0.98 (0.95-0.99) 0.92 (0.82-0.97)

RV-CMi 0.98 (0.95-0.99) 0.83 (0.62-0.92)

RV-TMi 0.99 (0.97-0.99) 0.98 (0.96-0.99)

CMi, end-diastolic compacted myocardial mass index; EDVi, end-diastolic volume index;
EF, ejection fraction; ESVi, end-systolic volume index; LV, left ventricle; RV, right ventricle;
SVi, stroke volume index; TMi, end-diastolic trabeculated myocardial mass index.
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FIGURE 1 | Representative image analysis with threshold-based papillary and

trabeculated muscle quantification software and the calculated right ventricular

parameters of male (A) and female (B) participants. The green and blue areas

represent the myocardial mass, including the left and right ventricles’

endocardial trabeculation (included in the endocardial contours). The threshold

was set to the default (50%). CMi, end-diastolic compacted myocardial mass

index; EDVi, end-diastolic volume index; EF, ejection fraction; ESVi,

end-systolic volume index; LV, left ventricle; RV, right ventricle; SVi, stroke

volume index; TMi, end-diastolic trabeculated myocardial mass index.

TABLE 2 | Baseline demographic and left ventricular characteristics of the studied

male and female participants.

Male Female P

Number of participants 100 100 –

Age 39.5 (29.3, 49.8) 40.0 (29.2, 49.5) 0.833

BSA (m2) 2.1 (2.0, 2.2) 1.7 (1.6, 1.8) <0.0001

BMI (kg/m2 ) 25.5 (24.1, 27.5) 22.2 (20.3, 24.3) <0.0001

LV-EDVi (ml/m2 ) 69.5 ± 10.8 64.4 ± 8.5 0.0003

LV-ESVi (ml/m2) 23.0 ± 5.3 19.3 ± 4.1 <0.0001

LV-SVi (ml/m2 ) 46.5 ± 7.9 45.1 ± 6.2 0.164

LV-EF (%) 67.0 ± 5.6 70.1 ± 4.4 <0.0001

LV-CMi (g/m2 ) 51.2 ± 8.0 40.5 ± 5.6 <0.0001

LV-TMi (g/m2) 22.8 ± 4.4 18.2 ± 3.3 <0.0001

For the comparison between sexes, Mann-Whitney U-test was used in age, BSA, and
BMI; otherwise, Student’s t-test was used.
BMI, body mass index; BSA, body surface area; CMi, end-diastolic compacted
myocardial mass index; EDVi, end-diastolic volume index; EF, ejection fraction; ESVi,
end-systolic volume index; LV, left ventricle; SVi, stroke volume index; TMi, end-diastolic
trabeculated myocardial mass index.
Bold values are statistically significant (p < 0.05).

end-systolic volume (LV-ESV, RV-ESV), stroke volume (LV-
SV, RV-SV), ejection fraction (LV-EF, RV-EF), end-diastolic
compacted myocardial mass (LV-CM, RV-CM), and end-
diastolic trabeculated myocardial mass (LV-TM, RV-TM). The
parameters were indexed (i) to body surface area. The following
additional ratios were generated to study the relationship of
volumetric parameters and myocardial mass: RV-trabeculated
myocardial mass-to-compact myocardial mass (RV-TMi/RV-
CMi), RV-trabeculatedmyocardial mass-to-end-diastolic volume
(RV-TMi/RV-EDVi), and RV-compacted myocardial mass-to-
end-diastolic volume (RV-CMi/RV-EDVi).

Statistical Analysis
The intra-and interobserver agreement of the two observers
was tested using the intraclass correlation coefficient (ICC).
An ICC <0.4, between 0.4 and 0.75, and >0.75 indicates
poor, fair to good, and excellent interobserver agreement.
The Shapiro-Wilk test was used to assess the normality of
each distribution. Normally distributed continuous variables
are presented as the mean and standard deviation (SD), while
median and interquartile range (IQR) is shown in the case
of non-normal distribution. An unpaired Student’s t-test or
the Mann-Whitney U-test was used to compare male and
female groups appropriately. The Pearson or Spearman test
was used for correlation analysis as appropriate. Multiple
linear regression analysis was applied to determine independent
predictors for RV-compacted and RV-trabeculated myocardial
mass. A p-value < 0.05 was considered statistically significant.
IBM SPSS Statistics (Version 25.0, Armonk, NY) was used
for calculations.

RESULTS

The inter- and intraobserver agreement of the two observers was
tested on 25 randomly selected participants. All of the measured
parameters showed excellent inter-and intraobserver agreement.

Studying the LV and RV parameters in the total population,
we found significant differences between males and females: both
LV and RV EDVi, ESVi, CMi, and TMi values were significantly
larger, while the EF was significantly lower in males (Tables 2, 3).

We further described the sex-related differences in each age
group (Table 3). The volumetric, functional, and myocardial
mass values significantly differed between males and females in
each age group, similar to the total population. However, the
RV-EDVi value was not significantly different between the sexes
in Group D. The RV-SVi value was larger in males; still, the
difference was significant only in Group C (Table 3).

Regarding sex-related differences of the studied ratios, the RV-
TMi/RV-CMi ratio was comparable in the youngest age group
between males and females, but it was higher in males than
in females in Group B, Group C, and D and was significantly
different between sexes in Group C. The RV-CMi/RV-EDVi and
RV-TMi/RV-EDVi ratios were larger in males. The former was
significantly different in Group C, and the latter was significant
in Group C and Group (Table 3).

Age-related changes in the studied parameters were as follows
(Figures 2, 3). The RV-EDVi, RV-ESVi, and RV-SVi showed a
significant negative correlation with age in both sexes. The RV-EF
was positively correlated with age in females but not inmales. The
RV-CMi value was not associated with age in either of the sexes,
while the RV-TMi value negatively correlated with age in females.

The RV-TMi/RV-CMi did not correlate with age in either
males or females, while the RV-CMi/RV-EDVi ratio positively
correlated with age in both sexes, and the RV-TMi/RV-EDVi ratio
showed a positive correlation only in males.

Linear relationships were studied between RV-TMi, RV-CMi,
RV volumetric and functional parameters, and LV myocardial
mass values (Table 4). RV-TMi was positively correlated with

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 December 2021 | Volume 8 | Article 78139310

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Kiss et al. Characteristics of Right Ventricular Myocardium

TABLE 3 | Right ventricular volumetric, functional, and myocardial mass values and the studied myocardial mass-to-volume ratios of the total population and the different

age groups stratified by sex; and its comparison between sexes.

Group Male Female P

RV- EDVi (ml/m2 ) Total population Mean ± SD 70.3 ± 14.1 61.3 ± 9.4 <0.0001

A Mean ± SD 74.8 ± 11.8 66.5 ± 8.5 0.006

B Mean ± SD 71.5 ± 12.4 61.8 ± 8.5 0.02

C Mean ± SD 73.2 ± 13.4 61.9 ± 9.1 0.001

D Mean ± SD 61.7 ± 15.6 55.1 ± 8.5 0.068

RV-ESVi (ml/m2 ) Total population Mean ± SD 27.1 ± 6.0 21.2 ± 4.8 <0.0001

A Mean ± SD 29.3 ± 5.0 24.7 ± 4.4 0.001

B Mean ± SD 27.9 ± 6.2 21.4 ± 4.2 <0.0001

C Mean ± SD 27.6 ± 5.8 21.1 ± 15.5 <0.0001

D Mean ± SD 23.4 ± 5.7 17.6 ± 3.8 <0.0001

RV-SVi (ml/m2 ) Total population Mean ± SD 43.2 ± 9.8 40.1 ± 6.4 0.007

A Mean ± SD 45.6 ± 8.0 41.9 ± 6.4 0.086

B Mean ± SD 43.5 ± 8.9 40.4 ± 5.8 0.142

C Mean ± SD 45.6 ± 9.2 40.4 ± 6.7 0.029

D Mean ± SD 38.3 ± 11.4 37.5 ± 6.2 0.77

RV-EF (%) Total population Mean ± SD 61.4 ± 4.8 65.5 ± 5.1 <0.0001

A Mean ± SD 60.8 ± 3.4 63.2 ± 4.7 0.048

B Mean ± SD 60.8 ± 5.7 65.4 ± 4.4 0.002

C Mean ± SD 62.1 ± 4.9 65.3 ± 5.4 0.034

D Mean ± SD 62.0 ± 5.0 68.2 ± 4.8 <0.0001

RV-CMi (g/m2) Total population Mean ± SD 16.4 (15.0, 19.1) 13.4(12.0, 14.8) <0.0001

A Mean ± SD 16.8 ± 3.4 13.4 (12.1, 15.3) 0.002

B Mean ± SD 16.6 ± 2.7 13.7 ± 1.8 <0.0001

C Mean ± SD 18.0 ± 3.5 13.4 (12.5, 15.3) <0.0001

D Mean ± SD 17.0 ± 3.1 13.4 ± 2.0 <0.0001

RV-TMi (g/m2 ) Total population Mean ± SD 20.1 ± 4.2 15.3 ± 3.3 <0.0001

A Mean ± SD 19.9 ± 3.7 17.1 ± 3.6 0.009

B Mean ± SD 19.3 ± 3.8 14.9 ± 3.0 <0.0001

C Mean ± SD 21.8 ± 5.2 13.9 (11.9, 19.3) <0.0001

D Mean ± SD 19.5 ± 3.6 14.3 ± 2.8 <0.0001

RV-TMi/RV-CMi Total population Mean ± SD 1.21 ± 0.29 1.12 ± 0.27 0.029

A Mean ± SD 1.23 ± 0.30 1.24 ± 0.30 0.889

B Mean ± SD 1.18 ± 0.25 1.10 ± 0.25 0.217

C Mean ± SD 1.24 ± 0.35 1.05 ± 0.24 0.032

D Mean ± SD 1.18 ± 0.26 1.09 ± 0.24 0.181

RV-TMi/RV-EDVi Total population Mean ± SD 0.28 (0.24, 0.33) 0.24 (0.21, 0.28) <0.0001

A Mean ± SD 0.27 (0.22, 0.31) 0.25 (0.22, 0.30) 0.527

B Mean ± SD 0.27 (0.24, 0.30) 0.24 (0.21, 0.28) 0.062

C Mean ± SD 0.28 (0.25, 0.33) 0.23 (0.21, 0.26) 0.001

D Mean ± SD 0.32 (0.28, 0.39) 0.26 (0.23, 0.30) 0.008

RV-CMi/RV-EDVi Total population Mean ± SD 0.24 (0.21, 0.28) 0.22 (0.20, 0.25) 0.018

A Mean ± SD 0.22 (0.20, 0.24) 0.21 (0.19, 0.24) 0.445

B Mean ± SD 0.23 (0.21, 0.26) 0.22 (0.19, 0.25) 0.75

C Mean ± SD 0.24 (0.22, 0.30) 0.23 (0.21, 0.25) 0.139

D Mean ± SD 0.27 (0.24, 0.31) 0.25 (0.22, 0.28) 0.025

For the comparison between sexes, Mann-Whitney U-test was used in case of the following parameters: RV-CMi in the total population and Group A and C in females, in the total
population and Group C in males; RV-TMi in Group C in females; RV-TMi/RV-EDVi in every group in both males and females; RV-CMi/RV-EDVi in every group in both males and females.
Otherwise, Student’s t-test was used.
CMi, end-diastolic compacted myocardial mass index; EDVi, end-diastolic volume index; EF, ejection fraction; ESVi, end-systolic volume index; RV, right ventricle; RV-CMi/RV-EDVi, right
ventricular end-diastolic compacted myocardial mass index-to-right ventricular end-diastolic volume index ratio; RV-TMi/RV-CMi, right ventricular end-diastolic trabeculated myocardial
mass index-to-right ventricular end-diastolic compacted myocardial mass index ratio; RV-TMi/RV-EDVi, right ventricular end-diastolic trabeculated myocardial mass index-to-right
ventricular end-diastolic volume index ratio; SVi, stroke volume index; TMi, end-diastolic trabeculated myocardial mass index.
Bold values are statistically significant (p < 0.05).
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FIGURE 2 | Correlation between age and right ventricular volumetric, functional, and myocardial mass values, and the studied ratios in males. CMi, end-diastolic

compacted myocardial mass index; EDVi, end-diastolic volume index; EF, ejection fraction; ESVi, end-systolic volume index; RV, right ventricle; SVi, stroke volume

index; TMi, end-diastolic trabeculated myocardial mass index.

RV-ESVi, RV-EDVi, RV-CMi, LV-TMi, and LV-CMi in both
sexes and negatively correlated with age and RV-EF in females.
In both sexes, the RV-CMi significantly correlated with the
RV-EDVi, RV-TMi, LV-CMi, and LV-TMi; however, it correlated
significantly with the RV-ESVi and RV-EF only in males.

Multiple regression analysis was performed on the total
population to find independent predictors of RV-TMi and RV-
CMi (Table 5). RV-TMi was independently associated with sex,
RV-ESVi, LV-TMi, and LV-CMi, with a cumulative R-value of
0.701 (p < 0.0001). Independent predictors of RV-CMi were age,
sex, RV-EDVi, and LV-CMi, with a cumulative R-value of 0.728
(p < 0.0001).

DISCUSSION

In this study, we assessed the characteristics of RV in different
age groups stratified by sex. We described smaller RV volumes
and higher RV-EF, while the RV compact myocardial mass values
were similar to those published (2, 13). During conventional
contour-based post-processing techniques, trabeculae are
included in the endocardial contours and are calculated as

blood volume; however, they contribute approximately 50% to
the RV myocardial mass (14). The threshold-based software
used in our study is a highly reproducible technique with an
excellent inter-and intraobserver agreement that enables us to
measure both total and trabeculated myocardial mass values
accurately. However, volumetric parameters are significantly
lower compared to conventional techniques (9, 14). Average
RV total myocardial mass values have already been established,
but the reference ranges of compacted and trabeculated RV
myocardial mass are less well-studied. We found only one
publication that quantified RV trabeculation; however, they
used manual contouring and defined myocardium volumes
(15). After converting these RV trabeculated myocardium
values from volume to mass, we found that Andre et al.
described higher RV trabeculated mass values than those in
our results. It might be due to the different post-processing
techniques; namely, they used manual contouring of the endo-
and epicardial borders compared to the threshold-based software
applied in our study (15, 16). The use of normal ranges of
RV compacted and trabeculated myocardial mass might have
diagnostic, differential diagnostic, and prognostic relevance
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FIGURE 3 | Correlation between age and right ventricular volumetric, functional, and myocardial mass values, and the studied ratios in females. CMi, end-diastolic

compacted myocardial mass index; EDVi, end-diastolic volume index; EF, ejection fraction; ESVi, end-systolic volume index; RV, right ventricle; SVi, stroke volume

index; TMi, end-diastolic trabeculated myocardial mass index.

in cases where RV hypertrabeculation or RV hypertrophy is
present (5–8). Furthermore, our study’s myocardial mass ratios
and the myocardial mass-to-volume ratios might also help in
the differential diagnosis of physiological (e.g., athletes’ heart,
pregnancy) and pathological conditions resulting in volume or
pressure overload of the RV. Our study’s presented age- and
sex-specific values could be used as standard reference ranges for
this threshold-based software with the same threshold setting as
in our study.

Assessing the sex-related differences in the studied RV
parameters, we found higher compacted and trabeculated
myocardial mass values, higher volumetric parameters, and
smaller RV-EF in males. These were consistent with the literature
and could be explained by biometric and hormonal differences
between sexes (1, 15, 17). Previous studies described the age-
related decrease in RV functional parameters, which is in line
with our results; however, there are inconsistent data about the
changes in RVmyocardial mass (18, 19). Kawut et al. andMaceira
et al. described a significant decrease in RV myocardial mass
over time, although they studied wider age ranges with older
participants than ours (1, 18). Sandstede et al. studied similar age

groups and found unchanged RV mass values with age, similar
to our compacted myocardial mass results (19). The relatively
stable RV-compacted mass values might be explained by the
age-related changes in the myocardium characterized by the
loss of myocytes with an increase in cell volume, resulting in
compensatory hypertrophy. This mechanism could be the cause
of unchanged compacted myocardial mass values (20).

Regarding the trabeculatedmyocardial mass, we found a slight
decrease with age in females, and this negative age dependency is
in line with Andre’s results, although the mechanism is unknown
(15, 21). In contrast to previous results, the RV trabeculated
mass was not different between the age groups and was higher
in older males than in females of the same age in our study
(15). A possible explanation for these altering results could be
the abovementioned difference in post-processing techniques.
We did not find information about the sex- or age-related
factors and mechanisms influencing RV trabeculation; however,
we hypothesize that physical activity might play a role. It is
known that excessive LV and RV trabeculation can be found in
athletes as part of the process of adaptation to intense physical
activity (22, 23). Woodbridge et al. studied the relationship
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TABLE 4 | Correlation between right ventricular compacted and trabeculated myocardial mass values and right ventricular volumetric and functional and left ventricular

myocardial mass values.

RV-ESVi RV-EDVi RV-EF RV-TMi RV-CMi LV-TMi LV-CMi

RV-TMi Male r 0.32 0.35 0.03 1.00 0.27 0.35 0.38

P 0.001 0.0004 0.799 – 0.007 0.0003 0.0001

Female r 0.532 0.45 −0.37 1.00 0.24 0.32 0.36

P <0.0001 <0.0001 0.0002 – 0.018 0.001 0.0003

RV-CMi Male r 0.39 0.58 0.24 0.27 1.00 0.27 0.46

P <0.0001 <0.0001 0.015 0.007 – 0.006 <0.0001

Female r 0.30 0.48 0.04 0.24 1.00 0.22 0.47

P 0.002 <0.0001 0.686 0.018 – 0.026 <0.0001

Spearman test was used to correlate RV-CMi to the other parameters; otherwise, Pearson test was used.
CMi, end-diastolic compacted myocardial mass index; EDVi, end-diastolic volume index; EF, ejection fraction; ESVi, end-systolic volume index; LV, left ventricle; RV, right ventricle; TMi,
end-diastolic trabeculated myocardial mass index.
Bold values are statistically significant (p < 0.05).

TABLE 5 | Multivariate linear regression analysis and the independent predictors

of right ventricular compacted and trabeculated myocardial mass.

RV-TMi RV-CMi

Covariate β P Covariate β P

Age 0.002 0.978 Age 0.175 0.001

Sex 0.152 0.030 Sex 0.219 0.001

RV-EDVi −0.061 0.552 RV-EDVi 0.490 <0.0001

RV-ESVi 0.264 <0.0001 RV-ESVi −0.159 0.106

RV-SVi −0.048 0.475 RV-SVi 0.214 0.102

RV-EF −0.057 0.425 RV-EF 0.082 0.134

RV-CMi −0.006 0.934 RV-TMi 0.014 0.825

LV-CMi 0.225 0.002 LV-CMi 0.186 0.014

LV-TMi 0.253 <0.0001 LV-TMi 0.086 0.152

Cumulative R 0.701 Cumulative R 0.728

Standard error 3.24 Standard error 2.22

Cumulative P <0.0001 Cumulative P <0.0001

CMi, end-diastolic compacted myocardial mass index; EDVi, end-diastolic volume index;
EF, ejection fraction; ESVi, end-systolic volume index; LV, left ventricle; RV, right ventricle;
SVi, stroke volume index; TMi, end-diastolic trabeculated myocardial mass index.
Bold values are statistically significant (p < 0.05).

between physical activity and the extent of LV trabeculation
in a community-based cohort and found no linear relationship
(24). They propose that there might be a threshold in physical
activity that must be exceeded to manifest an increase in LV
trabeculation. It is also known that there is a slight difference
between LV and RV sport adaptation, as the right ventricle
shows slightly stronger morphological changes (25). Thus, we
hypothesize that RV trabeculation develops more easily than LV
trabeculation and might be more sensitive to physical activity
that does not exceed the training hours of competitive athletes
and does not result in changes in RV volumes (10). A possible
mechanism is that regular exercise increases the circulating level
of testosterone, which might lead to muscle growth through
increased protein synthesis and decreased protein degradation
in males (26). This hypothesis might explain the comparable

RV trabeculated myocardial mass value between the studied age
groups in males; however, the cause of the slight age-related
decrease in RV-TMi in females remains unanswered.

The RV-EF was positively correlated with age in females but
not in males. The data are controversial about the age-related
changes in the RV-EF: Petersen et al. found an age-related
increase in females only, which is similar to our results, while
Maceira et al. described an increase in the RV-EF in males as
well. However, the RV-EF did not change significantly over time
in either males or females in Sandstede’s study (2, 18, 19).

The RV trabeculatedmyocardial mass-to-compact myocardial
mass ratio did not show sex-related differences and was not
correlated with age. To the best of our knowledge, there is
no information about the RV trabeculated myocardial mass-
to-compact myocardial mass ratio in healthy male and female
populations. However, previous studies found no significant
association between sex and non-compacted-to-compacted
myocardial thickness of the LV (27, 28). The results of Gregor
et al. might also strengthen this; namely, there is no significant
difference between the LV trabeculated myocardial mass-to-
compact myocardial mass ratio in males and females in
either younger or older age groups measured with threshold-
based software (29). However, we need to mention that
physiological mechanisms affecting RV and LV trabeculation
might be different.

Different myocardial mass-to-volume ratios have been
previously studied in the left ventricle but not in the right
ventricle. Czimbalmos et al. described the high diagnostic
accuracy of LV muscle-to-volume ratios in the differential
diagnosis of hypertrophic cardiomyopathy and athletes’ hearts
(30). The RV-TMi/RV-EDVi and RV-CMi/RV-RDVi ratios in our
study correlated positively with age. They might help identify the
early stages of different pathological conditions that affect the RV.

In studying the relationship between RV and LV myocardial
mass values and RV volumetric parameters, we found that
compacted RV myocardial mass correlated with trabeculated RV
myocardial mass and vice versa. Furthermore, both compacted
and trabeculated RV masses correlated with LV compacted
and trabeculated myocardial masses, and LV trabeculation was
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an independent predictor of RV trabeculation. We did not
find previous studies about the connection between either
RV or LV compacted and trabeculated myocardial masses.
Some researchers suggest that left and right ventricular
myocardial mass is genetically determined; however, the degree
of trabeculation might vary between the ventricles due to
the different physiological mechanisms and stimulating factors
(15). RV volumetric parameters showed a strong relationship
with compacted and trabeculated RV myocardial mass values.
Moreover, the RV-ESVi was an independent predictor of RV
trabeculation, while the RV-EDVi was an independent predictor
of RV-compacted myocardium. Previous studies conducted in
a healthy population, pregnant women, patients with chronic
anemia, patients with heart failure, and high-level athletes
suggest that LV trabeculation is strongly related to LV volumes.
Furthermore, excessive LV trabeculation is a normal response to
increased cardiac preload and ventricular volume (21, 27, 31–
33). We did not find previous publications about the impact of
RV volumes on RV trabeculation, but the relationship might not
be surprising. RV-compacted myocardial mass was previously
described to correlate with RV volumes positively, LV compacted
myocardial mass, and pulmonary artery pressure, which is in line
with our results (34).

To summarize, the RV-compacted myocardial mass
remained stable over time in both sexes, but the RV
trabeculated myocardial mass decreased with age in females.
RV trabeculated myocardial mass correlated significantly with
RV-compacted myocardial mass and vice versa. Furthermore,
LV compacted, and trabeculated myocardial mass values and
RV volumetric parameters were independent predictors of
RV-compacted and trabeculated myocardial mass. The age- and
sex-related characteristics of RV compacted and trabeculated
myocardial masses described in a healthy population have not
been previously studied; however, this additional information
might help differentiate conditions with RV hypertrophy
or hypertrabeculation.

We need to mention the limitations of this study. It
was conducted on a large cohort; however, the subgroups
were relatively small after dividing by age. This study did
not cover elderly populations as we needed to exclude these
participants due to cardiovascular or other systemic diseases
(mainly hypertension). The CMR cine images were acquired
using two different CMR scanners, and although the scan
parameters were similar, this might be considered a limitation.
We need to mention a few limitations regarding the threshold-
based software as well. The current ejection fraction and volume
quantification use a stack of thick short-axis slices, and 8mm
is common for Z-direction spatial resolution. In the meantime,
trabeculae and papillary muscles do not cross the slice in
an exactly perpendicular fashion, which creates partial volume
effects. Depending on the actual path of the trabeculae, this
will influence the threshold-based quantification (9, 16). The
reported values in this study were measured with the threshold
set to 50%. However, altering the threshold might change
the measured myocardial mass values. Papillary muscles were
counted as trabeculation in our study because of the nature of
this technique. Previous studies on LV trabeculation excluded

the papillary muscles from trabeculation, making the comparison
of the different results more challenging. However, researchers
suggest that the segmentation of papillary muscles does not make
a significant difference (15).
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Background: The right ventricular (RV) function is an important prognostic marker of

asymptomatic aortic stenosis (AS). However, previous publications have not addressed

the additive value of conventional RV parameters over left heart parameters. Whether

three-dimensional echocardiography (3DE)-derived RV ejection fraction (RVEF) has

prognostic utility independent of 3DE derived left heart parameters is also unknown. We

investigated the prognostic utility of 3DE RVEF in patients with asymptomatic AS.

Methods: We retrospectively selected 392 asymptomatic AS patients. RVEF, left

ventricular ejection fraction (LVEF) and left atrial volumes (LAVs) were measured using

3DE datasets. We determined the association of those parameters, as well as of aortic

valve replacement (AVR), and Charlson’s comorbidity index with cardiac events. We also

analyzed whether RVEF has incremental value over two-dimensional echocardiography

(2DE) RV parameters.

Results: During amedian follow-up of 27months, 57 patients developed cardiac events,

and 68 patients received AVR. Univariate Cox proportional hazard analysis revealed that

RVEF was associated with cardiac events (p < 0.001). Multivariate analysis revealed that

RVEF was significantly associated with cardiac events (p< 0.001) even after adjusting for

AVR, Charlson’s comorbidity index, LVEF, LAV, E/e’, and indexed aortic valve area (iAVA).

An incremental value of RVEF over left heart parameters was also demonstrated using

a nested regression model. Classification and regression-tree analysis selected RVEF

first with a cut-off value of 41%. RVEF had incremental value over iAVA, LVEF, and 2DE

conventional RV parameters for its association with future outcomes.

Conclusions: 3DE RVEF had significant prognostic value even after adjusting

for comorbidities, left heart parameters, and conventional 2DE RV parameters in

asymptomatic aortic stenosis.

Keywords: asymptomatic aortic stenosis, prognosis, 3DE, RVEF, CART analysis
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INTRODUCTION

The number of patients with aortic stenosis (AS) has been
increasing rapidly due to the aging of society, especially
in developed countries (1). This change has resulted in an
exponential increase of heart failure (HF) hospitalizations and
surgical or transcatheter aortic valve replacements (AVRs) (2).
Due to the socioeconomic impact of AS, optimization of
surgical intervention is urgently required. Current guidelines
recommend AVR for patients with symptomatic severe AS (3).
However, management of asymptomatic AS with preserved left
ventricular ejection fraction (LVEF) has not been clarified (3–
6). When considering AVR in asymptomatic AS patients (6, 7),
we have to assess not only valve condition, but also myocardial
function, because of the non-negligible rate of sudden cardiac
death and relatively higher risk of HF (8–10). The prognostic
impact of right ventricular (RV) function has garnered increased
interest in this parameter in recent years. RV dysfunction can
affect the risk of HF via a negative impact on cardiac output
and ventricular interactions in various heart diseases (11).
Genereux and colleagues have proposed a new concept called
“cardiac damage stage” for risk stratification of asymptomatic
AS patients (12, 13). According to their findings, patients
with RV dysfunction had worse prognoses than those with
left ventricular (LV) dysfunction with preserved RV function.
Galli et al. also indicated the importance of tricuspid annular
plane systolic excursion (TAPSE) to predict cardiovascular death
in severe AS (14). However, those publications used 2D or
Doppler echocardiography to analyze RV function, irrespective
of complex RV geometry. Three-dimensional echocardiography
(3DE) does not rely on geometric assumptions and can provide
more accurate and reliable information regarding RV function
(15). Left atrial (LA) function is also reported as a useful
marker to stratify the risk of asymptomatic AS patients (16). We
hypothesized that RV ejection fraction (RVEF) is the most robust
predictor for future outcomes among LV, LA, and RV function
parameters assessed with 3DE in asymptomatic AS. Accordingly,
we sought to investigate the prognostic utility of 3DE-derived
RVEF in patients with asymptomatic AS.

MATERIALS AND METHODS

Study Population
This was a single-center observational study. Using a
3DE database, we retrospectively selected 3DE datasets of
Japanese patients with AS who had undergone transthoracic
echocardiography in the University of Occupational and
Environmental Health hospital from April 2008 to December
2018. Individuals who had no AS-related symptoms were selected
from the database. Patients with fewer than 30 days of follow-up
after echocardiography were excluded. We also collected several
clinical parameters to calculate Charlson’s comorbidity index
(17). The study was approved by the ethics committee at the
University of Occupational and Environmental Health. As this
was a retrospective study, the Institutional Review Board waved
the requirement for informed consent.

Echocardiography
3DE was performed immediately after standard transthoracic
2D echocardiography (2DE) and Doppler echocardiography.
3DE images were acquired using an apical approach and
commercially available ultrasound machines (iE33 or Epic7G,
Philips Healthcare, Andover, MA; Vivid7 or Vivid E95, GE
Healthcare, Horten, Norway) equipped with a 3DE transducer
(X3-1 or X5-1, Philips Healthcare, Andover, MA; 4V, GE
Healthcare, Horten, Norway). Trans-mitral flow velocity was
recorded at the coaptation point of both leaflets. Mitral annular
velocities were recorded at septal and lateral sides of the
mitral annulus, and average e’ was calculated. Peak aortic
flow velocity was recorded in multiple transducer positions,
and the highest value was used for the measurements of
the mean pressure gradient (PG) and velocity-time integral
(VTI). RV fractional area change (RVFAC) was calculated
by standard formula. 2DE RV speckle tracking analysis was
performed using commercially available, vendor-independent,
fully automated strain analysis software (AutoStrain RV, TomTec
Imaging Systems, Unterschleissheim, Germany). The software
automatically determined the RV endocardial border and
performed speckle tracking analysis during a single cardiac cycle.
The endocardial border was manually corrected as required. RV
free-wall longitudinal strain (RVfwLS) and global longitudinal
strain (RVGLS) were calculated.

3D Speckle Tracking Analysis
LV and RV 3DE speckle tracking analyses were performed using
commercially available, vendor-independent, 3DE quantification
software (4D LV ANALYSIS-3 and 4D RV FUNCTION 3,
TomTec Imaging Systems). These methods have been described
in detail previously, and their accuracy and reliability are
recognized (18). For LV analysis, after selecting a specific 3DE
dataset, the software automatically detected the LV endocardial
border. Manual correction of the endocardial border was
performed as needed. After confirming the tracing line, 3D
speckle-tracking analysis was performed through a single cardiac
cycle, generating LV volume curves, from which LV end-diastolic
volume (LVEDV), end-systolic volume (LVESV), and LVEF were
calculated. LV mass was calculated by manually drawing the
epicardium of end-diastolic frames of three standard apical
views extracted from 3DE datasets. LVEDV index (LVEDVI),
LVESV index (LVESVI), and LV mass index (LVMI) were
calculated by body surface area (BSA). For the RV analysis,
LV-focused end-diastolic apical four-, two-, and three-chamber
views, and RV-focused two-orthogonal views were extracted
from a 3DE dataset. After specifying anatomical landmarks
(center points of the mitral and tricuspid annular planes and the
apex), the software automatically determined the RV endocardial
cast. Following manual correction of the endocardial border,
3D speckle tracking analysis was performed. RV end-diastolic
volume index (RVEDVI), end-systolic volume index (RVESVI),
and RVEF were calculated (Figure 1).

3D Left Atrial Volume
3D maximal and minimal left atrial volumes (LAVs) were
calculated using vendor-specific software (QLAB 13.0, Philips
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FIGURE 1 | Representative 3D RV and LV analyses in a patient with

asymptomatic AS who developed a cardiac event. A 74-year-old woman who

developed heart failure three months after baseline echocardiography. AS was

moderate and LVEF was preserved; however, RVEF was reduced. She also

had hypertension, chronic kidney disease, and chronic obstructive pulmonary

disease. 3D, three-dimensional; AS, aortic stenosis; ED, end-diastole; ES,

end-systole; iAVA, indexed aortic valve area; LV, left ventricular; LVEF, left

ventricular ejection fraction; PG, pressure gradient; RV, right ventricular; RVEF,

right ventricular ejection fraction.

Healthcare, Andover, MA; EchoPAC version 203, GE Healthcare,
Horten, Norway). Detailed methods have been described
previously (19). Briefly, we calculated LAVs using Simpson’s
biplanemethodwith the anterior-posterior andmedial-lateral 2D
views extracted from 3DE datasets. LAVs were indexed to BSA
yielding maximal LAV index (LAVIx) and minimal LAV index
(LAVIn). This is a manual method, and we did not use 3D LA
speckle tracking software.

AS Severity
Stroke volume (SV) was calculated as the difference of LVEDV
and LVESV measured by 3DE. Stroke volume index (SVi) was
calculated as SV divided by BSA. Indexed aortic valve area
(iAVA) was calculated as SV divided by AV VTI times BSA. We
defined more-than-moderate-to-severe AS as AVA <1.0 cm2 or
iAVA <0.6 cm2/m2. The patients were classified as high-gradient
(peak velocity ≥4.0 m/s or mean PG ≥40 mmHg) AS (HG-
AS), and low-gradient (peak velocity <4.0 m/s and mean PG
<40 mmHg) AS (LG-AS) according to the current ESC guideline
(20). LG-AS was further classified into 3 categories: low-flow (SVi
<35 mL/m2) low-gradient AS (LFLG-AS) with preserved LVEF,
LFLG-AS with reduced LVEF, and normal-flow low-gradient
AS (NFLG-AS).

Follow-Up
Patients were followed up in an outpatient clinic. Prognostic
information was obtained by interviewing attending physicians
or by searching digital medical records. If patients were followed
up in other hospitals, we also contacted corresponding physicians
to obtain prognostic information. The primary endpoint was
defined as a composite adverse cardiac event, including

TABLE 1 | Patient characteristics (n = 367).

Variables

Age (y.o) 77.1 ± 10.0

Sex (Male) 168 (46%)

Body mass index (kg/m2) 22.7 ± 3.9

Body surface area (m2 ) 1.52 ± 0.21

Systolic blood pressure (mmHg) 147.5 ± 23.5

Diastolic blood pressure (mmHg) 75.0 ± 13.5

Heat Rate (bpm) 69.5 ± 12.6

Rhythm (SR/Af/PM) 338/25/4

Comorbidities

Hypertension 295 (80%)

Diabetes mellitus 115 (31%)

Coronary artery disease 79 (22%)

Chronic kidney disease 174 (47%)

Chronic pulmonary disease 62 (17%)

Medications

Calcium channel blocker 185 (52%)

β-blocker 76 (21%)

ACEi or ARB 208 (58%)

Digitalis 7 (2%)

Diuretics 107 (30%)

Warfarin/DOAC 58 (16%)

Charlson’s index 5.22 ± 1.94

Data are shown as mean ± standard deviations or n (%).

ACEi, angiotensin converting enzyme inhibitor; Af, atrial fibrillation; ARB, angiotensin

receptor blocker; DOAC, direct oral anticoagulant; SR, sinus rhythm; PM, pacemaker.

cardiac death, hospitalization due to heart failure, ventricular
tachycardia/fibrillation, or non-fatal myocardial infarction.

Statistical Analysis
Continuous data were expressed as means ± SDs or as
medians and interquartile ranges (IQR; 25th to 75th percentiles).
Categorical variables were presented as absolute numbers or
percentages. Student’s t-test was used to compare continuous
variables between two groups when data were normally
distributed. Wilcoxon sum rank test was used when data
were not normally distributed. Fisher’s exact test or a chi-
square test were used to compare categorical variables. Cox
proportional hazards analysis was used to calculate hazard ratios
and 95% confidence intervals. Univariate and multivariate Cox
proportional hazard analyses were used to assess the prognostic
utility of echocardiographic parameters. AVR was treated as
a time-dependent covariate. Survival analysis was performed
using the Kaplan-Meier method, and differences in survival
rates between groups were analyzed by the log-rank test. Net-
reclassification improvement (NRI) analysis and DeLong’s test
were used to compare risk prediction utility between the two
models. Classification and regression-tree (CART) analyses were
conducted to predict cardiac events. A two-sided p-value < 0.05
was considered statistically significant. All statistical analyses
were performed using commercial software (JMP version 14.0,
SAS Institute Inc., Cary, NC; R version 3.6.3, The R foundation
for Statistical Computing, Vienna).
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RESULTS

Patient Characteristics
Using a 3DE database, we found 392 asymptomatic AS patients.
Of those patients, 25 were excluded because their follow-up
duration after baseline echocardiography was <30 days. Finally,
first-time echocardiographic datasets from 367 patients were
selected for the analysis. We could not analyze 3DE datasets of
twelve patients due to a low volume rate or extremely poor image
quality. We performed 3DE LV and RV analysis in the other
355 patients, resulting in feasibility of 97% for both LV and RV
analyses. Image quality of LV was good in 35%, fair in 53%, and
poor in 12%. Corresponding RV values were good in 13%, fair in
57%, and poor in 30%. It was impossible to analyze 3D LAVs due
to the fact that datasets failed to encompass all of the LAwall in 10
patients, and the feasibility of 3D LA analysis was 94%. LA image
quality was good in 35%, fair in 53%, and poor in 11%. Clinical
characteristics are summarized in Table 1.

Two- and Three-Dimensional
Echocardiographic Parameters
Severe AS was observed in 43% (152/354) of the study
population. Median values of LVEF and RVEF by 3DE analysis
were 52 and 48%, respectively. 30% (107/355) of patients
had reduced LVEF (LVEF <50%), and 32% (112/355) had
reduced RVEF (RVEF <45%). 53% (189/355) of patients
had preserved both ventricular EFs, and 15% (53/355) of
patients had reduced bilateral ventricular EFs. Table 2 presents
echocardiography parameters.

Outcomes
During a median follow-up of 26.7 months (IQR, 15.4–56.6
months), 57 patients reached a primary endpoint, including
19 cardiac deaths, 32 HFs requiring hospital admission, four
myocardial infarctions, and two ventricular tachyarrhythmias.
Notably, four cardiac deaths and three HFs occurred after AVR.
Sixty-eight patients received AVR during the follow-up. The
median interval from baseline echocardiography to AVRwas 20.5
months. Univariate Cox proportional hazard analysis revealed
that mean PG, iAVA, E/e’, SVi, Charlson’s comorbidity index,
LVEF, RVEF, and LAVIs were associated with cardiac events
(Table 3).

Table 4 depicts the results of multivariate Cox proportional
hazard analyses. According to results from univariate analysis
and clinical importance, we created five models for multivariate
analyses. LVEF and RVEF were significantly associated with
cardiac events after adjusting Charlson’s comorbidity index,
AVR, and one of either echocardiographic parameter. DeLong’s
test revealed a significant increase of c-statistics after adding
RVEF to LVEF, LAVIn, E/e’, and mean PG (Figure 2). NRI
analysis revealed that the logistic regression model that
included RVEF showed a significant improvement of outcome
classification compared with the logistic regression model
including LVEF, LAVIn, E/e’, and mean PG (NRI = 0.655; p <

0.001).
For survival CART analysis, we entered 18 variables including

age, sex, Charlson’s comorbidity index, LVEDVI, LVESVI, LVEF,

TABLE 2 | Echocardiographic parameters (n = 367).

Variables Number Median (25th to 75th percentiles)

E-wave (cm/s) 367 77.0 (62.0–98.0)

E/A 335 0.71 (0.59–0.90)

E/e’ 363 16.9 (12.8–22.1)

MR (severe/moderate/mild) 318 3/5/219

TR (severe/moderate/mild) 274 3/12/218

SPAP (mmHg) 326 33.0 (27.9–39.2)

PH (SPAP > 50 mmHg) 326 20 (6%)

RVFAC (%) 342 40.1 (36.1–44.8)

RVfwLS (%) 342 24.6 (20.7–27.8)

RVGLS (%) 342 19.4 (16.6–21.8)

Peak velocity (m/s) 366 3.04 (2.53–3.59)

Mean PG (mmHg) 366 19.4 (13.8–29.8)

Indexed AVA (cm2/m2) 354 0.64 (0.51–0.80)

AS classification 354

HG-AS 44 (12%)

LFLG-AS with preserved LVEF 24 (7%)

LFLG-AS with reduced LVEF 21 (6%)

NFLG-AS 108 (30%)

Mild to moderate AS 158 (45%)

SVi (mL/m2 ) 355 42.5 (37.0–49.1)

3D LVEDVI (mL/m2 ) 355 83.3 (72.1–97.3)

3D LVESVI (mL/m2 ) 355 39.9 (33.1–49.2)

3D LVEF (%) 355 52.5 (47.9–55.6)

3D LVMI (g/m2) 355 98.8 (83.9–113.6)

3D LAVIx (mL/m2 ) 345 50.1 (39.7–61.3)

3D LAVIn (mL/m2 ) 345 26.9 (21.1–36.1)

3D RVEDVI (mL/m2 ) 355 55.9 (48.4–66.4)

3D RVESVI (mL/m2 ) 355 29.4 (24.2–34.1)

3D RVEF (1%) 355 48.0 (43.7–52.7)

Data are shown as medians (25th to 75th percentiles) or n (%).

3D, three-dimensional; AVA, aortic valve area; LAEF, left atrial emptying fraction;

LAVIn, minimum left atrial volume index; LAVIx, maximum left atrial volume index;

LVEDVI, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction;

LVESVI, left ventricular end-systolic volume index; LVMI, left ventricular mass index; MR,

mitral regurgitation; PG, pressure gradient; PH, pulmonary hypertension; RVEDVI, right

ventricular end-diastolic volume index; RVEF, right ventricular ejection fraction; RVESVI,

right ventricular end-systolic volume index; RVFAC, right ventricular fractional area change;

RVfwLS, right ventricular free-wall longitudinal strain; RVGLS, right ventricular global

longitudinal strain; SPAP, systolic pulmonary artery pressure; SVi, stroke volume index;

TR, tricuspid regurgitation.

LVMI, SVi, LAVIx, LAVIn, peak velocity, mean PG, iAVA, E
wave, E/e’, RVEDVI, RVESVI, and RVEF. CART first selected
RVEF (with a cut-off of 41%), followed by LVEF (with a cut-off
of 39%), Charlson’s cormorbidity index, LAVIn, and mean PG
(Figure 3). Generated Kaplan-Meier curves indicated that only
4% of patients (9/212) having more than cut-off values of LVEF,
RVEF, and Charlson’s comorbidity index ≤6 developed cardiac
events. Corresponding values of patients with≤41% of RVEF and
≤ 39% of LVEF were 58% (30/52) and 43% (6/14), respectively.

For the Kaplan-Meier analysis, we divided patients into four
groups according to cut-off values of LVEF (50%) and RVEF
(45%) (Figure 4). There was a significant difference between the
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TABLE 3 | Univariate Cox regression analyses of predictors of cardiac events.

HR 95% CI Z-score P-value

Age (per 1 y.o increase) 1.025 0.994–1.058 1.569 0.117

Sex (Male) 1.237 0.735–2.083 0.801 0.423

BMI (per 1 kg/m2 increase) 0.956 0.888–1.030 −1.181 0.238

BSA (per 1 m2 increase) 0.738 0.196–2.787 −0.448 0.654

SBP (per 1 mmHg increase) 0.993 0.982–1.004 −1.318 0.188

DBP (per 1mmHg increase) 0.996 0.977–1.015 −0.419 0.675

Heat Rate (per 1 bpm increase) 1.030 1.010–1.051 2.899 0.004

E-wave (per 1 cm/s increase) 1.010 1.003–1.017 2.809 0.005

E/A (per 1-unit increase) 1.298 0.808–2.087 1.078 0.281

E/e’ (per 1-unit increase) 1.031 1.013–1.049 3.349 <0.001

MR (moderate or severe) 2.303 0.557–0.529 1.152 0.250

TR (moderate or severe) 2.301 0.700–7.569 1.372 0.170

SPAP (per 1 mmHg increase) 1.015 0.989–1.042 1.117 0.264

PH (yes) 2.874 1.222–6.757 2.420 0.016

RVFAC (per 1% increase) 0.916 0.884–0.949 −4.866 <0.001

RVfwLS (per 1% increase) 0.887 0.841–0.936 −4.399 <0.001

RVGLS (per 1% increase) 0.820 0.765–0.880 −5.535 <0.001

Peak velocity (per 1 m/s increase) 1.283 0.911–1.081 1.427 0.153

Mean PG (per 1 mmHg increase) 1.020 1.002–1.039 2.163 0.030

Indexed AVA (per 1 cm2/m2 increase) 0.065 0.013–0.317 −3.384 <0.001

SVi (per 1 mL/m2 increase) 0.945 0.916–0.975 −3.598 <0.001

AVR (yes) 0.539 0.272–1.335 −1.335 0.182

Charlson’s index (per 1-point increase) 1.296 1.137–1.487 3.876 <0.001

3D LVEDVI (per 1 mL/m2 increase) 1.006 0.994–1.017 0.965 0.335

3D LVESVI (per 1 mL/m2 increase) 1.027 1.014–1.039 4.215 <0.001

3D LVEF (per 1% increase) 0.894 0.868–0.920 −7.559 <0.001

3D LVMI (per 1 g/m2 increase) 1.012 1.004–1.020 2.979 0.003

3D LAVIx (per 1 mL/m2 increase) 1.023 1.011–1.036 3.812 <0.001

3D LAVIn (per 1 mL/m2 increase) 1.034 1.022–1.046 5.508 <0.001

3D LAEF (per 1% increase) 0.941 0.921–0.960 −5.790 <0.001

3D RVEDVI (per 1 mL/m2 increase) 1.017 1.003–1.032 2.435 0.015

3D RVESVI (per 1 mL/m2 increase) 1.060 1.041–1.079 6.437 <0.001

3D RVEF (per 1% increase) 0.891 0.864–0.917 −7.669 <0.001

3D, three-dimensional; AVA, aortic valve area; AVR, aortic valve replacement; BMI, body mass index; BSA, body surface area; CI, confidence interval; DBP, diastolic blood pressure;

LAEF, left atrial emptying fraction; LAVIn, minimum left atrial volume index; LAVIx, maximum left atrial volume index; LVEDVI, left ventricular end-diastolic volume index; LVEF, left ventricular

ejection fraction; LVESVI, left ventricular end-systolic volume index; LVMI, left ventricular mass index; HR, hazard ratio; PG, pressure gradient; RVEDVI, right ventricular end-diastolic

volume index; RVEF, right ventricular ejection fraction; RVESVI, right ventricular end-systolic volume index; SBP, systolic blood pressure; SPAP, systolic pulmonary artery pressure; SVi,

stroke volume index.

group of patients who had preserved LVEF with impaired RVEF
and the group of patients with both EFs preserved (p < 0.001).

RVEF and Conventional 2D RV Parameters
RVGLS was significantly associated with cardiac events even
after being adjusted for AVR, Charlson’s comorbidity index,
LVEF, and either mean PG, iAVA, E/e’, LAVIn, or SVi
(Supplementary Tables S1–S3). RVfwLS had no significant
association with outcome when LAVIn was included in the
multivariate model. However, when we added RVEF to the
multivariate model, the prognostic significance of all of three
2D RV parameters disappeared (Supplementary Table S4). To
determine the independent and incremental prognostic value

of RVEF, we generated a nested regression model, sequentially
adding iAVA, LVEF, conventional 2D RV parameters (either
FAC of RVGLS), and RVEF. Chi-square values increased in
stepwise fashion upon adding each parameter. Addition of
RVEF to the model including iAVA, LVEF and RVFAC further
increased the chi-square value from 57.7 to 71.7 (p < 0.001),
whereas adding it to the model containing iAVA, LVEF and
RVGLS increased it from 61.5 to 72.7 (p < 0.001), respectively
(Supplementary Figure S1).

Patients With Preserved LVEF
For sensitivity analysis, we performed subgroup analyses in a
subset of patients who had ≥50% of LVEF. Among 248 patients
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TABLE 4 | Multivariate Cox regression analyses after adjusting Charlson index and AVR as time-dependent covariates.

Mean PG model iAVA model SVi model E/e’ model LAVIn model

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

LVEF 0.933 (0.900–0.968) <0.001 0.944 (0.910–0.978) 0.002 0.945 (0.908–0.983) 0.005 0.951 (0.916–0.988) 0.010 0.954 (0.917–0.993) 0.021

RVEF 0.918 (0.887–0.949) <0.001 0.924 (0.893–0.956) <0.001 0.918 (0.884–0.954) <0.001 0.913 (0.881–0.947) <0.001 0.926 (0.892–0.961) <0.001

Mean PG 1.038 (1.020–1.055) <0.001

iAVA 0.073 (0.015–0.357) 0.001

SVi 0.999 (0.971–1.029) 0.981

E/e’ 1.035 (1.009–1.062) 0.009

LAVIn 1.024 (1.008–1.039) 0.002

AVR, aortic valve replacement; CI, confidence interval; HR, hazard ratio; iAVA, indexed aortic valve area; LAVIn, minimal left atrial volume index; LVEF, left ventricular ejection fraction;

RVEF, right ventricular ejection fraction; SVi, stroke volume index.

FIGURE 2 | Receiver-operating characteristic curve analysis for prediction of

cardiac events. Comparison of the area under the curve (AUC) of several

parameters (black line) and with RVEF added (green line). LAVIn, minimum left

atrial volume index; LVEF, left ventricular ejection fraction; PG, pressure

gradient; RVEF, right ventricular ejection fraction.

with LVEF ≥50%, 23 patients developed cardiac events during
a median of 32 months follow-up. Multivariate Cox analysis,
revealed that RVEF was a significant marker even after adjusting
for LVEF (p < 0.001). Supplementary Figure S2 shows the
results of the CART analysis. As with the results for all patients,
CART selected RVEF first.

Patients With
“More-Than-Moderate-to-Severe AS”
Among 196 “more-than-moderate-to-severe” AS patients, 40
developed cardiac events during a median of 30 months
follow-up. Univariate Cox regression analysis indicated that
RVEF and conventional 2DE RV parameters were significantly
associated with cardiac events (Supplementary Table S5). The

results of multivariate Cox regression analyses revealed that
RVEF was significantly associated with cardiac events, even
after adjusting for AVR, Charlson index, and LVEF / iAVA/
LVMI /E/e’ /LAVIn (Supplementary Table S6). We constructed
a nested regression model incorporating iAVA, LVEF, RVFAC
or RVLS, and RVEF in stepwise manner to determine the
independent and incremental prognostic value of RVEF. RVEF
had a significant incremental value over iAVA, LVEF, and
RVFAC (Supplementary Figure S3, left panel) and over iAVA,
LVEF, and RVGLS (Supplementary Figure S3, right panel).
Supplementary Figure S4 shows the CART analysis indicating
that LVEF was selected first with a cut-off value of 47%, followed
by RVESVI with a cut-off value of 39 mL/m2.

Patients With
“Less-Than-Moderate-to-Severe AS”
Among 158 “less-than-moderate-to-severe” AS patients, 16
developed cardiac events during a median of 28 months follow-
up. Univariate Cox regression analysis revealed that RVEF
and RVGLS were significantly associated with cardiac events
(Supplementary Table S7). CART analysis selected RVEF at first
with a cut-off value of 42% (Supplementary Figure S5).

Factors Associated With Reduced RVEF
We performed logistic regression analysis to determine which
parameter was associated with reduced RVEF, which was
defined as RVEF < 40%. Univariate logistic regression analysis
revealed that heart rate, E/e’, iAVA, SVi, LVEF, LAVIn, coronary
artery disease (CAD), chronic kidney disease (CKD), and atrial
fibrillation (AF) were significantly associated with reduced
RVEF. Multivariate logistic regression analyses revealed that
iAVA, SVi, LVEF, and LAVIn were significantly associated with
reduced RVEF, even after adjusting for CAD, CKD, and AF
(Supplementary Table S8).

DISCUSSION

To the best of our knowledge, this is the first study to demonstrate
the prognostic utility of 3DE determined RVEF in patients with
asymptomatic AS.
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FIGURE 3 | Classification and regression-tree analysis for cardiac events. Blue boxes denote cut-offs, and red boxes describe event rates. 3D, three-dimensional;

AVR, aortic valve replacement; LAVIn, minimum left atrial volume index; LVEF, left ventricular ejection fraction; PG, pressure gradient; RVEF, right ventricular ejection

fraction.

Previous Studies
Indications and best timing of AVR for patients with
asymptomatic AS are not clearly defined. Some studies suggest
that early elective AVR improves the prognosis of patients
with asymptomatic severe AS (21). Genereux et al. proposed
the “cardiac damage” concept, which claims that damage to
each heart chamber regulates the prognosis of patients with
severe AS who received AVR, and their results suggest that
when RV damage has occurred, it is too late to intervene (12).
Moreover, Tastes et al. reported that the cardiac damage system
has significant prognostic utility for patients with moderate to
severe asymptomatic AS, independent of AVR (13). Because of
its reduced invasiveness and lower perioperative risk, the advent
of transcatheter AVR could increase the frequency of valve
replacement in patients who are at high risk for surgical AVR.
For this reason, pre-operative risk stratification of patients with
asymptomatic AS is vital for optimal use of health resources.

Some reports have explained the prognostic utility of RV
functional parameters in AS. Galli et al. reported the prognostic
importance of RV function among 200 patients with severe AS
(14). The subjects were predominantly asymptomatic (87%).
They found that 24% of severe AS patients had impaired RV

function, and biventricular dysfunction was a strong prognostic
indicator of future cardiac events. Zilberszac et al. reported the
prognostic value of RV dysfunction in 76 patients with low-
flow, low-gradient severe AS (22). Only seven patients were
asymptomatic. RV dysfunction was assessed by TAPSE, the
systolic lateral tricuspid annulus velocity or 2D RV free-wall
strain. RV dysfunction was a significant prognostic marker for
overall survival in univariate Cox proportional hazard analysis.
However, this utility was no longer significant after adjusting
EuroSCORE II. Those two papers used only RV parameters that
represent longitudinal motion. This limitation may explain why
in those studies, RV parameters were not such strong markers
compared with other factors, because the RV moves three-
dimensionally, and regional and longitudinal motion may not
represent global RV function in some cases (23).

Current Study
We found that 3D RVEF had significant utility in predicting
future cardiac events, even after adjusting for LVEF, AS severity,
LV diastolic function, AVR, and comorbidities. Statistical analysis
revealed that RVEF had incremental value over comorbidities,
left heart parameters, and AS severity to predict cardiac events.
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FIGURE 4 | Kaplan-Meier survival analysis for cardiac events based upon RVEF and LVEF. Kaplan-Meier analysis for cardiac events, according to group, as classified

by lower limits of normal LVEF and RVEF. LVEF, left ventricular ejection fraction; RVEF, right ventricular ejection fraction.

Kaplan-Meier analysis indicated that both LVEF and RVEF were
useful for risk stratification of patients with asymptomatic AS.

In our cohort, 73% of asymptomatic AS patients had some
non-cardiac comorbidities. Not only AS severity and left heart
function, but also other comorbidities that develop RV volume
or pressure overload, such as pulmonary disease and CKD can
affect RV function. Thus, RV function may represent status of the
whole heart. In fact, reduced RVEF was significantly associated
with echocardiographic parameters, CKD, CAD, and atrial
fibrillation. We cannot determine the causal relationship because
of the cross sectional nature of the study; however, optimal
medical therapy or intervention targeting HF, ischemia, and
AF have potential to improve management of AS patients with
reduced RVEF.

Our results are consistent with previous publications.
Previously, we determined the prognostic utility of 3D RVEF in
446 patients with diverse backgrounds (18). 3D RVEF had an
incremental value over 3D LVEF, E/e’, and CKD to predict future
adverse events. CART analysis selected RVEF first with a cut-off
of 41%. The value was equivalent to observed value in this study
(Figure 3). Muraru et al. also reported the prognostic utility of 3D
RVEF in patients with various cardiac diseases (24). They stressed
that 3D RVEF showed higher predictive power for cardiac events
than TAPSE or RVFAC, which was in agreement with our results.
Kaplan-Meier analysis indicated that patients with RVEF <40%
showed a high incidence of cardiac death, cardiac events, and all-
cause mortality. Those results are consistent with our RVEF cut-
off values derived fromCART analysis. Unlike those two previous
studies, our intent was to determine prognostic value of RVEF

in a specific group of patients, asymptomatic AS, and we clearly
showed its prognostic utility.

In a subset of patients with “more-than-moderate-to-
severe” AS, CART analysis selected LVEF first. The current
AHA/ACC guideline (3) recommends aortic valve surgery
as class I indication for asymptomatic severe AS patients
with LVEF <50%. Therefore, we believe that assessing
LVEF at first is reasonable in asymptomatic severe AS.
CART secondly selected RVESVI. However, we must note
that 7 of 28 more-than-moderate-to-severe AS patients
with LVEF ≥50%, who also had RVEF <45% developed
cardiac events. Of those 7 patients who had cardiac events,
two developed heart failure after AVR. Thus, when we
manage asymptomatic severe AS patients, we should assess
LV function for indications of AVR first. However, we
should carefully manage patients with preserved LVEF,
but impaired RVEF. On the other hand, for patients with
asymptomatic mild/moderate AS, the prognostic importance
of RVEF may be greater than that of left heart function and
valve condition.

Clinical Implications
Assessment of RVEF using 3DE provides robust information
for predicting future outcomes in patients with asymptomatic
AS. Overall, 3D RVEF was significantly associated with cardiac
events regardless of AS severity or left chamber function. 3DE
determined that RVEF is a much more useful parameter than
2DE-derived RV parameters for predicting future outcome. Thus,
combined 3DE assessment of left and right chamber function
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might be the best way for appropriate management of patients
with asymptomatic AS.

LIMITATIONS

This study has several limitations. First, it includes not only
severe AS patients, but also mild to moderate AS patients.
However, because AS is a progressive disease, predicting future
outcomes of patients with mild to moderate AS using baseline
echocardiography is essential for appropriate management.
In fact, RV systolic functions were significant prognostic
parameters, independent of AS severity. Second, 3D LAV analysis
was based on manual tracing, even though 3D LV and RV
analyses were performed using semi-automated 3D speckle
tracking software. This difference could underrepresent the
prognostic value of LAVs in this study, and further studies
using 3D LA speckle tracking analysis are required. Third,
we did not include 3D global strain values. It is crucial to
determine whether 3D global strain values are superior to EFs
and volumetric parameters. However, there are few commercial
software packages that can incorporate 3D RV and LA strains.
Fourth, although we demonstrated that 3D RVEF is better than
2D RV parameters, its accuracy and reliability depend on the
expertise of the examiner. 3DE data acquisition was not always
possible in every AS patient. In such situations, 2D RVFAC and
RVGLS are a potential alternative. Fifth, although significant
tricuspid regurgitation (TR) and mitral regurgitation (MR) have
potential to affect the prognosis of patients with AS, there were
not significant association with cardiac events in this study. This
may be due to the small sample size in more than moderate
TR and MR. Finally, this was a single-center retrospective
study. To validate our concepts, a multi-center prospective study
is required.

CONCLUSIONS

3D RVEF had significant prognostic value, even after adjusting
3D left heart parameters and comorbidities in patients with
asymptomatic AS. A cut-off value of RVEF ≤40% should be
considered for better management in asymptomatic AS patients.
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Background: Right ventricular (RV) three-dimensional (3D) strains can be measured

using novel 3D RV analytical software (ReVISION). Our objective was to investigate the

prognostic value of RV 3D strains.

Methods: We retrospectively selected patients who underwent both 3D

echocardiography (3DE) and cardiac magnetic resonance from January 2014 to

October 2020. 3DE datasets were analyzed with 3D speckle tracking software and the

ReVISION software. The primary end point was a composite of cardiac events, including

cardiac death, heart failure hospitalization, or ventricular tachyarrhythmia.

Results: 341 patients were included in this analysis. During a median of 20 months of

follow-up, 49 patients reached a composite of cardiac events. In univariate analysis, 3D

RV ejection fraction (RVEF) and three 3D strain values [RV global circumferential strain

(3D RVGCS), RV global longitudinal strain (3D RVGLS), and RV global area strain (3D

RVGAS)] were significantly associated with cardiac death, ventricular tachyarrhythmia,

or heart failure hospitalization (Hazard ratio: 0.88 to 0.93, p < 0.05). Multivariate analysis

revealed that 3D RVEF, three 3D strain values were significantly associated with cardiac

events after adjusting for age, chronic kidney disease, and left ventricular systolic/diastolic

parameters. Kaplan-Meier survival curves showed that 3D RVEF of 45% and median

values of 3D RVGCS, 3D RVGLS, and 3D RVGAS stratified a higher risk for survival rates.

Classification and regression tree analysis, including 22 clinical and echocardiographic

parameters, selected 3D RVEF (cut-off value: 34.5%) first, followed by diastolic blood

pressure (cut-off value: 53 mmHg) and 3D RVGAS (cut-off value: 32.4%) for stratifying

two high-risk group, one intermediate-risk group, and one low-risk group.

Conclusions: RV 3D strain had an equivalent prognostic value compared with 3D RVEF.

Combining these parameters with 3D RVEF may allow more detailed stratification of

patient’s prognosis in a wide array of cardiac diseases.

Keywords: right ventricular (RV), right ventricular ejection fraction, three-dimensional strain (3D strain), prognosis,

ReVISION, cardiac disease
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INTRODUCTION

For the last decade, the right ventricle has gained increasing
attention formorphological and functional assessment. Although
tricuspid annular plane systolic excursion (TAPSE), right
ventricular (RV) fractional area change, systolic tricuspid annular
velocity (RVs’), and longitudinal strains are commonly used
for assessment of RV function with two-dimensional (2D) and
tissue Doppler echocardiography, these measurements do not
cover all aspects of RV function and 2D echocardiographic
assessment of RV function has several limitations due to the
complex morphology of the right ventricle. Three-dimensional
echocardiography (3DE) provides accurate and reproducible
values of RV volumes and ejection fraction (RVEF) (1, 2) and
current guidelines recommend its use to examiners who are
familiar with 3DE (3). We have previously reported that RVEF
by 3DE is useful for predicting future prognosis in various cardiac
diseases (4–6).

The ReVISION (Right VentrIcular Separate wall motion
quantificatiON) software was recently introduced, enabling
comprehensive 3D echocardiographic analysis of the right
ventricle (7). With this method, strain values such as 3D
RV global circumferential strain (RVGCS), 3D RV global
longitudinal strain (RVGLS), and 3D RV global area strain
(RVGAS) could also be calculated from 3DE datasets. Area
strain was defined as the percentage change of the regional
area of the endocardium, which can be regarded as the
product of both longitudinal strain and circumferential strain.
Although reference values of 3D RVGCS, 3D RVGLS, and

FIGURE 1 | Two representative cases of three-dimensional (3D) right ventricular (RV) analysis using ReVISION software: One case of normal RV function (3D RVEF:

49%, A–C) and another case of severe RV dysfunction (3D RVEF: 28%, D–F). Transparent light-yellow and light-green represents the end-diastolic endocardial

boundary, and darker yellow and darker green represents the end-systolic endocardial boundary. Gray lines indicate contours used for 3D RV global circumferential

strain (RVGCS) (A,D), and 3D RV global longitudinal strain (RVGLS) (B,E) assessment, respectively. Light-blue segmental areas and their change from end-diastole to

end-systole represent the rationale behind area strain calculations [3D RV global area strain (RVGAS) is calculated using entire RV endocardial areas, C,F].

3D RVGAS were established using ReVISION software (8),
there are no studies indicating whether 3D RV strains have
prognostic value over 3DE-derived RVEF in patients with
cardiac disease.

We hypothesized that 3D RV strains would provide
incremental prognostic information over 3D RVEF. Accordingly,
we sought to investigate the prognostic value of RV 3D strains in
a diverse group of subjects.

MATERIALS AND METHODS

Study Subjects
This was a single-center, retrospective, observational study.
Using a cardiac magnetic resonance (CMR) database, we
retrospectively selected patients who underwent both CMR
and transthoracic echocardiography on the same day at the
University of Occupational and Environmental Health Hospital
from January 2014 to October 2020. Exclusion criteria were
repeat examinations, age <20 years, patients with <30 days
of follow-up, patients without echocardiographic datasets,
and patients with extremely poor image quality. Clinical
characteristics such as anthropometric data, risk factors, and
medication information on the day of the echocardiography were
collected. This study protocol was approved by the local Ethics
Committee of the University of Occupational and Environmental
Health (IRB No: UOEHCRB20-181). The requirement for
written informed consent was waived because of the retrospective
nature of the study.
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Echocardiographic Acquisition
Comprehensive transthoracic two-dimensional and Doppler
echocardiographic examination were performed using a
commercially available ultrasound system (iE33 or Epic7G,
Philips Medical System, Andover, Massachusetts; Vivid E95, GE
Healthcare, Horten, Norway).

3DE was performed according to guidelines of the American
Society of Echocardiography (ASE) using an iE33, Epic7G,
or Vivid E95 equipped with a 3DE transducer (X5-1, Philips
Medical System, Andover, Massachusetts; 4V or 4Vc, GE
Healthcare, Horten, Norway) (3). 3DE datasets that focused
on the left heart chamber were acquired from the apical
approach in one- or multi-beat acquisition mode. In addition,
3DE datasets that focused on the right heart chamber were
acquired from more lateral transducer positions. In order
to increase the volume rate, the width of the image sector
size was reduced as narrow as possible, keeping orthogonal
2D echocardiographic images encompassing the entire right
ventricle. Datasets were transferred to a separate workstation for
off-line analysis.

Echocardiographic Analysis
Echocardiographic analysis was performed by an experienced
examiner (MT). Traditional transthoracic 2D and Doppler
echocardiographic parameters were measured according to
current guidelines of the ASE and the European Association of
Cardiovascular Imaging (9).

Image quality of 3DE datasets was subjectively evaluated
by visibility of the endocardium in 2D echocardiography
images extracted from 3DE datasets (apical four-chamber, two-
chamber, and long-axis view for the left ventricle, and in
apical four-chamber view, coronal view, and basal short-axis
view for the right ventricle). Each view was divided into six
segments, and each segment was scored as 0 (no endocardial
visualization), 0.5 (partial endocardial visualization during
one cardiac cycle), or 1 (complete endocardial visualization
throughout one cardiac cycle). These scores were summed to
calculate the total image score (range: 0–18). Results were
categorized as good (defined as a total score ≥ 16), fair (13
≤ score < 16), poor (10 ≤ score < 13), or extremely poor
(score < 10) (5).

For 3DE analysis of the left ventricle (LV), 3DE datasets that
focused on the left heart chamber were analyzed using vendor-
independent 3D speckle tracking software (4D LV analysis,
TomTec Imaging System, Unterschleissheim, Germany). The
software automatically extracted apical four-chamber, two-
chamber, long-axis, and short-axis views from 3DE datasets and
detected endocardial surface at LV end-diastole. Endocardial
borders at LV end-diastole and end-systole were manually
corrected as required. After endocardial boundaries were
determined, the software conducted 3D speckle tracking analysis
over the entire cardiac cycle and automatically measured
LV end-diastolic volume (LVEDV), LV end-systolic volume
(LVESV), LV ejection fraction (LVEF), and LV global longitudinal
strain (LVGLS).

For RV analysis, we used commercially available 3D speckle
tracking software (4D RV function 3, TomTec Imaging

FIGURE 2 | Flow chart of the study population.

system, Unterschleissheim, Germany) and ReVISION software
(Argus Cognitive, Inc., Lebanon, New Hampshire, USA,
www.revisionmethod.com). First, 3D models of the right
ventricle were created with 4D RV function 3. After selecting
a 3DE dataset that focused on the right heart chamber, the
software automatically extracted two orthogonal views of the
left and right ventricles from the 3DE datasets. After aligning
each view and determining several anatomic landmarks (the LV
apex and the middle of the mitral annulus, the RV apex and
the middle of the tricuspid annulus), RV endocardial boundaries
were automatically drawn by the software. RV endocardial
borders at end-diastole were manually corrected as required.
The software performed speckle tracking analysis resulting in
calculation of RV volumes and RVEF. 3D RV models were
exported throughout the cardiac cycle as a 3D object file series
and transferred to ReVISION software. The detailed analytical
method of ReVISION software has been described elsewhere
(10). Briefly, the software calculates conventional volumetric
parameters, i.e., RV end-diastolic volume (RVEDV), RV end-
systolic volume (RVESV), and RV ejection fraction (RVEF).
To evaluate 3D RVGCS, 15 circumferential contours were
created by slicing the 3D model with horizontal planes at
equal distances along the longitudinal axis and were tracked
throughout the cardiac cycle. The length of the latitudes (C)
can be calculated by subdividing the curve and calculating it
as the sum of the straight lines. RVGCS can be calculated by
multiplying the sum of (Cend−systole-Cend−diastole/Cend−diastole) of
the 15 latitudes by 100. To evaluate 3D RVGLS, 45 longitudinally
oriented contours were generated by connecting the RV apex
and predefined points of the RV base and were tracked
throughout the cardiac cycle. The length of the longitude
(L) can be calculated as the sum of the apex-middle section
of the RV and middle section of the RV-RV base geodesic
distances. RVGLS can be calculated by multiplying the sum
of (Lend−systole-Lend−diastole/Lend−diastole) of 45 longitudes by
100. RVGAS was calculated from the relative change of the
endocardial surface between end-diastole and end-systole. The
surface is divided into a triangular mesh and its surface area
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TABLE 1 | Clinical characteristics in the study population.

Number n = 341

Age (year) 68 (58, 76)

Male 226 (66)

Sinus 310 (91)

AFib 31 (9)

Risk factor

HT 191 (56)

DM 101 (30)

HL 149 (44)

CAD 143 (42)

CKD 149 (44)

Etiology

Myocardial infarction 71 (21)

Ischemic heart disease 57 (17)

Dilated cardiomyopathy 45 (13)

Secondary cardiomyopathy 84 (25)

Hypertrophic cardiomyopathy 10 (3)

Valvular heart disease 42 (12)

Pulmonary hypertension 12 (3)

Other causes 20 (6)

Medication

Calcium channel blocker 72 (21)

Beta blocker 236 (69)

ACEi/ARB 253 (74)

Diuretics 170 (50)

Mineralocorticoid blocker 113 (33)

Vitamin K antagonist 42 (12)

Direct oral anticoagulant 42 (12)

Echo image quality (good/fair/poor) (LC) 68/160/113

Echo image quality (good/fair/poor) (RC) 45/144/152

Data are expressed as numbers (percentages). ACEi/ARB, angiotensin converting
enzyme inhibitor/angiotensin receptor blocker; AFib, atrial fibrillation; CAD, coronary artery
disease; CKD, chronic kidney disease; DM, diabetes mellitus; HL, hyperlipidemia; HT,
hypertension; LC, left chamber; RC, right chamber. Secondary cardiomyopathy includes
cardiac sarcoidosis in 28, hypertensive cardiomyopathy in 16, cardiac amyloidosis in
14, tachycardia cardiomyopathy in 4, arrhythmogenic right ventricular cardiomyopathy
in 2, cancer therapy-related cardiac dysfunction in 6, alcoholic cardiomyopathy in 4,
ampulla cardiomyopathy in 2, peripartum cardiomyopathy in 2, myocarditis in 2, Loeffler
endocarditis in 2, eosinophilic myocarditis in 1, hypothyroidism in 1. Valvular heart disease
includes mitral valve regurgitation in 9, mitral valve stenosis in 3, aortic valve regurgitation
in 9, aortic valve stenosis in 16, pulmonary valve stenosis in 1, post prosthetic valve
replacement in 2, infective endocarditis in 2. Other causes include atrial fibrillation in 3,
aortic dissection in 2, abdominal aortic aneurysm in 1, pulmonary thromboembolism in
2, Brugada syndrome in 1, torsade de pointes in 1, cardiac tumor in 4, pericarditis in 2,
constrictive pericarditis in 1, patent ductus arteriosus in 1, atrial septal defect in 1, left
ventricular aneurysm in 1.

(A) is calculated. The sum of the surface areas at the end of
systole (Aend−systole) and at the end of diastole (Aend−diastole)
is calculated, and the RVGAS is calculated by multiplying
(Aend−systole-Aend−diastole/Aend−diastole) by 100 (Figure 1). RV
volumes, RVEF and 3D RV strains (RVGCS, RVGLS, and
RVGAS) with ReVISION software were used for the main
analysis, while RV volumes and RVEF derived from TomTec
software (4D RV function 3) were also presented and used for
some analysis.

Follow-Up
Follow-up information was obtained by two researchers (TK,
YN), who were not involved in the echocardiographic analysis.
Patients were followed up regularly in the outpatient clinic.
For patients attending our hospital, prognostic information,
such as whether and when a cardiac event occurred, was
obtained from the attending physician or the electronic medical
record. For patients undergoing treatment at other hospitals,
we called the patient at home. If consent was obtained, we
asked the patient or family about their current health status
and whether and when a cardiac event had occurred. The day
of echocardiography was defined as day 0, and final follow-up
data were obtained in February 2021. The primary endpoint
was a composite of cardiac events, including cardiac death,
sustained ventricular tachyarrhythmia, or heart failure (HF)
hospitalization. If patient developed multiple events, we selected
hardest one as following order (HF hospitalization < sustained
ventricular tachyarrhythmia < cardiac death). The secondary
endpoint was HF hospitalization.

Reproducibility Analysis
Intra-observer variability of 3D RV volumes and 3D RVEF by 4D
RV function 3 was evaluated by repeating measurements taken
by the examiner on 35 randomly selected patients at interval
of at least one-month, inter-observer variability was evaluated
by a second examiner taking these measurements on the same
35 patients.

Statistical Analysis
Commercially available statistical software was used for statistical
analysis (JMP Version 14.3.0, SAS Institute, Cary, North
Carolina, USA; R Version 4.1.2, The R foundation for Statistical
Computing, Vienna). Continuous variables were represented as
medians and interquartile ranges (IQR). Categorical variables
were expressed as frequencies or percentages. Comparisons
between the two groups were analyzed using t-tests or Mann-
Whitney U tests for continuous variables, and Fisher’s exact test
or the chi-square test for categorical variables. A correlation
analysis was performed with the r value of the Spearman
rank correlation coefficient. Numbers needed to treat (NNTs)
were calculated as indicators of effect size (11). Survival time
analysis was evaluated using the Kaplan-Meier method, and
differences between groups were determined using the log-rank
test. A cox proportional hazards model was built to calculate
hazard ratio (HR) and 95% confidence interval (CI). The nested
regression model was used to assess the incremental prognostic
value. A decision tree model was created using classification
and regression tree (CART) analysis, which divided patients
into binary groups with the highest outcome contrasts and
also estimated appropriate cutoff values to predict time-to-event
outcomes (12).

RESULTS

Of 432 patients enrolled in the CMR database from January 2014
to October 2020, 341 patients were included as a final study
population (Figure 2). Feasibilities of 3D LV and RV analysis
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TABLE 2 | Clinical and echocardiography parameters in patients with and without a composite of cardiac events (cardiac death, sustained ventricular arrhythmia, or HF

hospitalization).

Overall (n = 341) CE (+) (n = 49) CE (-) (n = 292) P-value NNT

Age (year) 68 [58, 76] 74 [64, 80] 67 [57, 75] 0.005 4.1

Sex (male) 226 (66%) 26 (53%) 200 (68%) 0.034 6.5

BSA (/m2) 1.62 [1.50, 1.75] 1.55 [1.44, 1.74] 1.63 [1.51, 1.75] 0.061 5.1

HT 191 (56%) 29 (59%) 162 (55%) 0.6 27.0

DM 101 (30%) 19 (39%) 82 (28%) 0.13 9.4

HL 149 (44%) 22 (45%) 127 (43%) 0.9 71.2

CAD 143 (42%) 19 (39%) 124 (42%) 0.6 27.1

CKD 149 (44%) 29 (59%) 120 (41%) 0.018 5.5

HR (beat/minute) 67 (59, 76) 69 [60, 82] 66 [59, 75] 0.2 8.4

SBP (mmHg) 127 [112, 145] 115 [107, 130] 129 [114, 146] 0.001 3.8

DBP (mmHg) 71 [63, 79] 67 [58, 74] 72 [64, 80] <0.001 3.1

3D LVEDVI (mL/m2 ) 90 [71, 124] 105 [90, 131] 87 [69, 123] 0.005 5.2

3D LVESVI (mL/m2 ) 52 [36, 85] 68 [52, 102] 49 [33, 83] <0.001 3.9

3D LVEF (%) 41 [28, 50] 31 [24, 43] 43 [31, 51] <0.001 2.8

3D LVGLS (%) 12.2 [7.8, 15.5] 8.6 [5.9, 12.3] 12.6 [8.7, 15.9] <0.001 2.9

3D LAVI max (mL/m2) 48 [35, 66] 64 [52, 77] 45 [33, 61] <0.001 2.7

3D LAVI min (mL/m2 ) 31 [20, 47] 49 [34, 57] 27 [19, 41] <0.001 2.5

E (cm/sec) 66 [49, 85] 78 [63, 93] 64 [49, 82] 0.007 5.2

A (cm/sec) 70 [51, 90] 79 [41, 96] 69 [52, 89] 0.9 26.7

Average mitral E/e’ 11.4 [8.4, 15.2] 13.9 [10.5, 19.1] 10.9 [8.2, 14.6] <0.001 2.7

SPAP (mmHg) 31 [25, 38] 37 [31, 43] 31 [25, 37] 0.004 3.9

TAPSE (mm) 16.7 [13, 20.6] 14 [11, 18.8] 17 (13, 21) 0.001 3.4

RV s’ velocity (cm/sec) 10.6 [8.8, 12.3] 9.6 [8.5, 11.4] 10.7 [8.8, 12.4] 0.074 6.6

TomTec

3D RVEDVI (mL/m2) 61 [51, 76] 75 [58, 89] 60 [50, 73] <0.001 3.9

3D RVESVI (mL/m2 ) 32 [25, 42] 44 [34, 57] 30 [23, 40] <0.001 2.6

3D RVEF (%) 48 [40, 54] 40 [31, 48] 49 [41, 55] <0.001 2.1

ReVISION

3D RVEDVI (mL/m2) 61 [51, 76] 75 [58, 89] 61 [50, 73] <0.001 3.9

3D RVESVI (mL/m2 ) 33 [25, 42] 44 [34, 57] 31 [24, 41] <0.001 2.7

3D RVEF (%) 47 [39, 54] 39 [32, 46] 48 [41, 54] <0.001 2.1

3D RVGCS (%) 19.5 [15.7, 23.3] 15.9 [12.1, 20.3] 20.0 [16.5, 23.7] <0.001 2.4

3D RVGLS (%) 15.2 [12.1, 18.4] 12.4 [9.7, 15.4] 15.7 [12.8, 18.8] <0.001 2.5

3D RVGAS (%) 30.0 [24.2, 35.4] 23.3 [17.8, 30.2] 30.5 [25.4, 36.0] <0.001 2.2

Data are expressed as numbers (percentages) or medians [interquartile ranges]. 3D, three-dimensional; BSA, body surface area; CE, a composite of cardiac event (cardiac death,
sustained ventricular arrhythmia, or heart failure hospitalization); DBP, diastolic blood pressure; HF, heat failure; HR, heart rate; LAVI max (min), left atrial maximum (minimum) volume
index; LVED(S)VI, left ventricular end-diastolic (systolic) volume index, LVEF, left ventricular ejection fraction; LVGLS, left ventricular global longitudinal strain; NNT, number needed to
treat; RV, right ventricular; RVED(S)VI, right ventricular end-diastolic (systolic) volume index; RVEF, right ventricular ejection fraction; RVGAS, right ventricular global area strain; RVGCS,
right ventricular global circumferential strain; RVGLS, right ventricular global longitudinal strain; SBP, systolic blood pressure; SPAP, systolic pulmonary arterial pressure; TAPSE, tricuspid
annular plane systolic excursion. Other abbreviations are the same as in Table 1.

were 99% (340/341), and 100% (341/341). Image quality of the
left ventricle was good in 20% (68/341), fair in 47% (160/341),
and poor in 33% (113/341), respectively. Corresponding values
of the right ventricle were 14% (45/341), 42% (144/341), and 44%
(152/341) respectively. The median volume rate was 23Hz (IQR:
20–27Hz, range: 15–58Hz).Table 1 shows clinical characteristics
of study subjects.

Echocardiographic Parameters
For 3DE LV parameters, median values of LVEDV index, LVESV
index, LVEF, and LVGLS were 90 mL/m2 (IQR: 71–124 mL/m2),

52 mL/m2 (36–85 mL/m2), 41% (28–50%), and 12.2% (7.8–15.5
%), respectively. For 3DE RV parameters, the median values
of RVEDV index, RVESV index, RVEF by TomTec software
were 61 mL/m2 (51–76 mL/m2), 32 mL/m2 (25–42 mL/m2),
48% (40–54%), respectively. The median values of RVEDV
index, RVESV index, RVEF, RVGCS, RVGLS, and RVGAS by
ReVISION software were 61 mL/m2 (51–76 mL/m2), 33 mL/m2

(25–42 mL/m2), 47% (39–54%), 19.5% (15.7–23.3%), 15.2%
(12.1–18.4%), and 30.0% (24.2–35.4%), respectively. 3D LVEF
had a significant correlation with 3D LVGLS (r = 0.92) and
3D RVEF (r = 0.64). 3D RVEF also had a significant strong
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FIGURE 3 | Kaplan-Meier survival curves for cardiac death, ventricular tachyarrhythmia, or heart failure hospitalization stratified by predefined cut-off value of 3D RVEF

(A) and median values of 3D RVGCS (B), 3D RVGLS (C), and 3D RVGAS (D). CD, cardiac death; HF, heart failure; VA, ventricular tachyarrhythmia.

correlation with 3D RVGCS (r = 0.90), 3D RVGLS (r = 0.87),
and 3D RVGAS (r = 0.93). Echocardiographic parameters are
presented in Table 2.

Association With “Cardiac Death,
Ventricular Tachyarrhythmia, or HF
Hospitalization”
During a median of 19.8 (IQR: 9.0–38.5) months of follow-
up, 49 patients reached a composite of cardiac events, 14
of whom suffered cardiac death. Thirty patients were HF
hospitalization, and 5 patients developed sustained ventricular
tachyarrhythmia. Of the 14 patients with cardiac death, worsened
heart failure was the cause of death in eight patients, ventricular

tachyarrhythmia was the cause of death in three, sudden cardiac
death was the cause in two, and myocardial infarction was
the cause of death in one patient. Table 2 presents clinical
and echocardiographic parameters between patients with and
without cardiac events, and their NNTs. NNT was smallest
in 3D RVEF (2.1), followed by 3D RVGAS (2.2), 3D RVGCS
(2.4), 3D RVGLS (2.5), 3D minimum LA volume index (2.5),
and 3D RVESV index (2.7). Kaplan-Meier survival analysis
of 3D RVEF which were divided into binary groups using
predefined cut-off value of 45% and that of 3D RVGCS, 3D
RVGLS, and 3D RVGAS, which were divided into binary groups
using median values showed that all four parameters had
significant discriminatory power for “cardiac death, ventricular
tachyarrhythmia, or HF hospitalization” (Figure 3). In univariate
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Cox proportional hazard analysis, 3D RVEF (HR: 0.93, 95%CI:
0.91–0.96), 3D RVGCS (HR: 0.88, 95%CI: 0.83–0.93), 3D RVGLS
(HR: 0.85, 95%CI: 0.79–0.91), and 3D RVGAS (HR: 0.91,
95%CI: 0.88–0.94) were significantly associated with “cardiac
death, ventricular tachyarrhythmia, or HF hospitalization”
(Supplementary Table 1). The corresponding values of C-
Statistic were 0.71 (95%CI: 0.63–0.78), 0.68 (0.60–0.76), 0.68
(0.60–0.76), and 0.70 (0.62–0.77), respectively. There were
no statistically significant differences in C-Statics between 3D
RVEF and 3D RV strain parameters. We also performed a
dichotomous univariate analysis using the cutoff values based
on previous reports (3, 13) (Table 3). 3D RVGLS < 15%
had a similar hazard ratio compared with 3D RVEF < 45%.
Multivariate Cox proportional hazard analysis showed that 3D
RVEF and 3D RV strains were associated with future cardiac
events, after adjusting age, chronic kidney disease (CKD), 3D
LVEF, and average mitral E/e’, 3D maximal left atrial volume
index (LAVI), or TAPSE (Supplementary Table 2). Incremental
values of 3D RVEF and three RV 3D strains are shown in
Figure 4. When 3D RVEF, 3D RVGCS, or 3D RVGAS were
added to the model including age, CKD, 3D LVEF and average
mitral E/e’, chi-squared values increased significantly. When
either of four parameters were added to the model including
age, CKD, 3D LVEF and 3D maximal LAVI, the chi-square
value increased significantly. Figure 5 shows results of CART
analysis. When 22 clinical and echocardiographic parameters
were used, including age, gender, body surface area, CKD,
heart rate, systolic blood pressure, diastolic blood pressure
(DBP), 3D LVEDVI, 3D LVESVI, 3D LVEF, 3D LVGLS, 3D
maximal LAVI, 3D minimal LAVI, E/e’, TAPSE, RV s’, 3D
RVEDVI, 3D RVESVI, 3D RVEF, 3D RVGCS, 3D RVGLS,
and 3D RVGAS. CART selected 3D RVEF (cut-off value:
34.5%) first, followed by DBP at the time of echocardiography
examination (cut-off value: 53 mmHg) and 3D RVGAS (cut-
off value: 32.4%), resulting in classification into two high-risk
groups, one intermediate-risk group, and one low-risk group
(Figure 5A). If we included 15 echocardiography parameters,
CART selected 3D RVEF (cut-off value: 34.5%) first, followed
by average mitral E/e’ (cut-off value: 25.6) and 3D LVESVI (cut-
off value: 51.5 mL/m2), resulting in classification into two high-
risk groups, one intermediate-risk group, and one low-risk group
(Figure 5B).

Association With HF Hospitalization
During a median of 19.7 (IQR: 8.7–37.7) months of follow-up,
37 patients reached HF hospitalization. Supplementary Table 3

presents clinical and echocardiographic parameters between
patients with and without HF hospitalization, and their
NNTs. Figure 6 showed Kaplan-Meier survival analysis
of 3D RVEF, 3D RVGCS, 3D RVGLS, and 3D RVGAS
divided into binary groups using the aforementioned
cutoff values. In univariate analysis, 3D RVEF (HR: 0.93,
95%CI: 0.90–0.96), 3D RVGCS (HR: 0.88, 95%CI: 0.83–
0.94), 3D RVGLS (HR: 0.84, 95%CI: 0.78–0.91), 3D RVGAS
(HR: 0.91, 95%CI: 0.87–0.95) were significantly associated
with HF hospitalization (Supplementary Table 4). Table 4

TABLE 3 | Univariate cox proportional hazards analysis with dichotomous

variables for “cardiac death, sustained ventricular arrhythmia, or HF

hospitalization.”

Variables Hazard ratio 95% CI P-value

3D LVEF < 50 % 5.66 1.75–18.3 0.004

3D LVEF < 40 % 2.71 1.47–4.99 0.001

3D LVEF < 30 % 2.11 1.20–3.73 0.010

3D LVGLS < 16 % 2.92 1.15–7.37 0.024

3D LVGLS < 13 % 3.05 1.55–6.00 0.001

3D LVGLS < 10 % 3.48 1.91–6.34 <0.001

3D LAVI max > 34 mL/m2 4.82 1.91–12.2 <0.001

Average mitral E/e’ > 14 1.78 1.01–3.15 0.046

TR > 2.8 m/s 2.60 1.36–4.98 0.004

TAPSE < 17mm 2.15 1.18–3.90 0.012

TAPSE < 13mm 2.62 1.48–4.64 <0.001

TAPSE < 10mm 2.38 1.11–5.09 0.025

RV s’ < 9.5 cm/sec 1.98 1.05–3.72 0.034

RV s’ < 7.5 cm/sec 1.07 0.42–2.73 0.9

RV s’ < 5 cm/sec 2.26 0.31–16.5 0.4

3D RVEF < 45 % 3.22 1.75–5.92 <0.001

3D RVEF < 40 % 3.09 1.76–5.42 <0.001

3D RVEF < 35 % 3.91 2.20–6.95 <0.001

3D RVEF < 30 % 3.81 1.94–7.47 <0.001

3D RVGCS < 19 % 2.70 1.49–4.92 <0.001

3D RVGLS < 15 % 3.22 1.70–6.08 <0.001

3D RVGAS < 30 % 2.97 1.57–5.61 <0.001

CI, confidence interval; TR, tricuspid regurgitation velocity. Other abbreviations are the
same as in Table 2.

shows a dichotomous univariate analysis for several
echocardiographic parameters using the cutoff values based
on previous reports (3, 13). 3D RVGLS < 15% had a
similar hazard ratio for HF hospitalization compared with
3D RVEF < 45%.

Reliability of the ReVISION Method
To evaluate the reliability of the ReVISION method, 3D
RVEF values by the ReVISION method were compared to
corresponding values obtained from TomTec software or CMR.
The prognostic value was also evaluated among three RVEFs. A
correlation coefficient of RVEF between the ReVISION method
and TomTec software was 0.99 and that between the ReVISION
method and CMR was 0.67 (Supplementary Figure 1). The
prognostic values of primary and secondary endpoints were
comparable among RVEFs assessed by the three methods
(Table 5).

Reproducibility
The intra- and inter-observer variability of 3D RVEDV, 3D
RVESV and 3D RVEF was 4.5–5.4% [intraclass correlation
coefficients (ICC): 0.92–0.97] and 7.4–9.2% (ICC: 0.86–0.93),
respectively (Supplementary Table 5).
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FIGURE 4 | The nested regression model to evaluate the incremental value of 3D RVEF, 3D RVGCS, 3D RVGLS, and 3D RVGAS for cardiac death, ventricular

tachyarrhythmia, or HF hospitalization. χ
2 scores show that 3D RVEF, 3D RVGCS, and 3D RVGAS have significant incremental value for prediction of a composite of

cardiac events in addition to models, including age, chronic kidney disease, left ventricular ejection fraction, and average mitral E/e’ (A–D). χ
2 scores show that 3D

RVEF, all 3D global strains have significant incremental value for prediction over the models, including age, chronic kidney disease, left ventricular ejection fraction, and

maximum 3D left atrial volume index (E–H).

DISCUSSION

To the best of our knowledge, this is the first report of the
prognostic utility of RV 3D strains in patients with diverse cardiac
diseases. The major findings of our study can be summarized as
follows:, (i) Univariate analysis showed that 3D RVEF and RV
3D strains were associated with future outcomes, (ii) Multivariate
analysis revealed that 3D RVEF, 3D RVGCS and 3D RVGAS are
independently associated with cardiac events after adjusting for
age, CKD, 3D LVEF, and average mitral E/e’. 3D RVEF and all
3D RV global strains are independently associated with cardiac
events after adjusting for age, CKD, 3D LVEF, and 3D maximum
LAVI, (iii) CART selected 3D RVEF first, followed by DBP and
3D RVGAS, which divided the patients into four groups stratified
for risk of cardiac events of different degrees.

Previous Studies
Echocardiographic cardiac function analysis has focused mainly
on left cardiac chambers, including LVEF, LVGLS, and left atrial
volumes and function. The right ventricle, on the other hand,
has been regarded for many years as the neglected or forgotten
chamber of the heart, with less relevance to RV disease as a
primary cardiac disease (14). However, the importance of RV

function, especially RVEF, has been recently demonstrated in
management and prognostication of cardiac disease (4–6). It has
also been reported that patients who had preserved LVEF and
reduced RVEF had significantly worse prognoses than patients
with reduced LVEF, but preserved RVEF (4, 15), and more
attention is now being paid to the right heart chambers.

RV pump function consists of three main mechanisms: (i)
shortening of the longitudinal axis with traction of the tricuspid
annulus toward the apex; (ii) inward (radial) movement of the
RV free wall; (iii) bulging of the interventricular septum into the
RV during LV contraction and stretching of the free wall over
the septum (7, 16). Impairment of these mechanisms may vary
depending on cardiac diseases or conditions. Hence, Lakatos et al.
(8) developed the ReVISION method, a 3DE-based solution for
quantification of the relative contributions of longitudinal, radial,
and antero-posterior shortening to global RVEF. Assessments
of RVGCS, RVGLS, and RVGAS have also been implemented.
Atsumi et al. (17) first demonstrated the reliability and clinical
feasibility of RV 3D strains in animal studies. Ishizu et al. (18)
showed that RV 3D strains are associated with impaired RV
function in adult patients with a wide array of cardiovascular
problems. In these studies, a 3D wall motion tracking algorithm
for the RV was used. We reported normal values of RV 3D strains

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 February 2022 | Volume 9 | Article 83758435

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Kitano et al. Prognostic Value of 3DRV Strain

FIGURE 5 | (A) Classification and regression tree (CART) analysis, including twenty-two clinical and echocardiographic parameters. CART selected 3D RVEF (cut-off

value: 34.5%) first, followed by DBP (cut-off value: 53 mmHg) and 3D RVGAS (cut-off value: 32.4%), resulting in classification into two high-risk groups (n = 67), one

intermediate-risk group (n = 154), and one low-risk group (n = 120). (B) CART analysis, including fifteen echocardiographic parameters. CART selected 3D RVEF

(cut-off value: 34.5%) first, followed by average mitral E/e’ (cut-off value: 25.6) and 3D LVESVI (cut-off value: 51.5 mL/m2 ), resulting in classification into two high-risk

groups (n = 59), one intermediate-risk group (n = 126), and one low-risk group (n = 156).

in healthy volunteers using the ReVISION software (8). Recently,
RV 3D strains were shown to be associated with short-term
outcomes in patients undergoing cardiac surgery (19). However,
no studies have investigated whether RV 3D strains provide
prognostic information in patients with cardiovascular disease.

Current Study
Univariate and multivariate Cox proportional hazard analysis
revealed that not only 3D RVEF but also 3D RV global strains
were significantly associated with a composite of cardiac events as
well as HF hospitalization. However, because of the collinearity of
3DRVEF and RV 3D strains, multivariate analyses including both
3D RVEF and RV 3D strains were not conducted in this study.

In the CART analysis, 3D RVEF was selected first, followed
by DBP, and finally 3D RVGAS, when we included clinical and
echocardiography parameters. Selection of 3D RVGAS makes
sense because of its smaller NNT next to that of 3D RVEF and
because its value reflects strain values in both longitudinal and
circumferential directions. Previous publications have reported
that lower DBPs are associated with worse prognoses (20–22). In
addition, low systolic and mean blood pressures are associated
with increased mortality in heart failure patients (22, 23). When
we included 15 echocardiography parameters, CART selected
3D RVEF first, followed by LV diastolic function parameter
(mitral E/e’) and LV systolic function parameter (3D LVESVI).
The results suggest that among echocardiographic parameters,

3D RVEF is more important than LV diastolic and systolic
parameters to predict future outcome, which agreed with the
previous study in patients with asymptomatic aortic stenosis (24).

In the present study, RV 3D strain had prognostic value
equivalent to that of 3D RVEF, but not better than 3D RVEF.
This may be due to the inclusion of left-sided heart disease of
various etiologies and the inclusion of patients with preserved
or impaired LV function, which may have resulted in different
mechanisms of RV dysfunction among patients. Left-sided heart
disease was also thought to diffusely impair the right ventricle.
As a result, 3D RV strain, which is an indicator of one or
two directional motion components, was equivalent but not
superior to 3D RVEF, which is a global indicator. This was also
consistent with the fact that for RV 3D strain values, 3D RVGAS,
a multidimensional index, was a better parameter for prognosis
than 3D RVGCS or 3D RVGLS. Combining these parameters
with RVEF may allow more detailed stratification of patient
prognosis, especially in a specific type of cardiovascular diseases.

The cut-off values of 3D RVGCS, 3D RVGLS, and 3D RVGAS
found for outcome analysis in this study were 19.5, 15.2, and
30.0%, respectively. These values were correctly below the lower
limit of normality (LLN) of 3D RVGCS (LLN: 21.3%), 3D RVGLS
(LLN: 24.7%), and 3D RVGAS (LLN: 34.8%) reported by Lakatos
et al. (8), which is in agreement with the prognostic cut-off
value for LVGLS that is also below the LLN for LVGLS (i.e.,
<16%) (25–27), since cut-off values to estimate worse outcomes
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FIGURE 6 | Kaplan-Meier survival curves for heart failure hospitalization stratified by predefined cut-off value of 3D RVEF (A) and median values of 3D RVGCS (B), 3D

RVGLS (C), and 3D RVGAS (D).

should be below the LLN of the parameter analyzed. 3D RVGLS
< 15% had a similar hazard ratio compared with 3D RVEF
< 45% for the association of a composite of cardiac events as
well as HF hospitalization. Further study should be required to
validate whether 3D RVGLS of 15% is an optimal cut-off value
for prognostication. It is also important to determine whether 3D
RVGLS provides useful prognostic information in patients whose
3D RVEF is preserved.

Study Limitations
Some limitations must be acknowledged. This study was
single-center, retrospective, observational study that included
patients selected from the CMR database. Selection bias should
be recognized because only patients undergoing CMR were
included, which might be biased toward certain left-sided
cardiac conditions. Some echocardiographic parameters and

information on the severity of valvular heart disease were
not used for the analysis. ReVISION software relies on 3D
RV endocardial meshes generated using vendor-independent,
commercially available 3DE speckle tracking software. The
relatively small number of events in this study did not allow
for extensive subgroup analysis. Further studies are needed to
investigate the potential usefulness of RV 3D strains in specific
cardiac diseases. The decision tree obtained from the CART
analysis has been optimized for our population and needs to be
externally validated in future studies.

Conclusions
RV 3D strains provided equivalesnt prognostic usefulness
comparedwith 3DRVEF in patients with diverse cardiac diseases.
Combining these parameters with 3DRVEFmay allow for amore
detailed stratification of patient prognoses.
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TABLE 4 | Univariate cox proportional hazards analysis with dichotomous

variables for HF hospitalization.

Variables Hazard ratio 95% CI P-value

3D LVEF < 50 % 4.15 1.27–13.6 0.019

3D LVEF < 40 % 2.85 1.40–5.80 0.004

3D LVEF < 30 % 2.02 1.04–3.89 0.037

3D LVGLS < 16 % 3.96 1.18–12.6 0.025

3D LVGLS < 13 % 3.82 1.67–8.75 0.001

3D LVGLS < 10 % 4.01 1.97–8.15 <0.001

3D LAVI max > 34 mL/m2 6.08 1.86–19.8 0.003

Average mitral E/e’ > 14 1.73 0.90–3.34 0.10

TR > 2.8 m/s 3.19 1.51–6.77 0.002

TAPSE < 17mm 2.16 1.08–4.30 0.028

TAPSE < 13mm 2.38 1.22–4.63 0.011

TAPSE < 10mm 1.94 0.75–4.99 0.2

RV s’ < 9.5 cm/sec 1.68 0.82–3.33 0.2

RV s’ < 7.5 cm/sec 0.79 0.24–2.59 0.7

RV s’ < 5 cm/sec 0.00 0.00–Inf 0.9

3D RVEF < 45 % 3.36 1.66–6.82 <0.001

3D RVEF < 40 % 2.85 1.49–5.43 0.001

3D RVEF < 35 % 3.50 1.78–6.89 <0.001

3D RVEF < 30 % 4.32 2.03–9.22 <0.001

3D RVGCS < 19 % 2.40 1.22–4.73 0.011

3D RVGLS < 15 % 3.61 1.70–7.67 <0.001

3D RVGAS < 30 % 3.37 1.59–7.16 0.002

Abbreviations are the same as in Tables 2, 3.

TABLE 5 | Comparison of the prognostic value of RVEF among ReVISION

method and the other methods.

Variables Hazard ratio 95% CI P-value

“Cardiac death, sustained ventricular arrhythmia, or HF hospitalization”

3D RVEF by ReVISION method 0.93 0.91–0.96 <0.001

3D RVEF by TomTec software 0.93 0.91–0.96 <0.001

RVEF by CMR 0.96 0.94–0.99 0.002

HF hospitalization

3D RVEF by ReVISION method 0.93 0.90–0.96 <0.001

3D RVEF by TomTec software 0.93 0.90–0.96 <0.001

RVEF by CMR 0.96 0.93–0.98 0.002

CMR, cardiac magnetic resonance. TomTec software was 4D RV function 3. Other
abbreviations are the same as in Tables 2, 3.
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Background: The assessment of right ventricular (RV) function in patients undergoing

elective cardiac surgery is paramount for providing optimal perioperative care. The

role of regional RV function assessment employing sophisticated state-of-the-art

cardiac imaging modalities has not been investigated in this cohort. Hence, this study

investigated the association of 3D echocardiography-based regional RV volumetry with

short-term outcomes.

Materials and Methods: In a retrospective single-center study, patients undergoing

elective cardiac surgery were included if they underwent 3D transesophageal

echocardiography prior to thoracotomy. A dedicated software quantified regional RV

volumes of the inflow tract, apical body and RV outflow tract employing meshes derived

from 3D speckle-tracking. Echocardiographic, clinical and laboratory data were entered

into univariable and multivariable logistic regression analyses to determine association

with the endpoint (in-hospital mortality or the need for extracorporeal circulatory support).

Results: Out of 357 included patients, 25 (7%) reached the endpoint. Inflow RV ejection

fraction (RVEF, 32± 8% vs. 37± 11%, p= 0.01) and relative stroke volume (rel. SV) were

significantly lower in patients who reached the endpoint (44 ± 8 vs. 48 ± 9%, p = 0.02),

while the rel. SV of the apex was higher (38± 10% vs. 33± 8%, p= 0.01). Global left and

right ventricular function including RVEF and left ventricular global longitudinal strain did

not differ. In univariable logistic regression, tricuspid regurgitation grade ≥ 2 [odds ratio

(OR) 4.24 (1.66–10.84), p < 0.01], inflow RVEF [OR 0.95 (0.92–0.99), p = 0.01], inflow

rel. SV [OR 0.94 (0.90–0.99), p= 0.02], apex rel. SV [OR 1.07 (1.02–1.13), p< 0.01] and

apex to inflow rel. SV ratio [OR 5.81 (1.90–17.77), p< 0.01] were significantly associated

with the endpoint. In a multivariable model, only the presence of tricuspid regurgitation

[OR 4.24 (1.66–10.84), p < 0.01] and apex to inflow rel. SV ratio [OR 6.55 (2.09–20.60),

p < 0.001] were independently associated with the endpoint.
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Conclusions: Regional RV function is associated with short-term outcomes in patients

undergoing elective cardiac surgery and might be helpful for optimizing risk stratification.

Keywords: right ventricle, ejection fraction, cardiac surgery, outcome research, three-dimensional

echocardiography

INTRODUCTION

Perioperative right ventricular (RV) dysfunction dramatically
limits patient outcomes following cardiac surgery (1, 2). While
most current risk stratification scores disregard baseline RV
function, even subclinical preoperative RV dysfunction has
been shown to be associated with increased postoperative
mortality (3). However, as the RV is of a complex anatomical
and physiological nature, detecting subtle deviations from
normal RV function is challenging. Hence, the hunt for novel
non-invasive parameters that could yield further insight into
RV pathophysiology is thriving. Echocardiography can be
considered the most important non-invasive diagnostic method
for quantifying RV function. In perioperative medicine, it
is mainly applied by cardiologists via transthoracic acoustic
windows distinctively before referral to surgery and by cardiac
anesthesiologists in the operating room using transesophageal
echocardiography (TEE). Intraoperative TEE has the potential
to influence surgical decision-making, and its application is
associated with improved outcomes (4, 5). Due to the ability to
generate high-resolution images under general anesthesia, TEE
facilitates the acquisition of 3D datasets that are advantageous
over 2D recordings in the assessment of baseline RV function
(6, 7). 3D volumetric analyses of the RV, especially 3D-derived
RV ejection fraction (RVEF), carry incremental prognostic
information in various chronic cardiac diseases (8). Depicting
global into regional systolic RV function is a promising
approach for unveiling contraction patterns associated with
early pathological remodeling or abnormal loading conditions
and hence increasing sensitivity in detecting RV dysfunction
(7, 9–11). Literature on regional RV systolic function using 3D
echocardiography regarding short-term prognosis after cardiac
surgery is sparse (12). Therefore, the present study investigated
the association of regional systolic function of the right ventricle
with short-term outcome in patients undergoing cardiac surgery
using mesh models derived from intraoperative transesophageal
3D-STE and a previously reported software approach (13).
The performances of the novel parameters were compared to
established clinical and echocardiographic measures that are

Abbreviations: 3D, three-dimensional; CI, confidence interval; ECLS,
extracorporeal life support; EDV(i), end-diastolic volume (index); ESV(i),
end-systolic volume (index); eGFR, estimated glomerular filtration rate; FAC,
fractional area change; ICC, intraclass correlation coefficient; LVAD, left
ventricular assist device; LVEF, left ventricular ejection fraction; LV-GLS,
left ventricular global longitudinal strain; NYHA, New York Heart Association;
OPCAB, off-pump coronary artery bypass surgery; OR, odds ratio; rel., relative; RV,
right ventricle/right ventricular; RVEDV(i), right ventricular end-diastolic volume
(index); RVEF, right ventricular ejection fraction; RVESV(i), right ventricular
end-systolic volume index; RVOT, right ventricular outflow tract; STE, speckle-
tracking echocardiography; SV, stroke volume; TAPSE, tricuspid annular plane
systolic excursion; TEE, transesophageal echocardiography/echocardiograms.

routinely utilized for risk stratification. To our knowledge,
this is the first study to investigate sophisticated 3D-derived
intraoperative regional RV volumetry in patients undergoing
cardiac surgery.

MATERIALS AND METHODS

Patients
Ethical approval for retrospective patient inclusion was granted
by the Ethics Committee of the Medical School at the University
of Tuebingen (Trial Registration # IRB 350/2015R) and the study
was conducted in accordance with the Declaration of Helsinki.
Patients were screened for inclusion to this single-center cohort
study if they underwent one of the following elective cardiac
surgery procedures between November 2013 and October 2018:
on-pump coronary artery bypass grafting, off-pump coronary
artery bypass grafting (OPCAB), left-sided valve surgery,
thoracic aortic surgery or left ventricular assist device (LVAD)
implantation. Surgeries were categorized as “mixed” if one of
the major procedures (except LVAD implantation) was combined
with other procedures, or a combination of two or more major
procedures (except LVAD implantation) was performed. Of the
screened patients, only those with standardized intraoperative 3D
transesophageal echocardiograms available in the institutional
database were included in the study. Patients were excluded if
they were underage (<18 years) at the time of surgery, needed
extracorporeal circulatory support preoperatively or electronic
patient records were incomplete for clinical data analysis.

Anesthesia and Intraoperative
Echocardiography
The institutional regimen for standardized anesthesia during
cardiac surgery and intraoperative echocardiography was
described previously (14, 15). Briefly, anesthesia was induced
with midazolam, sufentanil and rocuronium. After endotracheal
intubation, anesthesia was maintained with sevoflurane and
continuous administration of sufentanil. A norepinephrine
infusion was titrated, if necessary, to maintain a mean arterial
pressure above 65 mmHg. No additional sympathomimetics
were used between anesthesia induction and thoracotomy.
Inotropic therapies initiated prior to anesthesia induction were
maintained unaltered.

The institutional standard for intraoperative TEE requires
recordings after the establishment of hemodynamic stability
following anesthesia induction but prior to thoracotomy. TEE
was performed by specially trained cardiac anesthesiologists
using commercially available 3D-compatible probes (Philips X7-
2t Matrix, Philips Healthcare, Inc., Andover, MA, USA and
Siemens Z6Ms TEE probe, Siemens Healthineers AG, Erlangen,
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Germany). Representative 3D loops of the fully projected right
and left ventricles at a frame rate above 20 fps were acquired.

Established Echocardiographic
Parameters of LV and RV Function
All functional parameters were derived offline from the
intraoperatively acquired 3D TEE studies using commercially
available 3D-STE software packages. Left ventricular volumes,
ejection fraction (LVEF) and global longitudinal strain (LV-
GLS) were calculated using 4D LV-ANALYSIS software (Tomtec
Imaging Systems GmbH, Unterschleissheim, Germany). If 3D LV
datasets of sufficient quality were not available, left ventricular
volumes, LVEF and LV-GLS were derived from two-dimensional
recordings using appropriate speckle-tracking software. RV
volumes, RVEF, fractional area change (FAC) and tricuspid
annular plane systolic excursion (TAPSE) were calculated with
the widely used 4D RV-Function software (version 2.0, Tomtec
Imaging Systems GmbH, Unterschleissheim, Germany). Image
acquisition and measurements were carried out in accordance
with guideline recommendations (16–18).

Regional Right Ventricular Volumetry
After exporting the endocardial RV mesh files derived from 3D-
STE (UCD file format), offline regional volumetry was performed
using custom-made post-processing software as previously
reported (13). The software algorithm is written in C++ based
on the Visualization Toolkit (Ver. 7.1.1, Kitware, Inc., Clifton
Park, New York, USA) and automatically performs regional
volumetry of three RV regions:

• “inflow”—comprising mainly the anatomic region of the
tricuspid annulus leaflets, also referred to as the “inlet.”

• “apex”—comprising the apical trabecular region.
• “RVOT”—comprising the right ventricular outflow tract, also

referred to as the “outlet.”

Virtual cutting surfaces derived from an annular set of mesh
points around the border of two regions served as the borders to
divide the RV into the three regions. A set of two neighboring
mesh points and the common center point each formed a
triangle, all of which formed the cutting surface. The cutting
points weremanually defined and evaluated on a set of exemplary
meshes, and the same set of cutting points was applied to all
meshes analyzed for the study (13). Regional volumetric analysis
yielded the RVEF (difference between maximum and minimum
volume divided by the maximum volume of a region within the
cardiac cycle, given in %), end-diastolic volume (EDV, maximum
volume of a region within the cardiac cycle, given in ml), end-
diastolic volume index (EDVi, normalized to body surface), stroke
volume (SV, difference betweenmaximum andminimum volume
of a region within the cardiac cycle) and the relative stroke volume
(rel. SV, relative contribution to the global RV stroke volume,
given in %) individually for each region.

Clinical Data and Outcome
Epidemiologic, laboratory, clinical and outcome data were
extracted from electronic patient records. The following baseline
parameters were recorded: age, body mass index, body surface,

TABLE 1 | Baseline clinical data of the complete patient cohort (n = 357).

Parameter Result

Age, years 66 ± 13

Male, n 259 (73)

Body mass index, kg/m² 27 ± 5

Chronic lung disease*, n 29 (8)

Pulmonary hypertension†, n 57 (16)

Tricuspid regurgitation‡, n 45 (13)

Diabetes§, n 36 (10)

NYHA functional class

I 67 (19)

II 105 (29)

III 118 (33)

IV 67 (19)

eGFR, ml/min 80 (61–102)

Lactate, mmol/l 0.90 ± 0.48

Hematocrit, % 37 ± 6

EuroSCORE II, % 3.4 (1.5–7.8)

Type of surgery

On-pump coronary artery bypass grafting, n 51 (14)

OPCAB, n 69 (19)

Left-sided valve surgery, n 96 (27)

Thoracic aortic surgery, n 17 (5)

LVAD implantation, n 25 (7)

Mixed procedures, n 99 (28)

Values are means ± standard deviations, medians (interquartile ranges) or n (%).
ECLS, extracorporeal life support; eGFR, estimated glomerular filtration rate; LVAD, left
ventricular assist device; NYHA, New York Heart Association; OPCAB, off-pump coronary
artery bypass surgery.
*Long term use of bronchodilators or steroids for lung disease.
†Systolic pulmonary artery pressure > 30 mmHg.
‡Grade ≥ 2.
§ Insulin-dependent.

estimated glomerular filtration rate (eGFR), hematocrit, lactate,
the presence of chronic lung disease (defined as long-term use
of bronchodilators or steroids for lung disease), the presence of
pulmonary hypertension (defined as systolic pulmonary artery
pressure > 30 mmHg assessed by Doppler echocardiography),
the presence of tricuspid regurgitation (defined as grade 2
or 3 measured by color Doppler echocardiographic jet size
and RA dimensions), the presence of diabetes (defined as
insulin-dependent), the New York Heart Association (NYHA)
functional class and the European System for Cardiac Operative
Risk Evaluation II (EuroSCORE II). For short-term outcome
analysis, the combined endpoint reflecting short-term outcome
was defined as a composite of in-hospital mortality and/or
the need for extracorporeal life support (ECLS, by venoarterial
extracorporeal membrane oxygenation) within the postoperative
hospital period.

Statistical Analysis
Normally distributed continuous variables are presented as
the mean ± standard deviation, and non-normally distributed
continuous variables are presented as the median (interquartile
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FIGURE 1 | Violin plots of global and regional RV volumetry parameters using 3D-STE-derived mesh models. Global RV function of patients who reached the

endpoint (red) did not differ significantly from patients with an uncomplicated postoperative course (green). However, patients who died postoperatively or required

extracorporeal circulatory support had lower inflow ejection fraction and inflow relative stroke volume, while relative stroke volume of the apex was significantly higher.

P-values are derived from unpaired Student’s t-tests. Rel., relative; RVEDV, right ventricular end-diastolic volume; RVEF, right ventricular ejection fraction; STE,

speckle-tracking echocardiography; (RV)SV, (right ventricular) stroke volume; *p < 0.05; **p < 0.01.

range). Categorial variables are displayed as absolute numbers
and percentages. Normally distributed samples were compared
with unpaired Student’s t-tests, while non-normally distributed
samples were compared using Mann–Whitney U tests.
Proportions were compared using chi-square tests. Binomial
logistic regression was used to examine risk factors that could
influence the endpoint, which are depicted with odds ratios
(ORs) and their 95% confidence intervals (CIs). Variables that
were significantly associated with the endpoint in univariable
logistic regression were considered for inclusion in multivariable
analysis. Multivariable logistic regression was performed with a
forward stepwise conditional selection method (entry inclusion
if p < 0.05, exclusion if p > 0.1) with respect to collinearity

and the number of events per variable (19). The omnibus test
of model coefficients was used to compare chi-square values
of logistic regression models. Reproducibility of global and
regional RVEF analyses was evaluated on 25 randomly selected
patients. The same investigator reanalyzed those patients at
least 3 months after the initial measurements for intraobserver
reproducibility analysis, while a second investigator performed
measurements for interobserver reproducibility analysis;
both were blinded to the initial results. Intraclass correlation
coefficients (ICCs) from a two-way random model for absolute
agreement on average, Pearson’s correlation coefficient r, Bland–
Altman bias, and 95% limits of agreement were calculated
to quantify reproducibility. P-values of <0.05 were regarded
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as significant. Prism (GraphPad Software, San Diego, CA),
MedCalc (MedCalc Software Ltd., Ostend, Belgium) and SPSS
(IBM Corp., Armonk, NY) were used for statistical calculations
and data presentation.

RESULTS

Clinical Data
Out of 3,561 patients in the institutional database screened
for inclusion, n = 357 patients could be included. Baseline
clinical data are displayed in Table 1. On average, patients
were 66 ± 13 years old, moderately overweight (mean
body mass index 27 ± 5 kg/m²) and predominantly male
(73%). Chronic lung disease, pulmonary hypertension,
tricuspid regurgitation or diabetes were only present in a
small number of patients (8, 16, 13, and 10%, respectively).
Mixed procedures were most common (28%, details listed
in Supplementary Table 1), followed by isolated left-sided
valve surgery (27%) and off-pump (19%) and on-pump (14%)
coronary artery revascularizations. Isolated surgery of the
thoracic aorta (5%) or LVAD implantations (7%) were less
common. Thoracic aortic surgery was performed for aneurysm
repair (n = 16) or resection of an intramural hematoma (n = 1)
by performing supracoronary ascending aortic replacement
(n = 8), hybrid frozen elephant trunk procedures (n = 4), aortic
root and ascending aorta replacement (n = 4) or resection
of ascending aorta intramural hematoma (n = 1). Overall,
baseline lactate levels, hematocrit, and eGFR were within the
normal ranges.

Echocardiographic Data
Echocardiographic parameters of LV and RV systolic function,
including mesh-derived regional RV volumetric data (Figure 1)
of patients who reached the endpoint compared to patients who
did not reach the endpoint, are listed in Table 2. Global left and
right ventricular volumes did not differ significantly between
the outcome groups. The same relationship was observed for
global RV and LV functional parameters derived from 3D-STE
(LVEF, LV-GLS, RVEF, RV SV, TAPSE, and FAC). Of note, the
percentage of patients with severely decreased LVEF or RVEF
(<20% each) was similar in both groups. As a simple measure
of longitudinal function of the basal inflow region, 3D-derived
TAPSE correlated moderately with inflow RVEF (r = 0.50,
95% CI 0.42–0.58, p < 0.001). Global and regional RVEF
decreased with increased systolic pulmonary artery pressures
(Supplementary Table 2). Regional RV volumetry was feasible
in all included patients. Patients who reached the endpoint had
significantly lower systolic function in the inflow region (reflected
by inflow RVEF and rel. SV) and higher rel. SV in the apex
region than patients who did not reach the endpoint (Figure 2).
Interestingly, the end-diastolic volumes of the three RV regions
did not differ significantly. The opposite changes in the rel. SV
of the inflow and the rel. SV of the apex comprised a statistically
significant difference in the apex to inflow rel. SV ratio between
the different outcome groups. This parameter was not defined a
priori but based on the analysis’ findings.

TABLE 2 | Conventional and novel echocardiographic parameters derived from

transesophageal echocardiography of patients who reached the endpoint

(in-hospital mortality or the need for ECLS) and patients who did not reach the

endpoint.

Parameter Endpoint yes

(n = 25)

Endpoint no

(n = 332)

p-value

LV and RV systolic function parameters (derived from 3D-STE)

LVEDV, ml 176 (134–213) 150 (117–203) 0.30

LVEDVi, ml/m² 91 (74–121) 78 (62–106) 0.23

LVESV, ml 106 (58–143) 90 (65–137) 0.54

LVESVi, ml/m² 54 (31–75) 46 (34–70) 0.41

LVEF, % 38 ± 15 38 ± 14 0.47

LVEF < 20%, n 4 (16) 36 (11) 0.66

LV-GLS, % −11.6 ± 6.5 −12.6 ± 5.6 0.38

RVEDV, ml 150 (108–213) 141 (112–171) 0.39

RVEDVi, ml/m² 78 (55–99) 73 (61–87) 0.25

RVESV, ml 94 (73–139) 87 (65–110) 0.15

RVESVi, ml/m² 51 (38–67) 44 (34–57) 0.08

RVEF, % 34 ± 8 38 ± 10 0.10

RVEF < 20%, n 1 (4) 16 (5) 0.76

RV SV global, ml 54 ± 23 54 ± 20 0.96

TAPSE, mm 11 ± 6 12 ± 6 0.58

FAC, % 27 ± 8 31 ± 10 0.08

Mesh-derived regional RV volumetry

RVEF inflow, % 32 ± 8 37 ± 11 0.01

EDV inflow, ml 70 (54–106) 68 (55–85) 0.52

EDVi inflow, ml/m² 40 (28–51) 35 (29–43) 0.35

SV inflow, ml 24 ± 12 26 ± 10 0.39

rel. SV inflow, % 44 ± 8 48 ± 9 0.02

RVEF apex, % 42 ± 13 44 ± 14 0.70

EDV apex, ml 49 (29–65) 40 (31–52) 0.20

EDVi apex, ml/m² 27 (17–32) 21 (16–26) 0.11

SV apex, ml 21 ± 10 18 ± 8 0.15

rel. SV apex, % 38 ± 10 33 ± 8 0.01

RVEF RVOT, % 29 ± 11 32 ± 12 0.27

EDV RVOT, ml 33 (26–42) 32 (26–39) 0.47

EDVi RVOT, ml/m² 17 (15–21) 16 (14–19) 0.46

SV RVOT, ml 10 ± 4 10 ± 5 0.55

rel. SV RVOT, % 18 ± 5 19 ± 6 0.76

Apex/inflow rel. SV ratio 0.97 ± 0.51 0.74 ± 0.29 0.04

Values are means ± standard deviations, medians (interquartile ranges) or n (%). p-
values are derived from unpaired t-tests, Mann–Whitney U tests or chi-square tests
where appropriate. Significant p-values are highlighted in bold.
3D-STE, three-dimensional speckle-tracking echocardiography; ECLS, extracorporeal
life support; EDV(i), end-diastolic volume (index); FAC, fractional area change derived
from 3D-STE; eGFR, estimated glomerular filtration rate; LV-GLS, left ventricular global
longitudinal strain; LVAD, left ventricular assist device; LVEDV(i), left ventricular end-
diastolic volume (index); LVESV(i), left ventricular end-systolic volume (index); LVEF, left
ventricular ejection fraction; OPCAB, off-pump coronary artery bypass surgery; rel.,
relative; RVEDV(i), right ventricular end-diastolic volume (index); RVESV(i), right ventricular
end-systolic volume (index); RVEF, right ventricular ejection fraction; RVOT, right ventricular
outflow tract; SV, stroke volume; TAPSE, tricuspid annular plane systolic excursion derived
from 3D-STE.

Association With Outcome
A total of n = 25 patients (7%) reached the endpoint. Nineteen
patients died during the primary hospital stay (5%), and 11 of
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FIGURE 2 | Mesh-derived regional RV volumetry. Visualization of regional RV volumetry in a patient who reached the endpoint (A,C) compared with that in a patient

with an uneventful postoperative course (B,D). (A,B) The intraoperative 3D datasets undergo segmentation and endocardial borders are tracked using

speckle-tracking technology, resulting in the generation of mesh models (workflow indicated by the white arrows). (C,D) Mesh-derived regional volumetry of the inflow

(red), apex (green) and RVOT (blue). The displayed results include regional ejection fractions (EF), relative stroke volumes (rel. SV) and the apex to inflow rel. SV ratio.

The cutting planes between the regions are colored black and white.

those required postoperative ECLS (3%). Six patients required
postoperative ECLS but were successfully discharged (2%). The
endpoint incidence was 6% (3/51) among on-pump coronary
artery bypass grafting patients, 7% (5/69) among OPCAB
patients, 8% (8/96) among left-sided valve surgery patients, 6%
(1/17) among thoracic aortic surgery patients, 4% (1/25) among
LVAD patients and 7% (7/99) among mixed procedure patients.
In univariable logistic regression of the investigated clinical
and conventional echocardiographic parameters, only tricuspid
regurgitation grade ≥ 2 was significantly associated with the
endpoint (OR 3.75, 95% CI 1.52–9.30, p < 0.01). The odds ratio
of a binary variable defines the relative risk change of reaching
the endpoint in case the variable is present: e.g., 375% increased
risk of patients with tricuspid regurgitation grade ≥ 2 to reach
the endpoint compared with patients with tricuspid regurgitation
grade 0 or 1. The surgical categories were not significantly
associated with the endpoint in univariable logistic regression
(Supplementary Table 3). Strikingly, inflowRVEF (OR 0.95, 95%
CI 0.92–0.99, p = 0.01), rel. SV of the inflow (OR 0.94, 95% CI
0.90–0.99, p = 0.02), rel. SV of the apex (OR 1.07, 95% CI 1.02–
1.13, p < 0.01) and apex to inflow rel. SV ratio (OR 5.81, 95%
CI 1.90–17.77, p < 0.01) showed a significant association with
short-term outcome (Table 3). The OR of a continuous variable
defines the relative risk change of reaching the endpoint if the
variable increases by one unit: e.g., an increase of inflow RVEF
by 1% decreases the risk by 5%, while an increase of apex rel.
SV by 1% increases the risk by 7%. In a multivariable regression
model including tricuspid regurgitation, inflow RVEF and apex
to inflow rel. SV ratio, only tricuspid regurgitation (OR 4.24, 95%
CI 1.66–10.84, p < 0.01) and apex to inflow rel. SV ratio (OR
6.55, 95% CI 2.09–20.60, p < 0.001) remained independently

associated with the endpoint. In this model, apex to inflow rel.
SV ratio carried incremental value and added significantly to the
model fit (Figure 3).

Reproducibility
Figure 4 and Table 4 summarize the results of the
reproducibility analysis of the double measured patients
(n = 25). Reproducibility was better for global RVEF analysis
than for regional RVEF analysis. While intraobserver and
interobserver variability was fairly low for inflow and apex RVEF
measurements, RVOT RVEF showed the poorest comparability,
with wide 95% limits of agreement (−10 to 21) and an ICC of
0.840 (95% CI: 0.524–0.937). Interobserver variability of apex
to inflow rel. SV ratio was moderate [r = 0.75, p < 0.0001; ICC
0.820 (0.591–0.920); bias −0.02; 95% limits of agreement −0.34
to−0.30].

DISCUSSION

Key Findings
In a mixed cohort of elective cardiac surgery patients,
most baseline clinical and intraoperative echocardiographic
parameters showed no significant association with short-
term outcome, including sophisticated measures such as 3D-
derived RVEF and LV-GLS. Strikingly, an established score
for perioperative risk assessment (EuroSCORE II) did not
correlate with adverse outcomes in these patients. Using a
simple approach to quantify regional systolic function in three
anatomically different regions of the RV, a novel parameter
incorporating the relative contributions of the apex and the
inflow tract to volume ejection (apex to inflow rel. SV ratio) was
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TABLE 3 | Univariable and multivariable logistic regression analysis for the association with the endpoint (in-hospital mortality or the need for ECLS).

Parameter Univariable OR (95% CI) p-value Multivariable OR (95% CI) p-value

Age, years 1.00 (0.97–1.04) 0.91

Body mass index, kg/m² 1.02 (0.95–1.10) 0.62

Chronic lung disease* 2.21 (0.29–16.96) 0.45

Pulmonary hypertension† 0.00 (–) 0.99

Tricuspid regurgitation‡ 3.75 (1.52–9.30) <0.01 4.24 (1.66–10.84) <0.01

Diabetes§ 0.56 (0.18–1.73) 0.31

NYHA class IV 0.71 (0.27–1.86) 0.49

eGFR, ml/min 0.99 (0.98–1.01) 0.30

Lactate, mmol/l 1.84 (0.96–3.52) 0.07

Hematocrit, % 0.96 (0.90–1.03) 0.23

EuroSCORE II, % 1.01 (0.96–1.06) 0.79

LVEDVi, ml/m² 1.00 (0.99–1.01) 0.45

LVEF, % 1.00 (0.97–1.03) 0.94

LV-GLS, % 1.03 (0.96–1.11) 0.38

RVESVi, ml/m² 1.01 (0.99–1.03) 0.16

RVEF, % 0.97 (0.93–1.01) 0.10

FAC, % 0.97 (0.93–1.00) 0.08

RVEF inflow, % 0.95 (0.92–0.99) 0.01 Excluded 0.32

rel. SV inflow, % 0.94 (0.90–0.99) 0.02

RVEF apex, % 0.99 (0.97–1.02) 0.70

rel. SV apex, % 1.07 (1.02–1.13) <0.01

RVEF RVOT, % 0.98 (0.95–1.02) 0.27

rel. SV RVOT, % 0.99 (0.93–1.06) 0.76

Apex/inflow rel. SV ratio 5.81 (1.90–17.77) <0.01 6.55 (2.09–20.60) <0.001

CI, confidence interval; eGFR, estimated glomerular filtration rate; FAC, fractional area change; LV-GLS, left ventricular global longitudinal strain; LVEDV(i), left ventricular end-diastolic
volume (index); LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; OR, odds ratio; rel., relative; RVESV(i), right ventricular end-systolic volume (index); RVEF, right
ventricular ejection fraction; RVOT, right ventricular outflow tract; SV, stroke volume.
*Long term use of bronchodilators or steroids for lung disease.
†Systolic pulmonary artery pressure > 30 mmHg.
‡Grade ≥ 2.
§ Insulin-dependent.
Significant p-values are highlighted in bold.

FIGURE 3 | Incremental value of apex to inflow rel. SV ratio over the presence

of tricuspid regurgitation. In a multivariable logistic regression model (n = 357)

for the combined endpoint (in-hospital mortality/ECLS), apex to inflow rel. SV

ratio added incrementally to the model over the presence of tricuspid

regurgitation (grade ≥ 2). The chi-square values were compared using the

omnibus test of model coefficients.

significantly and independently associated with the combined
endpoint of in-hospital death and life-threatening hemodynamic
failure requiring ECLS. Only the presence of significant tricuspid
regurgitation (grade ≥ 2) showed similar associations in logistic
regression. Furthermore, the novel technique for regional RV
analysis is feasible and reproducible, with higher observer
variabilities in the RVOT region, potentially because of its
complex anatomy and relatively small volume. Reproducibility
was further warranted by an identical definition of the segmental
borders in all meshes, avoiding errors due to manual border
determination. Overall, parameters of cardiac function acquired
intraoperatively using novel 3D techniques were lower than
conventional reference ranges, a phenomenon that has been
discussed previously (20).

Perioperative Right Ventricular Function
Assessment of systolic RV function by intraoperative TEE is
crucial. The induction of general anesthesia and positive pressure
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FIGURE 4 | Reproducibility analysis of global and regional RVEF measurements. Intraobserver and interobserver analysis of n = 25 patient meshes. Bland–Altman

diagrams are displayed for global and regional RVEFs with biases, 95% limits of agreement (95% LOA), correlation coefficients r and intraclass correlation coefficients

(ICCs) with 95% confidence intervals. ICC, intraclass correlation coefficient; LOA, limits of agreement; r, Pearson correlation coefficient; RVEF, right ventricular ejection

fraction; RVOT, right ventricular outflow tract.

ventilation have distinct effects on RV function (21), and the
application of goal-directed therapies by the anesthesiologist—
such as vasopressor infusions to achieve predefined mean arterial
pressures—could help to equilibrate loading conditions. Baseline
reductions in RV function are associated with perioperative RV
dysfunction and adverse outcomes following cardiac surgery
(22), but the sensitivities of traditional echocardiographic
measures are potentially insufficient (23). TAPSE, e.g., quantifies
longitudinal function of the basal inflow segment but did
not correlate with the endpoint, in contrast to the novel
inflow parameters. Preoperative TTE-derived 2D TAPSE
measurements might yield different results. The paradigm of
disease-induced RV enlargement and dilation with increased

EDVs has existed for decades. However, RVEDV showed no
independent association with short-term outcomes in a previous
investigation from our institution (20). Another possible
phenotype of pathological RV remodeling could be reflected
by altered regional EDVs in the absence of global enlargement,
e.g., increased apical EDVs vs. decreased inlet EDVs. In
conditions of pressure or volume overload, regionally different
adaptive reactions according to the heterogeneous structure
within the right ventricular myocardium appear plausible (24).
However, in our retrospective analysis, regional EDVs did not
differ significantly between patients with good and unfavorable
outcomes. Instead, our data stress the hypothesis that a
deterioration of RV function precedes enlargement of the RV,
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TABLE 4 | Intra- and interobserver reproducibility analysis for global and regional RVEF.

Parameter r ICC (95% CI) Bias (%) 95% LOA (%)

Intraobserver reproducibility

RVEF inflow, % 0.96 0.977 (0.948–0.990) 1 −8 to 8

RVEF apex, % 0.87 0.931 (0.843–0.970) 0 −12 to 12

RVEF RVOT, % 0.83 0.907 (0.791–0.959) −1 −14 to 13

RVEF, % 0.98 0.989 (0.975–0.995) 0 −5 to 4

Interobserver reproducibility

RVEF inflow, % 0.91 0.930 (0.751–0.975) 4 −7 to 14

RVEF apex, % 0.92 0.956 (0.900–0.980) 1 −10 to 11

RVEF RVOT, % 0.79 0.840 (0.524–0.937) 5 −10 to 21

RVEF, % 0.93 0.947 (0.845–0.979) 3 −6 to 12

CI, confidence interval; ICC, intraclass correlation coefficient; LOA, limits of agreement; r, Pearson correlation coefficient; RVEF, right ventricular ejection fraction; RVOT, right ventricular
outflow tract.

as regional functional parameters (e.g., rel. SV) of the regions
showed distinct differences between the outcome groups. Rel.
SV is further affected by the volume of a segment and should
be considered as a parameter associated with RV remodeling.
Consequently, the assessment of static parameters or the
quantification of altered shapes might be less favorable than
novel functional measures in the context of elective cardiac
surgery. During the analysis of our findings, we intuitively linked
them to a historic echocardiographic finding namedMcConnell’s
sign: during acute pressure overload or ischemia, the stressed
RV in some cases reacts with a distinct contraction pattern
(25, 26). While the apex shows normal or even hyperdynamic
contractility, the basomidventricular free wall myocardium
appears hypo- or akinetic (27). Even though McConnell’s sign is
usually observed during acute RV failure, the shift from inflow to
apical relative stroke volume ejection in our patients with adverse
short-term outcomes could point to a mild or chronic form
of a McConnell-esque contraction pattern, indicating subclinical
RV dysfunction.

Risk Stratification in Cardiac Surgery and
Clinical Implications
The prediction of postoperative outcomes following cardiac
surgery is important but challenging. If the onset or
progression of cardiovascular disease indicates surgery,
interdisciplinary teams involving cardiac surgeons, cardiologists
and anesthesiologists need to decide for or against the procedure
based on the individual benefit-risk assessment. Currently,
a wide variety of clinical features are available, but their
interpretation and integration are complex. Established current
risk scores, such as the EuroSCORE II or the Society of
Thoracic Surgeons Risk Score, have been shown to predict
unfavorable postoperative outcomes but do not incorporate a
direct measure of RV systolic function (28, 29). Therefore, these
scoring systems are prone to severely underestimating patients’
risks in cases of RV dysfunction. In the context of cardiac
anesthesia, the interpretation of intraoperative TEE-derived
functional parameters—among other parameters of respiratory
function or invasive hemodynamics, for example—is paramount

for evaluating the patients’ needs regarding postoperative
care (30). While the course of an operation and its surgical
success can be similar, patient outcomes can vary dramatically
depending on their ability to recover frommajor surgical trauma,
extracorporeal circulation or altered loading conditions. Hence,
modern perioperative strategies focus on the individual patient’s
needs and range from fast-track regimens to extensive ICU
protocols. While short durations of mechanical ventilation
and early mobilization decrease the risk for postoperative
complications in eligible patients (31), the identification of
patients at risk for hemodynamic failure is important and should
lead to a continuous evaluation of diagnostic measures and
subsequent therapies—such as inotropic support or ECLS—if
necessary (32). Our results indicate that sophisticated measures
of RV function, measured via intraoperative TEE by the
anesthesiologist, have the potential to predict adverse short-term
outcomes. As these parameters, e.g., apex to inflow rel. SV
ratio, are not part of current and established risk scores, their
assessment should be considered during the planning and
initiation of the postoperative regimen. Future studies should
attempt to unveil the potential of this parameter in preoperative
risk assessment prior to cardiac surgery employing awake
transthoracic echocardiography. Technical optimizations of
regional RV volumetry to warrant online, bedside applicability
are needed to facilitate clinical implementation.

Limitations
Naturally, there are some limitations to the interpretation of
the results and their generalizability. The investigated patients
were retrospectively included, resulting in a strictly observational
study design. As not all patients underwent intraoperative
3D echocardiography, a potential inclusion bias needs to be
considered during interpretation of the results. Furthermore,
incidence of the endpoint is low resulting in a limited number
of events. Prospective randomized trials are necessary to fully
characterize the association between the reported parameters
and patient outcomes following cardiac surgery. Baseline cardiac
function was not characterized by other techniques, such as
invasive hemodynamics, awake transthoracic echocardiography
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or cardiac magnetic resonance imaging. Hence, a comparison
of the novel measures with reference methods cannot be
provided. Awake pulmonary artery pressures and the underlying
cause of present pulmonary hypertension might be associated
with the outcome but were not systematically available in this
cohort. The severity of tricuspid regurgitation was a variable
of interest in regression analysis but the reproducibility of
the assessment of tricuspid regurgitation was not investigated
systematically in this cohort. Since only the association of clinical
and echocardiographic parameters with short-term outcome was
studied, the report does not allow for conclusions regarding
long-term prognosis.

Conclusions
Regional right ventricular systolic function assessed by
intraoperative three-dimensional transesophageal speckle-
tracking echocardiography is feasible. The apex to inflow relative
stroke volume ratio is associated with increased in-hospital
mortality and life-threatening postoperative hemodynamic
failure. These findings might be useful to improve perioperative
risk estimation in patients with baseline RV dysfunction in
which conventional echocardiographic parameters are within
normal range.
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Heart and Vascular Center of Semmelweis University, Budapest, Hungary

Right ventricular (RV) involvement in left ventricular (LV) non-compaction (LVNC) remains

unknown. We aimed to describe the RV volumetric, functional, and strain characteristics

and clinical features of patients with LVNC phenotype and good LV ejection fraction

(EF) using cardiac magnetic resonance to characterize RV trabeculation in LVNC and

to study the relationships of RV and LV trabeculation with RV volume and function. This

retrospective study included 100 Caucasian patients with LVNC phenotype and good

LV-EF and 100 age- and sex-matched healthy controls. Patients were further divided

into two subgroups according to RV indexed trabecular mass [RV-TMi; patients with

RV hypertrabeculation (RV-HT) vs. patients with normal RV trabeculation (RV-NT)]. We

measured the LV and RV volumetric, functional, and TMi values using threshold-based

postprocessing software and the RV and LV strain values using feature tracking and

collected the patients’ LVNC-related clinical features. Patients had higher RV volumes,

lower RV-EF, and worse RV strain values than controls. A total of 22% of patients had

RV-TMi values above the reference range; furthermore, RV-HT patients had higher RV

and LV volumes, lower RV- and LV-EF, and worse RV strain values than RV-NT patients.

We identified a strong positive correlation between RV- and LV-TMi and between RV-

TMi and RV volumes and a significant inverse relationship of both RV- and LV-TMi with

RV function. The prevalence of LVNC-related clinical features was similar in the RV-HT

and RV-NT groups. These results suggest that some patients with LVNC phenotype

might have RV non-compaction with subclinical RV dysfunction and without more severe

clinical features.

Keywords: right ventricle (RV), right ventricular function, cardiac magnetic resonance (CMR), left ventricular

non-compaction, non-comaption, trabecula, trabeculation

INTRODUCTION

Left ventricular non-compaction (LVNC) has become a well-known clinical entity, and the amount
of research on this topic is increasing. Nevertheless, right ventricular (RV) involvement in LVNC
remains a controversial issue with little available data. Compared with those of the left ventricle
(LV), the unique shape of the RV and its physiologically greater quantity of endocardial trabeculae
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make it difficult to evaluate RV hypertrabeculation. Despite the
lack of established diagnostic criteria, case reports suggest the
existence of isolated RV non-compaction (1–3). The negative
relationship between LV trabeculation and LV ejection fraction
(EF) has prompted questions about whether RV trabeculation is
similarly associated with RV function, which has been shown to
be an important prognostic parameter in several cardiac diseases,
including LVNC (4–7). The impact of LVNC on RV trabeculation
and RV function and the presence of RV dysfunction have not
been described. Furthermore, the possibility of RV involvement
raises further questions regarding affected patients’ morphologic
diagnosis, clinical features, incidence, and prognosis.

Our study aimed to describe the RV volumetric, functional
and feature-tracking strain parameters of patients with LVNC
phenotype and good LV-EF and compare them to those of
a healthy control group using cardiac magnetic resonance
(CMR); to characterize RV trabeculation in patients with
LVNC phenotype; and to describe the relationships of
RV and LV trabeculation with RV volume and function.
Furthermore, we studied the connection between clinical
features and the extent of RV trabeculation in patients with
LVNC phenotype.

MATERIALS AND METHODS

Study Population
This retrospective study included 100 Caucasian patients
with the LVNC phenotype and 100 age- and sex-matched

TABLE 1 | Baseline characteristics of the study population.

LVNC Control p

Number of participants (male) 100 (58) 100 (58) -

Age (years) 37.5 ± 14.9 37.7 ± 13.4 0.678

BMI (kg/m2 ) 25.3 ± 4.0 24.4 ± 3.9 0.077

LV-EDVi (ml/m2 ) 76.8 ± 14.6 66.5 ± 10.5 <0.001

LV-ESVi (ml/m2 ) 26.4 ± 7.4 21.0 ± 5.4 <0.001

LV-SVi (ml/m2 ) 50.4 ± 9.4 45.5 ± 7.3 <0.001

LV-EF (%) 65.8 ± 5.6 68.7 ± 5.3 <0.001

LV-TMi (g/m2) 26.5 ± 7.3 20.7 ± 4.5 <0.001

LV-CMi (g/m2 ) 50.2 ± 12.4 46.3 ± 8.5 0.052

LV-GLS (%) −21.9 ± 3.0 −23.5 ± 2.6 <0.001

LV-GCS (%) −29.6 ± 5.0 −34.6 ± 4.9 <0.001

RV-EDVi (ml/m2 ) 72.2 ± 15.1 65.5 ± 12.7 0.001

RV-ESVi (ml/m2 ) 27.3 ± 7.7 24.3 ± 5.9 0.005

RV-SVi (ml/m2 ) 45.0 ± 9.0 41.2 ± 8.2 0.002

RV-EF (%) 62.4 ± 6.2 63.0 ± 4.9 0.528

RV-TMi (g/m2 ) 21.4 ± 6.2 17.9 ± 4.3 <0.001

RV-CMi (g/m2) 15.0 ± 4.5 15.5 ± 3.3 0.102

RV-GLS (%) −25.2 ± 4.3 −27.3 ± 4.4 <0.001

RV-FWS (%) −29.1 ± 5.0 −29.3 ± 6.4 0.830

RV-SS (%) −16.3 ± 4.8 −19.1 ± 6.2 <0.001

Bold values indicate statistical significance (p < 0.05). BMI, body mass index; CMi, compacted myocardial mass index; EDVi, end-diastolic volume index; EF, ejection fraction; ESVi,
end-systolic volume index; FWS, free-wall strain; GCS, global circumferential strain; GLS, global longitudinal strain; LV, left ventricle; LVNC, left ventricular non-compaction; RV, right
ventricle; SS, septal strain; SVi, stroke volume index; TMi, trabeculated myocardial mass index.

healthy volunteers (Table 1, Figure 1). CMR examinations
were performed at the same institute, and all patients
completed a questionnaire for collection of demographic data,
cardiovascular symptoms, medical history, medication use, and
sports activity. The diagnosis of the LVNC phenotype was
established when the CMR-based criteria of both Petersen
et al. (non-compacted/compacted ratio > 2.3) and Jaquier
et al. (trabeculated LV mass >20% of total LV mass) were
fulfilled (8, 9). The presence of other LVNC related clinical
features described by others or positive family history was
not part of the inclusion criteria (10, 11). Patients with a
reduced LV ejection fraction (EF; <50%); ischemic, valvular,
or other myocardial or congenital heart disease; or other
significant comorbidities (e.g., diabetes, hypertension, chronic
kidney disease, or chronic liver failure) and patients whose CMR
short-axis and long-axis cine images contained artifacts or were
performed after the injection of contrast agent were excluded
(12, 13). Clinical features of LVNC, including data about the
patients’ family history (cardiomyopathies, sudden cardiac death
or congenital cardiac abnormalities), symptoms (e.g., syncope,
palpitation, atypical chest pain), previous diagnosis of arrhythmia
(supraventricular or ventricular extrasystoles, atrioventricular
reentry tachycardia, atrioventricular nodal reentry tachycardia,
or ventricular tachycardia), previously described non-ischemic
electrocardiography (ECG) abnormalities (depolarization and
repolarization abnormalities), history of embolic events (stroke,
transient ischemic attack, or pulmonary embolism) or sudden
cardiac death, were collected retrospectively by reviewing the
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FIGURE 1 | Representative 4-chamber long-axis and short-axis images of a control participant [(A), RV-TMi = 12.6 g/m2, age and sex-specific reference: 13.9 (11.9,

19.3) g/m2]; a patient with left ventricular non-compaction phenotype and normal amount of right ventricular trabeculation [(B), RV-TMi = 25.2 g/m2, age and

sex-specific reference: 21.8 ± 5.2 g/m2]; and a patient with left ventricular non-compaction phenotype and right ventricular hypertrabeculation [(C), RV-TMi = 32.9

g/m2, age and sex-specific reference: 19.9 ± 3.7 g/m2 ]. The white and yellow arrowheads represent the left and right ventricular compacted myocardium. The blue

and green arrows represent the left and right ventricular endocardial trabeculation. The green and blue areas represent the myocardial mass, including the endocardial

trabeculation of the left and right ventricles, respectively. LV, left ventricle; LVNC, left ventricular non-compaction; RV, right ventricle; RV-TMi, right ventricular

trabeculated myocardial mass index.

patients’ medical records and the completed questionnaires (10,
11). Patients were divided into two subgroups by the amount
of RV trabecular mass indexed to body surface area (RV-TMi):
those who exceeded the upper limit of the age and sex-specific
RV-TMi reference range were assigned to the LVNC phenotype
with RV hypertrabeculation (RV-HT, n = 22) subgroup, and
those who were within the reference range were assigned to
the LVNC phenotype with normal RV trabeculation (RV-NT, n
= 78) subgroup (Figure 1) (14). The value of RV-TMi of each
participant was individually checked and compared to the age
and sex-related reference values (14). These reference values were
set up previously on a large healthy cohort (100 male and 100

female participants) free of known disease using CMR and a
threshold-based segmentation method, further described in the
“Image Acquisition and Analysis” section. The population was
divided into four different age groups set up with equal numbers
of males and females (14). The mean and standard deviation or
median and 95% confidence interval values of the used RV-TMi
age- and sex-specific reference ranges are as follows: male: 20–29
years = 19.9 ± 3.7 g/m2, 30–39 years = 19.3 ± 3.8 g/m2, 40–49
years = 21.8 ± 5.2 g/m2, 50–66 years = 19.5 ± 3.6 g/m2, female:
20–29 years = 17.1 ± 3.6 g/m2, 30–39 years = 14.9 ± 3.0 g/m2,
40–49 years = 13.9 (11.9, 19.3) g/m2, and 50–66 years = 14.3 ±
2.8 g/m2 (14).
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Age- and sex-matched healthy volunteers who were free of
known cardiovascular or other systemic diseases and who did not
take medication were selected from our database as the control
group. The average sports activity for both the patients and
controls was <6 h/week (15). All procedures in this study were
performed in accordance with the 1964 Helsinki Declaration and
its later amendments or comparable ethical standards. Ethical
approval was obtained from the Central Ethics Committee of
Hungary, and all participants provided informed consent.

Image Acquisition and Analysis
CMR examinations were performed on a 1.5 T MRI machine
(Achieva, Philips Medical System, Eindhoven, the Netherlands).
Balanced steady-state free precession cine images were obtained
in 2-, 3-, and 4-chamber long-axis views and breath-hold short-
axis views from base to apex with full coverage of the LV and
RV before the administration of contrast agent (gadobutrol, 0.15
ml/kg). The scan parameters were as follows: repetition time,
2.7ms; echo time, 1.3ms; flip angle, 60◦; spatial resolution, 1.5
× 1.5mm; temporal resolution, 25 frames per cardiac cycle; slice
thickness, 8mmwithout interslice gap; and field of view, 350mm
on average adapted to body size.

Segmentation analysis was performed with Medis Suite
QMass version 3.0 software (Medis Medical Imaging Systems,
Leiden, the Netherlands). Automatic tracing with manual
correction of the LV and RV endo- and epicardial contours
was performed by one observer as described previously
(16). Inter-and intraobserver agreement values were good-to-
excellent and are presented in Supplementary Table 1. The
MassK module of the QMass software was used to calculate
the LV and RV volumetric and functional values and the
myocardial mass values. This is a threshold-based papillary
and trabeculated muscle quantification analysis software module
that differentiates myocardial trabeculation from the blood pool
based on differences in the signal intensity (16). Each voxel
was classified as either blood or myocardium according to the
chosen threshold (50%). Manual correction of the threshold
was not applied. Papillary muscles and ventricular trabeculation
were included in the endocardial contours and defined as
trabeculated myocardial mass, while compacted myocardial mass
was calculated as the difference between the total detected and
trabeculated myocardial mass. LV and RV end-diastolic volume
(LV-EDV, RV-EDV), end-systolic volume (LV-ESV, RV-ESV),
stroke volume (LV-SV, RV-SV), ejection fraction (LV-EF, RV-EF),
end-diastolic compacted myocardial mass (LV-CM, RV-CM),
and end-diastolic trabeculated myocardial mass (LV-TM, RV-
TM) were measured. The parameters were indexed (i) to body
surface area using the Mosteller formula.

The QStrain module of Medis Suite version 3.0 was used
for the feature-tracking strain analysis (Medis Medical Imaging
Systems, Leiden, the Netherlands). To assess subendocardial
strain, the endocardial contours were drawn in end-diastole and
end-systole in the 2-, 3-, and 4-chamber long-axis and short-
axis views of the LV and in the 4-chamber view of the RV,
including endocardial trabeculation. The LV global longitudinal

strain (LV-GLS), LV global circumferential strain (LV-GCS), RV-
GLS, RV free-wall strain (RV-FWS), and RV septal strain (RV-SS)
were measured.

Statistical Analysis
Continuous parameters are described as the mean and standard
deviation (SD), and discrete parameters are expressed as
percentages. The intra-and interobserver agreement of the two
observers was tested using the intraclass correlation coefficient
(ICC). Distribution normality was assessed with the Shapiro–
Wilk test. An unpaired Student’s t-test or the Mann–Whitney test
was used to compare the studied groups. Differences in normally
distributed, variables with equal variance between the control
and patient subgroups were analyzed with one-way analysis of
variance (ANOVA) and Tukey’s post-hoc test, while the Welch
test and Games-Howell post-hoc test were used for variables with
unequal variance; all other data were compared with the Kruskal–
Wallis test with Bonferroni correction for multiple comparisons.
Pearson’s or Spearman’s correlation was performed to describe
the linear relationship between the parameters. The chi-squared
test was used to compare discrete data. A p-value < 0.05
was considered indicative of statistical significance. IBM SPSS
Statistics (Version 25.0, Armonk, NY) was used for calculations.

RESULTS

The baseline LV characteristics of the studied patients with
the LVNC phenotype and the control subjects were compared
(Table 1). Patients had significantly higher values of LV-EDVi,
LV-ESVi, LV-SVi, and LV-TMi and significantly lower LV-EF,
LV-GLS, and LV-GCS values (i.e., less negative strain values).

The comparison of the RV parameters yielded similar results:
the RV-EDVi, RV-ESVi, RV-SVi, and RV-TMi values were
significantly larger, and the RV-GLS and RV-SS values were
significantly lower in the patient group, while the RV-EF, RV-
CMi, and RV-FWS values were similar between the groups. Sixty-
nine patients received contrast agent, but none demonstrated late
gadolinium enhancement. Wall motion abnormalities were not
visible in either the LV or RV in any patients.

Next, the patients were divided into two subgroups by the
amount of RV-TMi. Twenty-two patients had RV-TMi values
that were higher than the age- and sex-specific reference values,
forming the RV-HT subgroup (male: n= 15, mean age: 36.8± 3.8
years), while those whose RV-TMi values were within the normal
reference range formed the RV-NT subgroup (n = 78, male: n
= 43, mean age: 37.7 ± 1.6 years). None of the healthy control
participants exceeded the upper normal limit for RV-TMi. We
found significant differences between the two subgroups and the
control group: the LV-ESVi, LV-TMi, RV-ESVi, RV-TMi, and RV-
CMi values were significantly larger in the RV-HT group than in
the RV-NT and control groups, the LV-EF, RV-GLS, and RV-SS
values were significantly lower in the RV-HT group than in the
RV-NT and control groups, and RV-EF values were significantly
lower in the RV-HT group than in the RV-NT group (Table 2,
Figure 2).

The linear relationship between RV-TMi, LV-TMi, and
RV volumetric and functional parameters and left and right
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TABLE 2 | Comparison of the left and right ventricular volumetric and functional (A) and strain (B) parameters of LVNC patients with right ventricular hypertrabeculation,

patients with normal right ventricular trabeculation, and controls.

Control RV-NT RV-HT p

Age (years) 37.7 ± 13.4 37.7 ± 14.1 36.8 ± 17.9 0.733

LV-EDVi (ml/m2 ) 66.5 ± 10.5¶# 75.0 ± 13.2
†

83.2 ± 17.9
†

<0.001

LV-ESVi (ml/m2 ) 21.0 ± 5.4¶# 25.2 ± 6.9#
†

31.0 ± 7.7¶†
<0.001

LV-SVi (ml/m2 ) 45.5 ± 7.3¶# 49.9 ± 8.7
†

52.2 ± 11.6
†

<0.001

LV-EF (%) 68.7 ± 5.3¶# 66.7 ± 5.6
†

62.7 ± 4.7
†

<0.001

LV-TMi (g/m2) 20.7 ± 4.5¶# 25.2 ± 6.6#
†

31.0 ± 7.9¶†
<0.001

LV-CMi (g/m2 ) 46.3 ± 8.5# 48.7 ± 11.8 55.3 ± 13.4
†

0.013

LV-GLS (%) −23.5 ± 2.6¶# −22.0 ± 3.2
†

−21.6 ± 2.3
†

<0.001

LV-GCS (%) −34.9 ± 4.9¶# −29.5 ± 4.9
†

−29.9 ± 5.7
†

<0.001

RV-EDVi (ml/m2 ) 65.5 ± 12.7# 70.5 ± 14.0 78.2 ± 17.7
†

<0.001

RV-ESVi (ml/m2 ) 24.3 ± 5.9¶# 26.0 ± 6.5
†

32.0 ± 9.8
†

<0.001

RV-SVi (ml/m2 ) 41.2 ± 8.2¶ 44.6 ± 8.9
†

46.3 ± 9.5 0.007

RV-EF (%) 63.0 ± 4.9 63.1 ± 6.2# 59.6 ± 5.2¶ 0.023

RV-TMi (g/m2 ) 17.9 ± 4.3# 19.2 ± 4.4# 29.3 ± 5.1¶†
<0.001

RV-CMi (g/m2) 15.5 ± 3.3# 14.3 ± 4.2#
†

17.6 ± 4.5¶ 0.001

RV-GLS (%) −27.3 ± 4.4¶# −25.7 ± 4.5#
†

−23.3 ± 2.7¶†
<0.001

RV-FWS (%) −29.3 ± 6.4 −29.4 ± 5.2 −28.0 ± 4.1 0.608

RV-SS (%) −19.1 ± 6.2¶# −17.0 ± 5.0#
†

−13.8 ± 3.4¶†
<0.001

Bold values indicate statistical significance. CMi, compacted myocardial mass index; EDVi, end-diastolic volume index; EF, ejection fraction; ESVi, end-systolic volume index; FWS,
free-wall strain; GCS, global circumferential strain; GLS, global longitudinal strain; LV, left ventricle; LVNC, left ventricular non-compaction; RV, right ventricle; RV-HT, patients with right
ventricular hypertrabeculation; RV-NT, patients with normal right ventricular trabeculation; SS, septal strain; SVi, stroke volume index; TMi, trabeculated myocardial mass index.
¶p < 0.05 vs. RV-NT.
#p < 0.05 vs. RV-HT.
†p < . vs. Control.

ventricular strain values were studied in the patient population
(Table 3). A significant positive correlation was found between
RV-TMi and LV-TMi, between RV-TMi and RV volumetric
parameters, and between LV-TMi and RV volumetric parameters,
while a larger RV-TMi value was associated with a lower RV-
EF and worse RV-GLS, RV-SS, RV-FWS, and LV-GLS values.
Furthermore, a higher LV trabecular mass was associated with
worse RV-EF, RV-GLS, LV-GLS, and LV-GCS values.

We studied the frequency of the clinical features and family
history of LVNC in the patients with the LVNC phenotype.
Patients with multiple findings were found in each category
(Table 4). Sixty-eight percent of patients had at least one clinical
feature of LVNC. Documented arrhythmia was present in 22%,
while 13% of the patients had palpitations without documented
arrhythmia. Almost one-quarter (23%) of the patients had a
positive family history, and in 10% of these patients, at least one
other clinical feature of LVNC was present. Atypical chest pain
was described in 11 cases, non-ischemic ECG abnormalities in
nine patients, syncope in eight patients, thromboembolic events
in three patients, and a non-fatal episode of cardiac arrest in
one patient. No significant difference in the frequency of clinical
features was found between the RV-HT and RV-NT subgroups.

We also compared the LV and RV parameters of the patients
with LVNC phenotype with at least one clinical feature (n = 68)
and without any clinical features (n = 32). The LV-CMi and RV-
ESVi values were significantly lower in the patient with at least
one clinical feature subgroup. However, all of the other measured

RV and LV parameters were comparable between the groups
(Table 5).

DISCUSSION

This study described the RV volumetric, functional, and
strain characteristics and clinical features of patients with
LVNC phenotype and good LV function using CMR. We also
identified differences between LVNC phenotype patients with RV
hypertrabeculation and those with normal RV trabeculation.

We observed higher LV and RV volumes, lower LV-EF, and
lower LV and RV strain values in LVNC phenotype patients than
in controls. These might be related to excessive trabeculation, but
the clinical relevance is controversial. We also need to mention
that all of these parameters were in the normal range. Kawel et
al. found that more prominent LV trabeculation was associated
with lower LV-EF and higher LV volumes in a population
with no known cardiovascular disease or diagnosed LVNC but
presenting with LV hypertrabeculation (4). A geometric model
might address the physiologic explanation for these observations:
a ventricle with trabeculation can maintain the SV with less
deformation than a smooth-walled ventricle, which needs to
generate much more deformation to keep the SV (17). However,
trabeculation occupies space of its own. Thus, the ventricle
needs to be dilated, suggesting that the presence of excessive RV
trabeculation causes increased RV volumes (17). In our study,
almost one-quarter of the patients with LVNC phenotype had

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 April 2022 | Volume 9 | Article 84395255

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Kiss et al. Right Ventricular Function and Non-compaction

FIGURE 2 | Graphic representation of Table 2. Comparison of the left and right ventricular volumetric and functional (A) and strain (B) parameters of LVNC patients

with right ventricular hypertrabeculation, patients with normal right ventricular trabeculation, and controls. CMi, compacted myocardial mass index; EDVi, end-diastolic

volume index; EF, ejection fraction; ESVi, end-systolic volume index; FWS, free-wall strain; GCS, global circumferential strain; GLS, global longitudinal strain; LV, left

ventricle; LVNC, left ventricular non-compaction; RV, right ventricle; RV-HT, patients with right ventricular hypertrabeculation; RV-NT, patients with normal right

ventricular trabeculation; SS, septal strain; SVi, stroke volume index; TMi, trabeculated myocardial mass index. *p < 0.05.

RV trabecular mass that exceeded the upper value of the age and
sex-specific reference range (14). These patients had higher LV
and RV volumetric values, lower RV and LV-EF, and worse RV-
GLS and RV-SS values than patients whose RV trabecular mass
values were within the reference range. The positive correlation
between RV volumetric parameters and RV trabecular mass, and
the inverse relationship between RV trabecular mass and RV
strain values further strengthen the hypothesis that excessive
RV trabeculation might be the cause of these alterations.
According to these results, the volumetric and functional
characteristics in a hypertrabeculated RV are similar to those
in LV non-compaction, suggesting RV non-compaction in some
patients with LVNC.

However, the clinical importance of these findings and RV
hypertrabeculation in the setting of good LV and RV function
are difficult to evaluate due to the lack of follow-up studies in
this patient population. One study found no relation between

the presence of RV non-compaction and RV dysfunction;
furthermore, LV-EF was the only independent predictor of RV-
EF in patients with LVNC (18). The most common cause of RV
dysfunction is LV dysfunction in non-ischemic cardiomyopathy
due to several factors, including ventricular interdependence
with septal dysfunction (19). The ventricular septum accounts for
the major force of RV ejection due to its twisting and shortening
during systole, which is caused by the oblique fiber orientation of
the septum (20). In the case of ventricular dilatation, the oblique
fibers of the septum become more transverse, resulting in a
decrease in septal twisting and shortening and causing decreased
RV ejection (20, 21). We described an association between a
higher LV trabecular mass value and a higher RV trabecular mass,
higher RV volumes, lower RV-EF, and a worse RV-GLS value,
which might strengthen the hypothesis that LV involvement
affects RV function. Furthermore, we found that a higher RV-TMi
value was associated with a worse RV-SS value. It supports the
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TABLE 3 | Correlation between right and left ventricular trabecular mass index and right ventricular parameters and left ventricular global strains.

RV-TMi LV-TMi

r p r p

RV-EDVi 0.54 <0.001 0.48 <0.001

RV-ESVi 0.66 <0.001 0.53 <0.001

RV-SVi 0.34 0.001 0.34 0.001

RV-EF −0.49 <0.001 −0.30 0.002

RV-TMi 1 0 0.59 <0.001

RV-CMi 0.69 <0.001 0.44 <0.001

RV-GLS 0.37 <0.001 0.22 0.035

RV-FWS 0.25 0.014 0.09 0.383

RV-SS 0.21 0.038 0.10 0.314

LV-GLS 0.24 0.018 0.38 <0.001

LV-GCS 0.03 0.809 0.28 0.006

Bold values indicate statistical significance (p < 0.05). Pearson’s or Spearman’s correlation was performed to describe the linear relationship between the parameters. CMi, compacted
myocardial mass index; EDVi, end-diastolic volume index; EF, ejection fraction; ESVi, end-systolic volume index; FWS, free wall strain; GCS, global circumferential strain; GLS, global
longitudinal strain; LV, left ventricle; LVNC, left ventricular non-compaction; r, correlation coefficient; RV, right ventricle; SS, septal strain; SVi, stroke volume index; TMi, trabeculated
myocardial mass index.

TABLE 4 | Prevalence of clinical features in the total patient population and patient subgroups.

A. Clinical features LVNC total (n = 100) RV-HT (n = 22) RV-NT (n = 78) RV-HT vs. RV-NT p

Palpitation 20% 23% 19% 0.717

Palpitation with documented arrhythmia 7% 9% 6% 0.663

Palpitation without documented arrhythmia 13% 14% 13% 0.920

Arrhythmia 22% 27% 21% 0.499

Non-sustained ventricular arrhythmia 3% 5% 3% 0.630

Ventricular extrasystoles 15% 14% 15% 0.839

Supraventricular extrasystoles 4% 9% 3% 0.168

Atrioventricular reentry tachycardia 2% 5% 1% 0.334

Bradycardia 1% 5% 0% 0.058

Syncope 8% 14% 6% 0.270

Non-ischemic ECG abnormalities 9% 5% 10% 0.408

Previous thromboembolic event 3% 5% 3% 0.630

Transient ischemic attack 1% 0% 1% 0.594

Stroke 1% 5% 0% 0.058

Pulmonary microembolism 1% 0% 1% 0.594

Sudden cardiac death 1% 0% 1% 0.594

Positive family history 23% 18% 24% 0.543

Positive family history and other clinical features 10% 14% 9% 0.520

Atypical chest pain 11% 9% 12% 0.746

No symptoms or family history 32% 32% 32% 0.983

LVNC, left ventricular non-compaction; RV-HT, patients with right ventricular hypertrabeculation; RV-NT, patients with normal right ventricular trabeculation.

theory that RV dysfunction arises from septal dysfunction, both
of which can be observed even in cases of good LV function in
patients with LVNC phenotype.

Previous studies have suggested that myocardial mass,
including ventricular trabeculation, is genetically determined
(22, 23). The strong relationship between LV and RV trabecular
mass further indicates that the genetic mutations underlying LV
non-compaction might also affect RV trabeculation, causing RV
non-compaction in some cases.

None of the healthy control participants exceeded the upper
limit of the age and sex-specific reference values in this study.
Stämpfli et al. studied the RV end-diastolic trabeculated area
and trabeculated volume in LVNC patients and controls (24).
However, they described a significant overlap in RV trabeculation
of patients and controls, which several factors might cause.
First, they used manual contouring to measure RV trabeculated
volume, which is different from ours. Second, they did not use age
and sex-specific normal reference ranges to differentiate between
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TABLE 5 | Comparison of the left and right ventricular parameters of the patients with LVNC phenotype and at least one clinical feature and the patients with LVNC

phenotype and no clinical features.

Patients with LVNC phenotype and Patients with LVNC phenotype and

at least one clinical feature (n = 68) no clinical features (n = 32) p

Age (years) 34.8 ± 12.3 38.8 ± 16.0 0.212

LV-EDVi (ml/m2 ) 75.1 ± 14.5 80.3 ± 14.5 0.094

LV-ESVi (ml/m2 ) 25.7 ± 7.9 28.0 ± 6.2 0.152

LV-SVi (ml/m2 ) 49.5 ± 9.2 52.3 ± 9.7 0.164

LV-EF (%) 66.1 ± 6.2 65.5 ± 4.2 0.455

LV-TMi (g/m2) 26.1 ± 7.6 27.2 ± 6.8 0.504

LV-CMi (g/m2 ) 48.2 ± 11.7 54.4 ± 13.0 0.019

LV-GLS (%) −22.3 ± 3.0 −21.1 ± 3.0 0.051

LV-GCS (%) −30.1 ± 5.2 −28.6 ± 4.6 0.163

RV-EDVi (ml/m2 ) 70.2 ± 15.1 76.5 ± 14.5 0.052

RV-ESVi (ml/m2 ) 26.1 ± 7.9 29.9 ± 6.8 0.022

RV-SVi (ml/m2 ) 44.2 ± 9.1 46.6 ± 8.8 0.211

RV-EF (%) 63.0 ± 6.9 61.0 ± 4.2 0.146

RV-TMi (g/m2 ) 20.8 ± 6.0 22.9 ± 6.5 0.111

RV-CMi (g/m2) 14.5 ± 4.5 16.2 ± 4.3 0.067

RV-GLS (%) −25.5 ± 4.0 −24.4 ± 4.8 0.23

RV-FWS (%) −29.7 ± 4.8 −27.7 ± 5.2 0.059

RV-SS (%) −16.0 ± 4.4 −17.0 ± 5.7 0.344

Bold values indicate statistical significance (p < 0.05). CMi, compacted myocardial mass index; EDVi, end-diastolic volume index; EF, ejection fraction; ESVi, end-systolic volume index;
FWS, free wall strain; GCS, global circumferential strain; GLS, global longitudinal strain; LV, left ventricle; LVNC, left ventricular non-compaction; RV, right ventricle; SS, septal strain; SVi,
stroke volume index; TMi, trabeculated myocardial mass index.

normal and excessive RV trabeculation. Third, the number of
included participants was smaller in their study compared to
ours. Although, an overlap cannot be excluded in the case of an
even larger study population.

When assessing the clinical features of the patients with the
LVNC phenotype, we found that two-thirds had at least one
risk factor requiring regular follow-up and that these patients
might be diagnosed with true LVNC (10, 11). The prevalence
of positive family history and arrhythmias is similar to that in
previous reports; however, chest pain, syncope, and non-ischemic
ECG abnormalities were less common in our population (10, 25,
26). Previous studies describing the clinical features of LVNC
involved patients who presented to the corresponding study
centers due to their symptoms and decreased LV function. In
contrast, we included LVNC phenotype patients with good LV
ejection fraction; thus, the lower prevalence of clinical findings in
our study might be due to differences in the patient populations.

Patients with the LVNC phenotype and at least one clinical
feature had a significantly lower LV-CMi value than patients
without clinical features. Gebhard et al. described the thinning
of the compacted myocardial layer in patients with LVNC using
echocardiography (27). Our results might support this criterion;
however, it is interesting that no other difference was found
between the with and without clinical features subgroups.

One-third of our study’s total LVNC phenotype patient
population had a negative family history and no symptoms; this
prevalence is consistent with the literature (28). According to

current knowledge, this “benign form” of LVNC has a good
prognosis, and patient follow-up is not necessary (11, 29).

Case reports and previous studies have described the presence
of complex ventricular extrasystoles, ventricular tachycardia,
and sudden cardiac death in patients with RV non-compaction
and some authors have suggested that RV non-compaction
is an arrhythmogenic state associated with high mortality (1,
2, 30). However, these patients had either RV dysfunction or
congenital cardiac abnormalities that affected the right heart.
Furthermore, our study showed that the prevalence of clinical
features was similar between patients with RV hypertrabeculation
and patients with normal RV trabeculation. Further follow-
up studies are necessary to evaluate RV function, clinical
features, and major cardiovascular events in the presence of RV
hypertrabeculation/non-compaction in patients with LVNC.

To conclude, this study found that almost one-quarter of
the patients with the LVNC phenotype had RV trabecular
mass values higher than the age and sex-specific reference
range. Furthermore, the volumetric, functional, and strain
characteristics of the hypertrabeculated RV were similar to
these parameters of the LV in LVNC. We described a positive
correlation between RV and LV trabeculation, RV trabeculation
and RV volumes, and significant inverse relationships between
RV and LV trabeculation with RV function. These results suggest
that a portion of patients with the LVNC phenotype might
also have RV non-compaction, raising further questions about
its long-term effect on RV function, clinical manifestation, and
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patient prognosis. Further follow-up studies are necessary to
answer these questions.

We need to mention that the study’s main limitations
arise from its retrospective nature and the lack of follow-
up information on the patients. We also have to mention
the limitations of the threshold-based software. The software
currently quantifies ejection fraction and volume using short-axis
slices, with an 8mm standard for spatial resolution in the Z-
direction. Trabeculae and the papillary muscles do not cross the
slice perfectly perpendicularly, resulting in partial volume effects.
Depending on the actual path of the trabeculae, this influences
the threshold-based quantification (16, 31). The limitations of
the feature-tracking software include the lack of a relevant
validation process; thus, its clinical application is questionable.
Furthermore, there is high variability in normal strain values
between different vendors; thus, there is a lack of an accepted
normal reference range (32, 33).
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Aim: To compare global and axial right ventricular ejection fraction in ventilated patients
for moderate-to-severe acute respiratory distress syndrome (ARDS) secondary to early
SARS-CoV-2 pneumonia or to other causes, and in ventilated patients without ARDS
used as reference.

Methods: Retrospective single-center cross-sectional study including 64 ventilated
patients: 21 with ARDS related to SARS-CoV-2 (group 1), 22 with ARDS unrelated
to SARS-CoV-2 (group 2), and 21 without ARDS (control group). Real-time three-
dimensional transesophageal echocardiography was performed for hemodynamic
assessment within 24 h after admission. Contraction pattern of the right ventricle was
decomposed along the three anatomically relevant axes. Relative contribution of each
spatial axis was evaluated by calculating ejection fraction along each axis divided by the
global right ventricular ejection fraction.

Results: Global right ventricular ejection fraction was significantly lower in group 2 than
in both group 1 and controls [median: 43% (25–75th percentiles: 40–57) vs. 58% (55–
62) and 65% (56–68), respectively: p < 0.001]. Longitudinal shortening had a similar
relative contribution to global right ventricular ejection fraction in all groups [group 1: 32%
(28–39), group 2: 29% (24–40), control group: 31% (28–38), p = 0.6]. Radial shortening
was lower in group 2 when compared to both group 1 and controls [45% (40–53) vs.
57% (51–62) and 56% (50–60), respectively: p = 0.005]. The relative contribution of
right ventricular shortening along the anteroposterior axis was not statistically different
between groups [group 1: 51% (41–55), group 2: 56% (46–63), control group; 56%
(50–64), p = 0.076].
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Conclusion: During early hemodynamic assessment, the right ventricular systolic
function appears more impaired in ARDS unrelated to SARS-CoV-2 when compared
to early stage SARS-CoV-2 ARDS. Radial shortening appears more involved than
longitudinal and anteroposterior shortening in patients with ARDS unrelated to SARS-
CoV-2 and decreased right ventricular ejection fraction.

Keywords: acute respiratory distress syndrome—ARDS, right ventricle (RV), myocardial deformation, 3D
echocardiography (3DE), COVID-19

INTRODUCTION

Acute respiratory distress syndrome (ARDS) is characterized
by diffuse alveolar damage and alterations of the pulmonary
microcirculation, which both result in increased pulmonary
vascular resistance (1). This abrupt increase of right ventricular
(RV) afterload may lead to acute cor pulmonale, which combines
the abrupt dilation of the RV cavity and a paradoxical septal
motion (2). Acute cor pulmonale can be identified using
transesophageal echocardiography (TEE) in 22% of patients
under protective mechanical ventilation for moderate-to-severe
ARDS (3). When severe, it is an independent predictor of
mortality (3, 4). Unfortunately, only few echocardiographic
parameters are currently available to detect and quantify RV
systolic dysfunction in this clinical setting.

Due to its complex anatomy, RV volumes—hence RV ejection
fraction (EF)—can only be measured at the bedside using Real-
time three-dimensional echocardiography (RT-3D), which has
been validated against cardiac Magnetic Resonance Imaging
(5). RV ejection depends on three mechanical components:
systolic shortening along the longitudinal axis, the radial axis
and the antero-posterior axis (6). Using dedicated software,
RT3D echocardiography allows the separate quantification of RV
shortening along each of these three spatial axes (7). A recent
study measuring axial right ventricular ejection fraction (RVEF)
in healthy volunteers suggested that non-longitudinal shortening
(i.e., radial and anteroposterior shortening) play a major role
in generating global RVEF (8). Certain pulmonary diseases
(e.g., pulmonary embolism, pulmonary arterial hypertension)
could predominantly reduce RV systolic shortening along
specific axes before reducing global RVEF (8). Notably,
radial and anteroposterior axial impairment could be easily
overlooked by conventional two-dimensional echocardiography.
This substantial limitation may result in relevant over- or
underestimation of global RV systolic function, according to its
axial shortening pattern, especially in ARDS patients with acute
cor pulmonale (ACP). There are growing evidence distinguishing
SARS-CoV-2-induced ARDS and ARDS of other causes (9). This
raises the possibility that severe COVID-19 may result in specific
alterations of RV mechanics. We hypothesized that RV systolic
function was not uniformly impaired in patients with ARDS and
that the relative contribution of shortening along the three spatial
axes may differ according to the cause of ARDS.

Accordingly, the objective of the present study was to compare
global and axial RVEF in patients under protective ventilation at
the early phase of ARDS secondary to SARS-CoV-2 pneumonia
with patients ventilated for ARDS unrelated to SARS-CoV-2,

and with patients who were ventilated for another reason than
ARDS with a normal echocardiography examination who were
used as controls.

MATERIALS AND METHODS

Study Design and Settings
This observational retrospective cross-sectional study included
ventilated adult patients admitted to the Intensive Care Unit
of the Limoges Hospital Centre (Nouvelle-Aquitaine, France)
between November 2009 and December 2020. The protocol
complied with the Declaration of Helsinki and was approved
by the local Ethics Committee (#459-2021-115). Non-opposition
was obtained from all participating patients.

Inclusion Criteria
Patients who required a hemodynamic assessment using
conventional TEE during the first 24 h following ICU admission
for moderate-to-severe ARDS related to SARS-CoV-2 as defined
by the Berlin conference consensus (bilateral infiltrates on
chest X-ray, PaO2/FiO2 ≤ 200 with a positive end-expiratory
pressure ≥ 5 cm H2O, and non-elevated left ventricular filling
pressure) constituted group 1 (10). Patients ventilated for a
moderate-to-severe ARDS unrelated to SARS-CoV-2 who had
been included in the ARCOFOP study constituted group 2 (11).
Patients ventilated in the ICU for severe head trauma or stroke
without lung injury, any cardiopathy, and sex-matched with
group 1, were used as controls.

Exclusion Criteria
Patients were not studied if they had a medical history of
chronic respiratory failure with oxygen therapy or non-invasive
ventilation, or with a known RV disease, or if the RT3D
imaging quality was not suitable for accurate analysis using the
dedicated software.

Patients’ Characteristics
Age, sex, body mass index (BMI), Simplified Acute Physiology
Score (SAPS) II, Sequential Organ Failure Assessment (SOFA)
score, and vasopressor use were recorded. Body surface area
was calculated using the Mosteller formula (12). The causes of
ARDS in group 2 were reported. Conventional hemodynamic
and ventilatory parameters were collected. Driving pressure
was defined as the plateau pressure minus total end-expiratory
pressure. Static compliance was defined as the tidal volume
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divided by the driving pressure. Ventilatory ratio was defined
as follows: measured minute ventilation (mL/min) × PaCO2
measured (mmHg)/predicted minute ventilation × PaCO2
ideal (13).

Echocardiography
All hemodynamic assessments were performed by experts in
critical care echocardiography.

Two-Dimensional Echocardiography
Transthoracic Measurements
Conventional transthoracic echocardiography was performed
using a Philips EPIQ7 or iE33 upper-end system equipped with
a X5-1 transducer (Philips Healthcare, Netherlands). M-mode-
derived tricuspid annular plane systolic excursion (TAPSE) and
maximal tissue Doppler systolic velocity recorded at the lateral
aspect of the tricuspid annulus were measured in the apical
four-chamber view.

Transesophageal Measurements
Conventional TEE was performed using a Philips EPIQ7 or iE33
upper-end system equipped with a X7-1 or X8-1 transducer
(Philips Healthcare, Netherlands). RV fractional area change
(FAC) was measured in the mid-esophageal four-chamber view.
Right atrio-ventricular systolic pressure gradient was calculated
using the simplified Bernouilli’s equation applied to the maximal
velocity of the tricuspid regurgitant jet (14). Left ventricular
(LV) outflow tract velocity-time integral (VTI) was measured
in the transgastric 120◦ view using pulsed-wave Doppler (15).
Moderate RV dilatation was defined by a RV/LV end-diastolic
area ratio ≥ 0.6 and < 1 in the four chamber view in the mid-
esophagus view of the heart. Severe RV dilatation was defined by
a RV/LV end-diastolic area ratio ≥ 1 in the mid-esophagus four
chamber view of the heart. ACP was defined by the association
of a RV/LV end-diastolic area ratio ≥ 0.6 in the long-axis view
of the heart and of a septal paradoxical motion in the short-axis
view (15).

All derived of TTE and TEE measurements were performed
off-line using the IntelliSpace CardioVascular software (Philips
Medical Systems, Version 4.2.1.0, Netherlands).

Real-Time Three-Dimensional Transesophageal
Echocardiography
Electrocardiographically gated full-volume 3D data sets
reconstructed from four or six cardiac cycles optimized for the
RV or for the LV endocardial border detection were recorded and
digitally stored for off-line analysis. Image quality was optimized
at the bedside, especially to avoid artifacts (6). Measurements
were performed on a commercially available workstation using
a dedicated software (4D RV-Function, Version 4.6, TomTec
Imaging, Unterschleissheim, Germany for the RV and QLAB,
Version 13.0, Philips, Amsterdam, Netherlands for the LV).
The algorithm automatically detected the endocardial surface
and following potential manual corrections, it traced its motion
throughout the entire cardiac cycle. We measured the end-
diastolic and end-systolic volume indexed to body surface area,
and calculated RVEF and LVEF conventionally.

Evaluation of 3D Right Ventricular Mechanics
3D RV models were exported from the TomTec software to a
dedicated software to obtain the RV longitudinal, radial, and
anteroposterior axial shortening using the ReVISION method
(Right VentrIcular Separate wall motIon quantificatiON; Argus
Cognitive, Inc., Lebanon, New Hampshire, United States)1 (7,
16). Briefly, the orientation of the exported 3D RV models
is aligned using a standard, automated method to define the
anatomically relevant, orthogonal axes (i.e., longitudinal, radial,
anteroposterior). Then, the wall motions of the 3D model are
split based on the movement of the model’s each vertex point
along these axes. Shortening in each direction can be selectively
switched on and off to assess the contribution of those, which
remained enabled to the global RVEF. The method allows to
produce such end-systolic 3D models, which contracts along only
one axis, while remains “locked” in the other two directions.
Thus, volume changes attributable to either longitudinal, radial,
or anteroposterior directions can be separately quantified and the
corresponding EF values can be calculated. Finally, the relative
contribution of the longitudinal, radial, or anteroposterior RV
wall motion to global RV pump function can be expressed by
the ratio of the given axial RVEF to global RVEF. The absolute
volume change of RV chamber is generated by the aggregated
contribution of the three motion components. This composition
is not additive, and consequentially, the sum of the decomposed
volume changes is not equal to the global volume change; in other
words, the relative contribution of the motion components do not
add up to 100%.

Statistics
According to our recent preliminary study (17), we anticipated
a mean global RVEF of 55% in Group 1 and 45% in Group 2,
with a standard deviation of 10%. When considering an alpha
risk of 0.05 and a beta risk of 0.1, 21 patients were needed in
each group. Because of the absence of previous data on TEE axial
RVEF, we also studied 21 sex-matched patients without ARDS or
cardiopathy as controls.

Continuous data are reported as median and interquartile
range. Categorical data are reported as counts and percentages.
Comparisons used the Kruskall-Wallis test for continuous
variables. When p-value was ≤ 0.05, a paired comparison
was performed between groups and p-value was adjusted
with a Bonferroni test to consider the multiplicity of tests.
Pearson’s Chi-squared test was used for comparisons between
categorical variables.

To assess the intra-observer reproducibility of global and axial
RVEF, the same operator repeated the 3D analysis in a randomly
chosen subset of 12 patients, blinded to previous results. Inter-
observer reproducibility was determined by a new analysis of the
same 12 patients by a second trained operator who performed his
measurements independently.

A two-tailed p-value ≤ 0.05 was considered statistically
significant. No use of previous value or interpolation rule was
used in the presence of missing data. Data were analyzed using
R software (version 4.0.2).

1www.revisionmethod.com
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FIGURE 1 | Study flow chart.

RESULTS

Study Population
Among 10,730 patients who were admitted to the ICU
between November 2009 and December 2020, 1,072 with
echocardiography were assessed for eligibility (group 1: n = 41;
group 2: n = 200; control group: n = 831). Among controls,
810 patients were not studied because of underlying cardiopathy
(n = 222), lung injury (n = 357), or unavailable RT3D TEE
(n = 226). In addition, 7 patients in group 1 and 169 patients in
group 2 had no RT3D TEE recorded images (Figure 1). Finally,
64 patients were included in the present study [median age:
60 (46–71); male: 48 (75%); SAPSII: 35 (29–46)]: 21 patients
were ventilated for an ARDS related to SARS-CoV-2 (group
1), 22 patients sustained an ARDS unrelated to SARS-CoV-
2 (group 2), and 21 patients constituted the control group
(Table 1). Group 2 patients had a higher SOFA score and required
more frequently a vasopressor support than patients of group 1
(Table 1). SAPS II was not statistically different between group

1 patients and controls, mainly due to a low Glasgow coma
scale in controls, and despite the absence of other organ failures
(Table 1). Main causes of ARDS in group 2 were septic shock
(45%), community-acquired pneumonia (18%), and Influenza
virus pneumonia (13%). In ARDS patients, PaO2/FiO2 was lower
in group 1 than in group 2, the difference being not statistically
significant [118 (77–185) vs. 154 (100–181): p = 1.00]. Median
PaCO2 and ventilatory ratio were similar in the two ARDS
groups (Table 2).

Echocardiography
TAPSE and RVFAC were statistically lower in group 2
compared to group 1 and controls, whereas tricuspid S’
maximal velocity was not (Table 3). These parameters were
preserved in patients with ARDS related to SARS-CoV-2,
while right atrio-ventricular systolic pressure gradient was
not statistically different across groups (Table 3). LVEF
measured with RT3D TEE was statistically lower in group 1
than in controls, whereas the difference was not statistically
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TABLE 1 | Characteristics of the study population.

ARDS related to
SARS-CoV-2 (Group 1)

ARDS unrelated to
SARS-CoV-2 (Group 2)

Controls (Group 3) p-valueb Paired p-valuec

n = 21a n = 22a n = 21a

Age (years) 69 (56 − 74)† 62 (50 − 71) 51 (32 − 59)† 0.006 0.89

Sex (Male) 15 (71%) 19 (86%) 14 (67%) 0.3 −

Body Mass Index (kg/cm2) 29.0 (26.0 − 33.0) 26.7 (24.5 − 31.6) 27.9 (27.3 − 33.4) 0.2 −

Comorbidity

Cardiopathyd 1 (5%) 1 (5%) 0 (0%) 0.6 −

Hypertension 12 (57%) 8 (36%) 4 (19%) 0.038 −

Diabetes 7 (33%) 1 (5%) 1 (5%) 0.008 −

Obesity 10 (48%) 7 (32%) 6 (29%) 0.4 −

COPD 0 (0%) 1 (5%) 1 (5%) 0.6 −

Norepinephrine 3 (14%) 14 (64%) 0 (0%) < 0.001 < 0.001

Alive at discharge 15 (71%) 17 (77%) 15 (71%) 0.9 −

SAPSII 34 (28 − 40) 42 (32 − 56)* 31 (24 − 39)* 0.022 0.132

SOFA 4 (3 − 4) 6 (4 − 7)* 3 (2 − 4)* 0.006 0.039

Cause of ARDS

Septic shocke
− 10 (45%)

Influenza virus − 3 (13%) − − −

Community acquired pneumonia without septic shock − 4 (18%) − − −

Pancreatitis − 2 (9%) − − −

Others − 3 (13%) − − −

aMedian (25-75%); n (%).
bKruskal-Wallis rank sum test; Pearson’s Chi-squared test.
cKruskal-Wallis rank sum test or Pearson’s Chi-squared test adjusted with Bonferroni test between ARDS group.
dCardiopathy was defined has a past medical history of ischemic, valvular or hypertrophic cardiopathy.
eEtiology of septic shock: 8 patients with a community acquired pneumonia and 2 patients with a peritonitis.
†p-value < 0.05 between Control and Group 1 adjusted with Bonferroni test.
*p-value < 0.05 between Control and Group 2 adjusted with Bonferroni test.
SAPSII, Simplified Acute Physiology Score; SOFA, Sepsis-related Organ Failure Assessment; ARDS, Acute Respiratory Distress Syndrome.

TABLE 2 | Hemodynamic and ventilatory parameters at the time of echocardiography assessment.

ARDS related to
SARS-CoV-2 (Group 1)

ARDS unrelated to
SARS-CoV-2 (Group 2)

Controls (Group 3) p-valueb Paired p-valuec

n = 21a n = 22a n = 21a

Heart rate (bpm) 92 (85 − 113) 94 (84 − 108) 101 (88 − 114) 0.7 −

Systolic arterial pressure (mmHg) 140 (120 − 152) 124 (116 − 128)* 141 (133 − 160)* 0.012 0.087

Mean arterial pressure (mmHg) 95 (84 − 103) 86 (79 − 90)* 96 (91 − 105)* 0.018 0.092

Tidal volume (mL/kg) 6.88 (6.53 − 7.23) 6.51 (5.91 − 7.06) 7.08 (6.69 − 7.71) 0.095 −

PEEP (cm/H2O) 10.00 (10.00 − 12.00)† 10.50 (9.25 − 12.00)* 8.00 (7.00 − 8.00)*† 0.001 1.00

Plateau pressure (cmH2O) 25.0 (22.0 − 26.0)† 25.5 (24.0 − 27.8)* 15.5 (15.0 − 16.5)*† < 0.001 0.52

Driving pressure (cmH2O) 13.0 (11.0 − 16.0)† 14.5 (13.0 − 16.8)* 8.0 (7.5 − 9.5)*† < 0.001 0.24

Static compliance (mL/cmH2O) 34 (30 − 42)† 32 (27 − 36)* 49 (44 − 66)*† 0.002 0.65

PaO2/FiO2 118 (77 − 185)† 154 (100 − 181)* 286 (253 − 373)*† < 0.001 1.00

PaCO2 (mmHg) 44 (36 − 52) 49 (42 − 61)* 35 (32 − 40)* 0.002 0.34

Ventilatory ratio 1.95 (1.63 − 2.15) 2.09 (1.77 − 2.50) − − 0.822

aMedian (25–75%).
bKruskal-Wallis rank sum test.
cKruskal-Wallis rank sum test adjusted with Bonferroni test between ARDS group.
†p-value < 0.05 between Controls and Group 1 adjusted with Bonferroni test.
*p-value < 0.05 between Controls and Group 2 adjusted with Bonferroni test.
PEEP, Positive end-expiratory pressure.

different between group 2 and controls (Table 4). Indexed
RV end-diastolic volume was not statistically different
between groups. In contrast, indexed RV end-systolic

volume was higher in group 2 than in the other groups
[35 mL/m2 (31–40) vs. 23 mL/m2 (16–29) and 18 mL/m2

(13–22), respectively: p < 0.001]. As a result, RVEF was
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TABLE 3 | Two-dimensional echocardiography parameters.

ARDS related to
SARS-CoV-2 (Group 1)

ARDS unrelated to
SARS-CoV-2 (Group 2)

Controls (Group 3) p-valueb Paired
p-valuec

n = 21a n = 22a n = 21a

Indexed LV end-diastolic volume (mL/m2) 44.0 (38.5 − 48.7)− 43.2 (36.1 − 47.7) 38.2 (25.8 − 49.2) 0.63 −

Indexed LV end-systolic volume (mL/m2) 20.6 (18.8 − 27.2) 20.0 (12.5 − 23.5) 13.3 (9.9 − 15.9) 0.087 −

LV ejection fraction (%) 52.0 (47.6 − 62.4) 54.5 (46.0 − 65.8) 62.7 (58.1 − 67.6) 0.016 0.91

LV outflow tract VTI (cm) 21.0 (18.0 − 23.3) 18.0 (16.2 − 20.5) 21.7 (17.0 − 25.9) 0.2 −

Cardiac index (l/min/m2) 2.7 (2.5 − 3.3) 2.7 (2.5 − 3.4) 3.1 (2.9 − 3.9) 0.3 −

RV/LV end-diastolic area 0.55 (0.53 − 0.69) 0.68 (0.53 − 0.72)* 0.54 (0.46 − 0.58)* 0.044 0.44

RV fractional area change (%) 45 (33 − 50) 28 (25 − 35)* 42 (34 − 50)* < 0.001 0.003

TAPSE (mm) 24.0 (21.5 − 27.0) 19.3 (15.2 − 20.7)* 26.0 (21.8 − 27.2)* 0.005 0.025

Tricuspid annular S’ wave (cm/s) 16.0 (14.3 − 18.1) 15.0 (12.0 − 17.8) 18.3 (15.7 − 22.0) 0.067 −

Vmax tricuspid regurgitation (cm/s) 3.05 (2.65 − 3.48) 2.90 (2.80 − 2.92) 2.70 (2.30 − 2.88) 0.3 −

Right atrio-ventricular systolic pressure gradient (mmHg) 37.2 (28.1 − 48.4) 33.6 (31.4 − 34.1) 29.2 (21.2 − 33.2) 0.3 −

RV dilatation 0.012

Absent 13 (62%) 7 (32%) 21 (100%)

Moderate 7 (33%) 14 (64%) 0 (0%)

Severe 1 (4.8%) 1 (4.5%) 0 (0%)

Acute cor pulmonale 4 (19%) 11 (50%) 0 (0%) < 0.001 0.033

aMedian (25–75%).
bKruskal-Wallis rank sum test.
cKruskal-Wallis rank sum test or Pearson’s Chi-squared test adjusted with Bonferroni test between ARDS group.
*p-value < 0.05 between Controls and Group 2 adjusted with Bonferroni test.
LV, left ventricle; VTI, velocity time integral; RV, right ventricle; TAPSE, tricuspid annular plane systolic excursion; Vmax, maximal velocity.

TABLE 4 | Three-dimensional echocardiography parameters.

ARDS related to
SARS-CoV-2 (Group 1)

ARDS unrelated to
SARS-CoV-2 (Group 2)

Controls (Group 3) p-valueb Paired p-valuec

n = 21a n = 22a n = 21a

Indexed LV end-diastolic volume (mL/m2) 55 (50–64) 58 (52–65) 47 (38–54) 0.069 −

Indexed LV end-systolic volume (mL/m2) 23 (19–34)† 23 (19–28)* 15 (13–18)*† 0.002 1.00

LV ejection fraction (%) 56 (46–64)† 56 (49–64) 66 (62–71)† 0.017 1.00

Indexed RV end-diastolic volume (mL/m2) 59 (48–72) 70 (61–72) 54 (40–59) 0.10 −

Indexed RV end-systolic volume (mL/m2) 23 (16–29) 35 (31–40)* 18 (13–22)* < 0.001 0.008

RV ejection fraction (%): 58 (55–62) 43 (40–57)* 65 (56–68)* < 0.001 0.001

Absolute longitudinal RVEF (%) 20 (16–23) 11 (9–18)* 20 (16–24)* 0.014 0.11

Relative contribution of longitudinal axis (%) 32 (28–39) 29 (24–40) 31 (28–38) 0.6 −

Absolute anteroposterior RVEF (%) 29 (25–31)† 25 (18–32)* 36 (32–38)*† < 0.001 0.57

Relative contribution of anteroposterior axis (%) 51 (41–55) 56 (46–63) 56 (50–64) 0.076 −

Absolute radial RVEF (%) 34 (28–38) 21 (17–28)* 34 (31–40)* < 0.001 0.001

Relative contribution radial axis (%) 57 (51–62) 45 (40–53)* 56 (50–60)* 0.005 0.007

aMedian (25–75%).
bKruskal-Wallis rank sum test.
cKruskal-Wallis rank sum test adjusted with Bonferroni test between ARDS group.
†p-value < 0.05 between Control and Group 1 adjusted with Bonferroni test.
*p-value < 0.05 between Control and Group 2 adjusted with Bonferroni test.
LV, Left ventricle; RV, Right Ventricle; EF, Ejection fraction; 3D, Three-dimensional.

significantly lower in group 2 than in the other groups [43%
(40–57) vs. 58% (55–62) and 65% (56–68), respectively:
p < 0.001] (Table 4).

RVEF along the three spatial axes was uniformly lower in
Group 2 (Table 4 and Figures 2A,B, 3). In group 1, only the
anteroposterior RVEF was significantly lower when compared

to controls [29% (25–31) vs. 36% (32–38): p = 0.029]. Radial
RVEF was significantly lower in group 2 than in the other
groups (Table 4 and Figures 2, 4). When considering the
relative contribution of each RV axis to the global RVEF, the
contribution of RV shortening along the radial axis was the only
one reduced in group 2 when compared to the other groups
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FIGURE 2 | Absolute contribution of RV shortening along each spatial axis to the generation of global ejection fraction in ARDS groups and in the control group.
Paired p-values are given when significant and were adjusted with Bonferroni test. The sum of the decomposed volume changes and ejection fractions is not equal
to the global values due to the non-additive manner of the motion decomposition. Thus, when analyzing RV shortening along a single axis, the contribution of the
given motion direction to global RV volume loss is mathematically overestimated. (A) Violin plot including box plot depicting median value of the absolute longitudinal
RVEF in the different groups. (B) Violin plot including boxplot depicting median value of the absolute anteroposterior RVEF in the different groups. (C) Violin plot
including boxplot depicting median value of the absolute radial RVEF in the different groups. (D) Stacked bar plot depicting each cumulated median absolute value
(indicated in black) of different axes in the ARDS groups and in the control group.

[45% (40–53) vs. 57% (51–62) and 56% (50–60): p = 0.007 and
p < 0.05, respectively] (Figures 3, 4). In contrast, the relative
contribution of RV shortening along both the longitudinal and
antero-posterior axes were not statistically different between
ARDS groups and controls (Table 4 and Figures 3, 4).

Intra- and Inter-Observer Reproducibility
Acceptable agreement was found between the repeated
measurements by the same operator (intra-observer
reproducibility) or by two independent operators (inter-
observer reproducibility), with the lowest agreement for the
longitudinal RVEF (Table 5).

DISCUSSION

In this study assessing for the first time the ability of RT3D
TEE to quantify the respective relative contribution of RV

shortening along the three anatomically relevant spatial axes
to global RVEF in the setting of ARDS, we showed that
ventilated patients with ARDS unrelated to SARS-CoV-2 had
a lower RVEF related to an impairment of all its mechanical
components. In contrast, ventilated patients for an ARDS
secondary to SARS-CoV-2 exhibited preserved RVEF, with only a
reduced absolute shortening along the anteroposterior axis when
compared to controls.

Longitudinal RV shortening has been previously suggested
as the major component of RV contraction (18). A previous
study using RT3D transthoracic echocardiography in healthy
subjects has shown the role of non-longitudinal (i.e., radial
and anteroposterior) shortening in generating global RVEF
(8). Accordingly, in the present study, patients with ARDS
unrelated to SARS-CoV-2 with reduced global RVEF exhibited
a uniformly lowered RV shortening along the three spatial
axes when compared to controls. Noticeably, the longitudinal
RV shortening had a lower contribution to global RVEF
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FIGURE 3 | Relative contribution of RV shortening along each spatial axis to the generation of global ejection fraction in ARDS groups and in the control group.
Paired p-values are given when significant and were adjusted with Bonferroni test. The sum of the decomposed volume changes and ejection fractions is not equal
to the global values due to the non-additive manner of the motion decomposition. Thus, when analyzing RV shortening along a single axis, the contribution of the
given motion direction to global RV volume loss is mathematically overestimated. (A) Violin plot including boxplot depicting median value of the relative longitudinal
RVEF in the different groups. (B) Violin plot including boxplot depicting median value of the relative anteroposterior RVEF in the different groups. (C) Violin plot
including boxplot depicting median value of the relative radial RVEF in the different groups. (D) Stacked bar plot depicting each cumulated median relative value
(indicated in black) of different axes in the ARDS groups and in the control group.

than the radial and anteroposterior shortening, including in
controls. Since all our patients were mechanically ventilated,
intrathoracic positive pressure have presumably altered RV
hemodynamic, in increasing RV afterload and reducing venous
return, hence RV preload (19). In addition, RV mechanics has
been previously studied in a totally different clinical setting, using
RT3D transthoracic echocardiography in normal spontaneously
breathing subjects (7, 8).

Patients ventilated for an ARDS unrelated to SARS-CoV-
2 had a lower RVFAC and relative contribution of RV radial
shortening to global RVEF. In this group, the prevalence of
ACP was higher than that in other groups. ACP develops
in the presence of excessive RV afterload. This results in a
prolonged RV contraction, RV-LV pressure imbalance, and
subsequent paradoxical interventricular septal motion (2). It
has previously been suggested than increased RV afterload

induces a reduction of RV radial shortening (8). Interestingly,
transverse wall motion (i.e., RV radial shortening), which is
reflected by RVFAC, was a better marker of RVEF than the
longitudinal wall motion assessed using TAPSE in patients with
pulmonary hypertension (20). RV volume overload states have
also been shown to influence the ventricular mechanical pattern
(21). The interventricular septum is a major contributor to RV
contraction (18): when the LV contracts, septal circumferential
myocardial fibers shorten, leading to a RV shortening along
both the radial and antero-posterior axes. In the case of a
paradoxical septal motion, the septum is unable to efficiently
contract, potentially leading to a reduction in RV radial and
anteroposterior shortening (22). In the current study, the relative
contribution of RV radial shortening was solely identified,
but not that of the anteroposterior shortening. RV antero-
posterior shortening may reflect the effect of LV contraction
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FIGURE 4 | Representative cases depicting the global motion and the three different mechanical components of the right ventricle (RV) from each ARDS group and
from the control group. Color represents each isolated axis of right ventricular end systolic volume (Blue for global, Orange for longitudinal, Yellow for radial and Gray
for anteroposterior). Right ventricular mechanics can be appreciated by measuring its shortening along the three spatial axes (green mesh, RV end-diastolic volume;
blue surface, end-systolic volume related to global right ventricular ejection fraction). By decomposing RV shortening along the three anatomically relevant axes,
theoretical RV end-systolic meshes can be generated in which RV motion is “locked” in two directions and enabled along only one axis (orange surface, longitudinal
axis only; yellow surface, radial axis only; gray surface, anteroposterior axis only). In the patient from group 1, global RV ejection fraction was preserved with only a
decrease in the anteroposterior shortening when compared to the control. In the patient from group 2, both the global and axial RV ejection fractions were
decreased when compared to the control, with a particular impairment of radial shortening.

TABLE 5 | Intra and Interobserver variability of 3D RV ejection fraction.

Intraobserver variability Interobserver variability

CV, % R2 CV, % R2

Global EF 5.73 0.89 5.81 0.98

Longitudinal EF 12.98 0.67 12.18 0.60

Radial EF 11.55 0.91 8.82 0.83

Anteroposterior EF 13.33 0.73 10.57 0.87

EF, Ejection fraction; CV, Coefficient of variability.

on RV ejection through myocardial fibers entwining the two
ventricles (8, 23). In the absence of LV systolic dysfunction, RV
anteroposterior shortening could be relatively preserved even
in the presence of a paradoxical septal motion. In our ARDS
population, RV anteroposterior shortening was lower than in
controls, which may be a consequence of a lower LVEF in this
specific group. The potential relationship between RV antero-
posterior shortening and LV systolic function requires further
clinical investigation.

Patients in the two ARDS groups had no statistically
different static lung compliance and ventilatory parameters on
ICU admission. In addition, the right atrio-ventricular systolic
pressure gradient was not significantly different among ARDS
patients. Overall, these results suggest that the burden sustained
by the RV was similar in these patients. In contrast, patients
with SARS-CoV-2 ARDS had a lower incidence of circulatory
failure on admission than other ARDS patients, presumably due
to the low incidence of primary bacterial infection (24). Indeed,

sepsis can induce both a RV systolic dysfunction and dilatation
(25). In patients with SARS-CoV-2 ARDS, RV dilatation has been
reported in 13.3–49.9% of patients, which is consistent with our
findings (26).

RT3D TEE in ventilated ARDS has been shown to become
feasible in routine clinical practice (26, 27). The herein
reported reproducibility of measurements of the different RVEF
components is comparable to previous studies (8), and appears
adequate for clinical use. The clinical relevance of this further
insight in RV systolic properties remains to be determined.

This study has several limitations. First, ARDS is not a
homogeneous syndrome and has multiple phenotypes with
different prognosis (28). Accordingly, patients ventilated for an
ARDS unrelated to SARS-CoV-2 had heterogeneous associated
acute conditions which could have a variable impact on RV
contraction pattern (e.g., sepsis). Second, age was not adjusted
between groups, especially in the control group which was only
sex-matched. Although axial RV shortening is influenced by
sex in the normal population, age may also alter it (8). Third,
the prevalence of ACP was higher in patients ventilated for
ARDS unrelated to SARS-CoV-2 when compared to conventional
ARDS population (11). A selection bias cannot be excluded
due to the high exclusion rate in this group. Nevertheless,
this high prevalence allowed to better evidence the potential
role of paradoxical septal motion on RV mechanics. Fourth,
we did not compare RT3D acquisitions obtained from both
the transthoracic and transesophageal approaches since surface
RT3D imaging is technically challenging in patients under
positive-pressure ventilation. Fifth, since invasive central venous
pressure was not available in all patients, we used the right
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atrio-ventricular systolic pressure gradient calculated from the
maximal velocity of tricuspid regurgitant jet as a surrogate
of systolic pulmonary arterial pressure. Finally, we could not
exclude associated pulmonary embolism in our patients who did
not undergo systematically a contrast-enhanced chest CT at the
time of echocardiography assessment.

In the present study, RV systolic dysfunction was more
pronounced in patients ventilated for ARDS unrelated to
SARS-CoV-2, and resulted from a homogeneous decrease
of RV shortening along the three spatial axes. Radial
shortening appeared more involved than RV longitudinal
and anteroposterior shortening in patients with ARDS
unrelated to SARS-CoV-2 and decreased RVEF. The clinical
impact of both the global and axial RV impairment
assessed by RT3D echocardiography needs to be determined
in future studies.
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Introduction: ambrisentan and phosphodiesterase type 5 inhibitor (PDE5i) have
been approved for treating patients with pulmonary arterial hypertension (PAH).
Echocardiographic right ventricular pulmonary artery coupling (RVPAC) has been shown
to be a valid non-invasive and alternative measurement method to assess the predicted
outcomes in PAH patients. The aim of this study was to study the effect and clinical
correlates of initial ambrisentan plus PDE5i combination therapy on RVPAC in patients
with severe PAH.

Method and Results: We retrospectively studied and analyzed comprehensive
clinical data, hemodynamics, and echocardiography in 27 patients with severe
PAH before and after 6 months of initial combination therapy. Compared with
the baseline, significant improvements in RVPAC ratios were observed, including
RVFAC/PASP (0.31 ± 0.10 vs. 0.44 ± 0.15%/mmHg, p < 0.001), TAPSE/PASP
(0.15 ± 0.05 vs. 0.21 ± 0.06 mm/mmHg, p = 0.001), S’/PASP (0.10 ± 0.03
vs. 0.14 ± 0.05 cm/s•mmHg, p = 0.001), and RVSV/RVESV (0.79 ± 0.22 vs.
1.02 ± 0.20, p < 0.001). Functional status indices [World Health Organization functional
classifications (WHO-FC) and 6 min walk distance (6MWD) and N-terminal pro B-type
natriuretic peptide (NT-proBNP) levels] showed significant improvements. Right heart
catheterization (RHC) evaluations for hemodynamic measurements between baseline
and the 6–12 month follow-up were sPAP (96 ± 22 vs. 86 ± 24 mmHg, p = 0.002),
mPAP (64 ± 18 vs. 56 ± 17 mmHg, p < 0.001) and TPVR (17.3 ± 6.7 vs. 12.1 ± 5.4
WU, p = 0.001). Simultaneously, significant associations between RVPAC ratios and
NT-proBNP levels and WHO-FC and 6MWD were observed.

Conclusion: Ambrisentan plus PDE-5i combination therapy resulted in a significant
improvement in RVPAC in severe PAH. Importantly, RVPAC parameters correlated with
known prognostic markers of PAH.

Keywords: pulmonary arterial hypertension, right ventricular pulmonary arterial coupling, echocardiography,
combination therapy, right ventricular remodeling
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a severe clinical
syndrome characterized by increasing pulmonary vascular
resistance resulting in chronic pressure overload of the right
ventricle (RV) and ultimately leading to right heart failure and
death (1, 2).

The treatment goal in PAH patients is to achieve good exercise
capacity, reduce the RV afterload, keep the patient in WHO-
FC II and maintain low mortality rates whenever possible (3).
Current research studies on potential therapeutic targets and
the development of new PAH-targeted therapies focused on
the endothelium, nitric oxide, and prostacyclin pathways have
contributed to improved survival in patients with PAH (2, 3).
Ambrisentan is an endothelin-specific receptor antagonist (ERA)
approved for the treatment of PAH. Phosphodiesterase type 5
inhibitor (PDE-5i), such as sildenafil, are available therapies to
influence the nitric oxide pathway. Initial or early combination
therapy (generally ambrisentan and PDE-5i) is an attractive
option and is currently recommended for treating patients with
PAH, especially severe PAH (3, 4).

The main prognostic factor of symptoms and outcome in
PAH is related to RV function (3, 5). However, merely assessing
RV function can provide limited insight into RV adaptation and
chronic volume overload and does not take into account the
effects of pulmonary circulation (6). Right ventricular pulmonary
arterial coupling (RVPAC) based on the matching of RV function
and its vascular circulation can early and precisely reflect the
status of overloaded RV function (6, 7). The gold standard
of assessing RVPAC is the ratio of end-systolic elastance to
pulmonary arterial elastances (Ees/Ea), which has been evaluated
by invasive right heart catheterization (RHC). Ideally, coupling
is maintained at resting conditions in patients with adaptive RV.
Only in the late stages of pressure overload does uncoupling
occur (6, 8).

Echocardiography is a non-invasive ultrasound technique
and provides RV function parameters such as tricuspid annular
plane systolic excursion (TAPSE), right ventricular fractional area
change (RVFAC), tricuspid annular peak systolic tissue Doppler
velocity (TASV or S’) and pulmonary artery systolic pressure
(PASP) for estimating hemodynamic characteristics or improving
RV function in patients with PAH (3, 9). Recently, some studies
demonstrated that the ratios of TAPSE to pulmonary artery
systolic pressure (PASP) were closely related to prognostic
markers and have been considered a surrogate of Ees/Ea (10–
14). The TASV/RVSP ratio, as a determinant of poor prognosis,
is associated with short-term and long-term mortality (15).
In addition, another ratio of RV stroke volume (RVSV) to
RV end-systolic volume (RVESV), measured by 3-dimensional
echocardiography (3-DE), has the same capacity and is a
significant predictor of adverse clinical events for pediatric
patients with PAH (16). However, data concerning the evaluation
of right ventricular function and RVPAC in severe PAH patients
after ambrisentan and PDE-5i combination therapy are scarce.

Our study aims to (1) determine changes in RV function
and RVPAC in response to combination therapy with
initial ambrisentan plus PDE-5i in patients with severe

PAH and (2) evaluate the relationship between RVPAC and
clinical parameters.

MATERIALS AND METHODS

Study Population
A retrospective study was conducted in treatment-naive patients
and their medical records from June 2019 to February 2022
were collected and reviewed at the First Affiliated Hospital
of Guangxi Medical University. The patients’ diagnoses were
confirmed by RHC, and confirmed by criteria such as a mean
pulmonary artery pressure (mPAP) > 25 mmHg, a pulmonary
vascular resistance (PVR) > 5 Wood Units (WU), and pulmonary
arterial wedge pressure (PAWP) or left ventricular end diastolic
pressure of < 15 mmHg (3). Based on relevant literature, at
least two experts confirmed, through a comprehensive data
review of severe PAH-related assessments, severe PAH in patients
with reduced RV function as assessed by echocardiography and
right heart catheterization (higher right atrial pressure, lower
cardiac index, increased pulmonary vascular resistance index), a
WHO FC III or IV, and a significantly elevated N-terminal-Pro-
Brain-Natriuretic Peptide (NT-proBNP) level (3, 4, 17). Disease
progression and the presence or absence of signs of right heart
failure were also considered. They were treated with an upfront
combination of ambrisentan and PDE-5i.

The following were exclusion criteria: (1) total lung capacity
of pulmonary function test was lower than the 60% estimated
value; (2) suffering from interstitial lung disease, pulmonary
hypertension due to lung diseases or chronic thromboembolic
disease; (3) pulmonary hypertension due to left heart disease,
including left ventricular systolic or diastolic dysfunction,
valvular disease (moderate to severe stenosis or insufficiency
confirmed by echocardiography), cardiomyopathies; (4)
pulmonary valve or pulmonary arterial stenosis; and (5)
autonomic hypotension, severe hepatic and renal impairment.

Patients who fulfilled the above criteria and had PAH
confirmed by RHC but who had not yet received PAH-specific
therapy were enrolled.

Clinical Data
At the baseline, patient demographics, clinical status and
treatment strategies were collected by review of electronic
medical records. Heart function was assessed by World Health
Organization functional classifications (WHO-FC). A 6 min
walk distance (6MWD) was performed according to American
Thoracic Society guidelines (18).

Biochemical markers were obtained, and the level of
plasma N-terminal pro B-type natriuretic peptide (NT-proBNP)
was measured by an enzyme-linked immunosorbent assay
using a COBAS 6000 E601 immunoassay analyzer and an
Elecsys proBNP II reagent kit (Roche Diagnostics GmbH,
Mannheim, Germany).

Right Heart Catheterization
Right heart catheterization was performed using a balloon
wedge catheter through the femoral vein or internal jugular
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vein by standard methods at the first diagnosis of PAH
(19). At the follow-up, RHC was performed using MPA2
angiographic catheter (6F, Cordis Corporation, Miami Lakes,
FL, United States) under fluoroscopic guidance. Hemodynamic
measurements obtained by RHC included mean pulmonary
arterial pressure (mPAP), systolic pulmonary arterial pressure
(sPAP), diastolic pulmonary arterial pressure (dPAP), mean
right ventricular pressure (mRVP), systolic right ventricular
pressure (sRVP), diastolic right ventricular pressure (dRVP),
mean right atrial pressure (mRAP), heart rate and pulmonary
arterial wedge pressure (PAWP). Cardiac output (CO) was
divided by heart rate to obtain stroke volume. The cardiac index
(CI) was divided by body surface area (BSA) to CO. Total
pulmonary vascular resistance (TPVR) was divided by CO to
mPAP. Pulmonary vascular resistance (PVR) was calculated as
(mPAP− PAWP)/CO.

Transthoracic Echocardiography
Transthoracic echocardiography was performed on all patients
with an available echocardiographic Philips EPIC 7C (Philips
Healthcare, Andover, MA, United States), and 3DE RV data were
digitally analyzed using an advanced data quality quantification
system (Philips Healthcare, Andover, MA, United States). All
parameters were performed both at baseline and after 6 months
of combination therapy in patients with severe PAH according
to the recommendations for echocardiographic assessment of
the right heart by the American Society of Echocardiography
chamber guidelines (9, 20).

TAPSE was defined as the difference between the displacement
of the RV lateral annulus from end-diastole to end-systole
obtained by M-mode imaging in the apical four-chamber view
centered on the RV. S’ was defined as tricuspid annular
systolic velocity derived from tissue Doppler transthoracic
echocardiography. PASP was calculated using the maximal
tricuspid regurgitation velocity obtained from continuous wave
Doppler and integrated into the modified Bernoulli equation
[PASP = 4 (TRV)2 + RAP]. Right atrial pressure was estimated
through the inferior vena cava (IVC) size and variability with
respiration. RAP is equal to 3 mmHg when the IVC size≤ 2.1 cm
and variability with respiration (> 50% diameter change with
inspiration), equal to 8 mmHg when the IVC size > 2.1 cm
and variability with respiration (> 50% diameter change with
inspiration), and equal to 15 mmHg when the IVC size > 2.1 cm
and variability with respiration (< 50% diameter change with
inspiration), according to the guidelines (20).

The 3D data were transferred and analyzed using an advanced
data quality quantification system (QLAB version 12.0; Philips
Healthcare) to automatically generate RV volumes and functional
indices. Specifically, there were acquired in 3 steps. First, the
RV basal short-axis and apical two- and four-chamber views
were extracted by an advanced data quality quantification system
equipped with 3D viewer software, and the software initially
identified RV long-axis landmarks in end-diastole in the apical
two- and four-chamber views. Next, the tricuspid valve annulus
hinge points and the RV endocardial surfaces were automatically
defined and tracked throughout the cardiac cycle (inclusion of
papillary muscles and trabeculae in the cavity volume). The

automatic tracings were manually adjusted if correction was
needed. Finally, the RV volume–time curve was automatically
constructed, and RV volumes and functional indices were
obtained, including 3D RV end-diastolic volume (RVEDV), RV
end-systolic volume (RVESV), RV stroke volume (RVSV), and
RV ejection fraction (RVEF) was calculated using the standard
formula: RVEF = (RVEDV-RVESV)/RVEDV (20). RV fractional
area change (RVFAC) was defined as the percentage of the RV
area from end-diastolic to end-systolic obtained by 3DE in the
apical four-chamber view centered on the RV.

These measurements were performed at baseline and after 6 to
12 months of combination therapy.

Variability Analysis of 3DE Right Ventricle
Measurements
Intraobserver and interobserver variability of the newer measures
of RV volume and function assessment were evaluated in 10
randomly selected patients by 2 different investigators. For
variability analysis, similar views were used but not necessarily
the same beat, each blinded to the results obtained by the other.
For intraobserver variability, RV measurements were repeated
by the same investigator 6 months later. Reproducibility of
the RV measurements was assessed using intraclass correlation
coefficients. An intraclass correlation coefficient > 0.9 was
considered to represent a high degree of reliability of the
strain measurements.

Assessment of Right Ventricular
Function and Right Ventricular
Pulmonary Artery Coupling
RV systolic function was evaluated using RVFAC, S’, TAPSE
and RVEF. RV diastolic function was evaluated by the Doppler
velocity of the transtricuspid flow (E), lateral tricuspid annular
diastolic tissue Doppler velocity (E’) and tricuspid annular
E/E’ ratio. The TAPSE/PASP, RVFAC/PASP, RVSV/RVESV and
S’/PASP ratios were considered indices of RVPAC (10–16).

Statistical Analysis
Statistical analyses were performed utilizing SPSS statistical
software (version 26, IBM Corporation, Armonk, NY,
United States). Normal and non-normal distributions
were determined using the Shapiro–Wilk test and visual
analysis (P-P plots, Q-Q plots). Continuous variables are
presented as the mean ± standard deviation or median
and interquartile range (IQR; 25th–75th percentiles), and
categorical variables are expressed as numbers and percentages.
NT-proBNP values were log-transformed for analyses. The
paired Student’s t-test, chi-square test, and Wilcoxon signed
rank tests were used in patients for measurements at 2 time
points. RV volumes adjusted for body surface area (BSA).
Correlations between RVPAC indices and NT-proBNP,
6MWD, WHO FC were evaluated by the Spearman rank
correlation coefficient or Pearson correlation coefficient.
For all tests, a p value less than 0.05 was considered
statistically significant.
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RESULTS

Baseline Demographic and Clinical
Characteristics
We retrospectively reviewed 27 patients (median age 37 years,
85% female) who were provided with comprehensive data in
this study, including idiopathic PAH (n = 15, 55%), congenital
heart disease-associated PAH (n = 8, 30%) and systemic lupus
erythematosus-associated PAH (n = 4, 15%). During the follow-
up period, 21 patients were treated with ambrisentan plus
tadalafil, and 6 patients were treated with ambrisentan plus
sildenafil. In patients who had WHO FC IV at baseline, there were
4 patients treated with ambrisentan and PDE5i for intermediate
risk (3), 2 patients for high risk were inoperable with initial
combination therapy including i.v. prostacyclin because of the
expensive price. The demographics and baseline characteristics
of the study patients are shown in Table 1.

Clinical Status Change
After 6 months of combination therapy, the majority of patients
improved their WHO FC, and 20 patients (74%) reached WHO-
FC I or II (Table 2). NT-proBNP levels were significantly

TABLE 1 | Baseline demographics and clinical characteristics.

Total cohort

Patients, n 27

Age, y 37 ± 14

Sex (female), % 23(85)

BSA, m2 1.49 ± 0.19

SBP, mmHg 108 ± 14

DBP, mmHg 72 ± 10

HR, bpm 90 ± 12

Clinical presentation, n

Exercise-induced symptoms 26 (96)

Syncope 3 (11)

Peripheral edema 9 (33)

Chronic cough 10 (37)

Hemoptysis 1 (4)

Clinical signs, n

Enlargement of the heart 16 (59)

Accentuation of the P2 25 (93)

Right heart failure signs 12 (44)

Cardiac murmur 19 (70)

Cyanopathy 5 (19)

Electrocardiogram, n

Right ventricular hypertrophy 12 (44)

Right bundle branch block 8 (30)

Arrhythmia 4 (15)

ST -T change 11 (41)

Normal 8 (30)

LVEF, % 71 ± 8

BSA, body surface area; SBP, systolic blood pressure; DBP, diastolic blood
pressure; HR, heart rate; P2, pulmonary component of the second heart sound;
LVEF, left ventricular ejection fraction.

decreased from 1,690.0 (510.3–3,568.0) to 112.0 (1 9.85–1,936.0)
pg/mL (p < 0.001). Simultaneously, a statistically significant
difference was observed in the 6MWD (baseline 323 ± 125 vs.
391± 115 m after treatment, p = 0.004) (Table 2).

Hemodynamic Improvement
The effects of combination therapy on hemodynamics are
presented in Table 2 and Figure 1. Patients showed significant
hemodynamics improvements after 6 months of initial
combination therapy. Significant improvements in mPAP,
sPAP and TPVR were observed (p < 0.001, p = 0.002, p = 0.001,
respectively). We did not observe any significant changes in
CI (p = 0.110). We observed a baseline median cardiac index
of 2.5 L/min/m2, which was indicative of RV dysfunction. At
the same time, we did not observe any significant changes in
mRAP (baseline 9 ± 3 mmHg vs. 8 ± 5 mmHg after treatment,
p = 0.948).

Right Ventricular Function and
Pulmonary Artery Systolic Pressure
Improvement
Routine RV echocardiographic parameters differenced with
respect to ambrisentan plus PDE-5i combination therapy are
summarized in Table 3 and Figure 2. RV systolic function was
significantly improved in patients with severe PAH compared to
the baseline, as assessed by S’ (p < 0.001), TAPSE (p < 0.001),
RVEF (p < 0.001), and RVFAC (p < 0.001).

RV diastolic function that assessed by the tricuspid annular
E/E’ ratio was not different compared to the baseline (baseline
7.1 ± 2.6 vs. 6.8 ± 3.0 after treatment, p = 0.664) and remained
impaired. There was a trend that showed a decrease in
RVEDV, whereas RVSV was unchanged after treatment;
RVESV significantly decreased. After adjusting for BSA,
RVEDVi significantly decreased. At the same time, an RV
echocardiography performed at 6 months revealed slightly

TABLE 2 | Functional status, hemodynamic at baseline and follow-up.

Variables Baseline Follow-up P value

Functional status (n = 27)

WHO FC I/II/III/IV, n 4/6/11/6 7/13/5/2 0.002

6MWD, m 323 ± 125 391 ± 115 0.004

NT-proBNP, pg/mL 1690.0 (510.3–3,568.0) 112.0 (19.85–1,936.0) <0.001

Right heart catheterization (n = 23)

mPAP, mmHg 64 ± 18 56 ± 17 <0.001

sPAP, mmHg 96 ± 22 86 ± 24 0.002

mRAP, mmHg 9 ± 4 9 ± 5 0.948

TPVR, WU 17.3 ± 6.7 12.1 ± 5.4 0.001

PAWP, mmHg 8 ± 2 – –

PVR, WU 13 ± 6 – –

CI, L/min/m2 2.5 (2.0–3.5) 3.0 (2.5–4.0) 0.110

WHO-FC, World Health Organization functional class; 6MWD, 6 min walk distance;
NT-proBNP, N-terminal pro B-type natriuretic peptide; sPAP, systolic pulmonary
artery pressure; mPAP, mean pulmonary artery pressure; mRAP, mean right atrial
pressure; PAWP, pulmonary arterial wedge pressure; (T) PVR, (total) pulmonary
vascular resistance; CI, cardiac index.
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FIGURE 1 | Effects of ambrisentan plus PDE-5i combination therapy on hemodynamics. (A) sPAP; (B) mPAP; (C) TPVR. sPAP, systolic pulmonary artery pressure;
mPAP, mean pulmonary artery pressure; TPVR, total pulmonary vascular resistance.

significant reduction in TRV (p = 0.021) and estimated PASP
(p = 0.022) but not in tricuspid regurgitation (p = 0.166).

Right Ventricular Pulmonary Artery
Coupling Improvement
In this study, we looked for RVPAC changes induced by
ambrisentan plus PDE-5i combination therapy (Table 4
and Figure 3). All RVPAC ratios (RVFAC/PASP, p < 0.001;
RVSV/RVESV, p < 0.001; TAPSE/PASP, p = 0.001; S’/PASP,

TABLE 3 | Echocardiographic parameters at baseline and follow-up.

Variables (n = 27) Baseline Follow-up P value

RV wall thickness,
mm

8 (6–8) 7 (6–8) 0.713

S’, cm/s 9.8 ± 1.8 12.2 ± 2.3 <0.001

E, cm/s 55.0 (42.0–80.0) 57.0 (42.0–77.0) 0.770

E’, cm/s 9.4 (6.9–12.3) 9.0 (7.1–14.6) 0.259

E/E’ ratio 7.1 ± 2.6 6.8 ± 3.0 0.664

TAPSE, mm 14.6 ± 2.1 17.5 ± 2.4 <0.001

TRV, cm/s 4.8 ± 0.7 4.4 ± 0.7 0.021

Tricuspid
regurgitation, n
(mild, moderate,
severe)

12/9/6 15/8/4 0.166

PASP, mmHg 103 ± 29 90 ± 25 0.022

RVSV, mL 47 ± 18 49 ± 17 0.523

RVESV, mL 63 ± 24 51 ± 23 0.010

RVEDV, mL 110 ± 39 98 ± 38 0.076

RVSVi, mL/m2 32 ± 2 33 ± 2 0.622

RVESVi, mL/m2 42 ± 16 34 ± 14 0.004

RVEDVi, mL/m2 74 ± 5 66 ± 4 0.041

RVCO, L/min 4.1 ± 1.8 4.5 ± 2.0 0.232

RVEF, % 43 ± 6 51 ± 5 <0.001

RVFAC, % 30 ± 6 37 ± 6 <0.001

S’, tricuspid annular systolic velocity; E/e, tricuspid early diastolic transmitral
flow velocity to averaged annular early diastolic velocity ratio; TAPSE, tricuspid
annular plane systolic excursion; TRV, tricuspid regurgitation velocity; PASP, systolic
pulmonary artery pressure; RVEDV, right ventricular end-diastolic volume; RVESV,
right ventricular end-systolic volume; RVSV, right ventricular stroke volume; RVEDVi,
right ventricular end-diastolic volume indexed; RVESVi, right ventricular end-systolic
volume indexed; RVSVi, right ventricular stroke volume indexed; RVCO, right
ventricular cardiac output; RVEF, right ventricular ejection fraction; RVFAC, right
ventricular fractional area change.

p = 0.001) were significantly increased. This indicates that
combination therapy may result in significant improvements
in RV function and decreases in RVPAC for patients
with severe PAH.

Relationship Between Clinical
Parameters and Right Ventricular
Pulmonary Artery Coupling
The correlations between 6MWD, NT-proBNP levels, WHO-FC
and RVPAC parameters were showed in Table 5 and Figure 4.
At the baseline, NT-proBNP levels had a significantly negative
correlation with the SV/ESV and RVFAC/PASP ratio (p = 0.008,
p = 0.037, respectively). The rest of measures had no significant
correlation with the baseline functional parameters.

After treatment, NT-proBNP levels still had a significantly
negative correlation with the SV/ESV ratio (r = −0.560;
p = 0.003), but had no significant correlation with the
TAPSE/PASP, RVFAC/PASP, S’/PASP ratios. WHO-FC was
significantly negatively correlated with the TAPSE/PASP,
RVFAC/PASP, S’/PASP ratios (p = 0.039, p = 0.031 and p = 0.027,
respectively), but had no significant correlation with SV/ESV
ratio. The 6MWD was significantly positively correlated with the
TAPSE/PASP, RVFAC/PASP, S’/PASP ratio (p = 0.013, p = 0.011
and p = 0.012, respectively), but had no significant correlation
with the SV/ESV ratio.

Interestingly, the improvement in TAPSE/PASP, S’/PASP,
RVSV/RVESV correlated with a reduction in NT-proBNP levels
and an increase in the 6MWD. But there is not any relationship
between the baseline coupling and follow-up functional state.

Reproducibility
The results for the intraobserver and interobserver variability
for 3DE RV volume and function assessment upon repeated
measurements in 10 random patients were shown in Table 6.
ICC values were higher for intraobserver and interobserver
variability when the same images were analyzed by the two
different cardiologists.

DISCUSSION

In the present study, a significant improvement in
hemodynamics, RV function and RVPAC was demonstrated
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FIGURE 2 | Effects of ambrisentan plus PDE-5i combination therapy on RV systolic function. (A) TAPSE; (B) RVFAC; (C) S’; (D) RVEF. TAPSE, tricuspid annular
plane systolic excursion; RVFAC, right ventricular fractional area change; S’, tricuspid annular systolic velocity; RVEF, right ventricular ejection fraction.

TABLE 4 | Right ventricular pulmonary arterial coupling at baseline and follow-up.

RVPAC Baseline Follow-up P value

RVFAC/PASP, %/mmHg 0.31 ± 0.10 0.44 ± 0.15 <0.001

TAPSE/PASP, mm/mmHg 0.15 ± 0.05 0.21 ± 0.06 0.001

S’/PASP, cm/s·mmHg 0.10 ± 0.03 0.14 ± 0.05 0.001

RVSV/RVESV 0.79 ± 0.22 1.02 ± 0.20 <0.001

RVPAC, Right ventricular pulmonary arterial coupling; S’, tricuspid annular
systolic velocity; TAPSE, tricuspid annular plane systolic excursion; PASP, systolic
pulmonary artery pressure; RVESV, right ventricular end-systolic volume; RVSV,
right ventricular stroke volume; RVFAC, right ventricular fractional area change.

as a result of 6 months of initial ambrisentan plus PDE-5i
combination therapy. We also demonstrated that RVPAC
parameters correlated with various clinical parameters such as
the 6MWD, NT-proBNP levels and WHO-FC.

Current therapeutic options targeting prostacyclin, nitric
oxide, or the endothelin pathway are involved in PAH patients.
With regard to the updated treatment for PAH, the latest
guidelines give a strong recommendation for the use of
combination therapy, even for patients with milder WHO-FC
II–III PAH (3). Previous reports offered important evidence
and manifested a statistically significant greater decrease in
hemodynamics and an enhancement in functional overall
survival rates after initial combination therapy (21–25). Several
studies showed the effect of combination therapy on afterload
and RV reverse remodeling in PAH (25–29). Similar as previous
studies, we observed a prominent elevation in RV function,
including the S’, RVEF, RVFAC, TAPSE and RVPAC ratios, a
reduction in pulmonary artery pressure and RV afterload after
combination therapy. In addition, 6 patients had WHO FC IV
at baseline, and the current guidelines emphasize the initiation

of prostacyclin analog therapy for these patients. The initial
combination therapy strategy based on the comprehensive risk
assessment in guidelines for the diagnosis and treatment of
pulmonary hypertension (3). The patients can be classified as
low risk, intermediate risk or high risk for clinical worsening or
death. There were 4 patients treated with ambrisentan and PDE5i
for intermediate risk, 2 patients for high risk were inoperable
with initial triple combination therapy including i.v. treprostinil.
D’Alto et al. showed that triple upfront combination therapy with
ambrisentan, tadalafil, and subcutaneous treprostinil in severe
non-reversible PAH is associated with considerable clinical and
hemodynamic improvement and RV reverse remodeling.

Compared with the baseline, our study showed differences in
WHO-FC and 6MWD after 6–12 months of initial combination
therapy. This finding is consistent with the results of the
AMBITION trial in which significant differences were observed
in favor of combination therapy (21, 24). Furthermore, the
differences in CI and mRAP were not significant. In our
study, patients had a baseline median CI of 2.5 L/min/m2,
undifferentiated mRAP and a median follow-up E/E’ of 6.8,
which was indicative of RV dysfunction (3, 9). The reason CI
was not improved may be that there was a subset of patients
with severe tricuspid regurgitation. Our results did not show
an improvement in tricuspid regurgitation. A previous report
showed that tricuspid regurgitation progression was associated
with worsening pulmonary hypertension and adverse RV and TV
apparatus remodel in patients with PAH (30).

Regarding cardiac volumes, we observed decreases in
RVEDVi and RVESVi, while RVSVi remained unchanged after
treatment. These findings are partly similar to those found
in previous research (26), Van de Veerdonk et al. showed
that RV volumes (RVSV, RVESV, RVEDV) improved after
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FIGURE 3 | Effects of ambrisentan plus PDE-5i combination therapy on right ventricular pulmonary arterial coupling. (A) TAPSE/PASP; (B) RVFAC/PASP;
(C) S’/PASP; (D) RVSV/RVESV. TAPSE, tricuspid annular plane systolic excursion; RVFAC, right ventricular fractional area change, S’, tricuspid annular systolic
velocity; PASP, systolic pulmonary artery pressure, RVEF, right ventricular ejection fraction; RVESV, right ventricular end-systolic volume; RVSV, right ventricular stroke
volume.

TABLE 5 | Correlation of right ventricular pulmonary arterial coupling to functional status.

RVPAC Correlation with NT-proBNP Correlation with WHO FC Correlation with 6MWD

R P value R P value R P value

Baseline RVPAC vs. baseline functional status

TAPSE/PASP −0.274 0.167 −0.010 0.962 0.210 0.294

RVFAC/PASP −0.403 0.037 −0.020 0.923 0.207 0.300

S’/PASP −0.231 0.247 −0.007 0.965 0.202 0.312

RVSV/RVESV −0.501 0.008 −0.181 0.366 0.270 0.173

Follow-up RVPAC vs. follow-up functional status

TAPSE/PASP −0.129 0.521 −0.399 0.039 0.468 0.013

RVFAC/PASP −0.177 0.377 −0.417 0.031 0.482 0.011

S’/PASP −0.310 0.116 −0.425 0.027 0.474 0.012

RVSV/RVESV −0.560 0.003 −0.020 0.920 0.236 0.235

Changes in RVPAC vs. changes in functional status

4TAPSE/PASP 0.446 0.020 0.015 0.940 0.445 0.020

4RVFAC/PASP 0.359 0.066 0.076 0.706 0.306 0.117

4S’/PASP 0.430 0.025 0.240 0.906 0.431 0.025

4RVSV/RVESV 0.416 0.031 0.046 0.818 0.552 0.003

Correlation between right ventricular pulmonary arterial coupling ratios and functional status was evaluated by the Spearman rank correlation coefficient or Pearson
correlation coefficient.
4, change; 6MWD, 6 min walk distance; WHO-FC, World Health Organization functional class; NT-proBNP, N-terminal pro B-type natriuretic peptide. RVPAC, Right
ventricular pulmonary arterial coupling; S’, tricuspid annular systolic velocity; TAPSE, tricuspid annular plane systolic excursion; PASP, systolic pulmonary artery pressure;
RVESV, right ventricular end-systolic volume; RVSV, right ventricular stroke volume; RVFAC, right ventricular fractional area change.

combination therapy compared with the monotherapy group.
Although reverse remodeling of the right heart is associated
with functional improvement, moderate improvements in RV
function may not result in a decrease in right heart size
(31). We hypothesize that the consequence in this study may
be due to the RV maladaptive remodeling that occurred in

our severe PAH patients compared to those in an earlier
stage of PAH. Usually, RV remodeling in PAH differentiates 2
patterns of ventricular remodeling: adaptive and maladaptive
remodeling (32). Adaptive remodeling resembles the fetal RV
phenotype and is characterized by concentric hypertrophy
with slight eccentric dilatation and fibrosis, preserved systolic
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FIGURE 4 | Correlation between RVSV/RVESV, 4RVSV/RVESV, NT-proBNP, 4NT-proBNP and 46MWD at the baseline and follow-up assessment.
(A) RVSV/RVESV vs. NT-proBNP levels at the baseline; (B) RVSV/RVESV vs. NT-proBNP levels at the follow-up; (C) changes in RVSV/RVESV vs. changes in
NT-proBNP levels. (D) changes in RVSV/RVESV vs. changes in the 6MWD. 4, change; RVESV, right ventricular end-systolic volume; RVSV, right ventricular stroke
volume; NT-proBNP, N-terminal pro B-type natriuretic peptide.

TABLE 6 | ICCs for intra- and interobserver variability for 3DE RV measurements.

Variable Interobserver variability Intraobserver variability

ICC 95% CI ICC 95% CI

RVEDV 0.990 0.960–0.997 0.991 0.965–0.998

RVESV 0.975 0.909–0.998 0.993 0.972–0.998

RVSV 0.991 0.910–0.994 0.972 0.888–0.993

RVEF 0.935 0.746–0.984 0.949 0.802–0.987

RVCO 0.988 0.952–0.997 0.987 0.947–0.997

ICC, intraclass correlation coefficient; RVEDV, right ventricular end-diastolic volume;
RVESV, right ventricular end-systolic volume; RVSV, right ventricular stroke volume;
RVCO, right ventricular cardiac output; RVEF, right ventricular ejection fraction.

and diastolic function, and maintained of normal cardiac
output and filling pressures (33–35). In these subjects, the
RV is more capable of coping with increased RV afterload
and is characterized by concentric remodeling, probably
because a fetal phenotype is maintained throughout life,
therefore developing compensatory hypertrophy over dilatation.
Conversely, maladaptive remodeling causes eccentric dilatation,
excessive fibrosis and worse systolic and diastolic function, in
addition to reducing the ejection fraction, cardiac output and
elevating filling pressures (32, 34). A previous report showed
that the reversal of RV remodeling in IPAH patients after 1-
year of targeted treatment, is difficult and complex (36). We
speculate that a potential cause for the lack of improvement in
RVSV is most likely related to the relatively small number of
patients in our study.

Previous research is limited to estimating routine RV
echocardiographic parameters or invasive measurements. No
published studies have examined the effects of echocardiographic
measures of RVPAC after initial ambrisentan plus PDE-5i
combination therapy in severe PAH patients.

The gold-standard method to assess RVPAC in clinical
practice should use RHC and was used to assess treatment
response in the ERS/ESC guidelines (3). Not all medical
institutions set up routine hemodynamic evaluation centers.
A number of studies indicate that non-invasive echocardiography
may be superior to invasive RHC or relatively expensive cardiac
magnetic resonance imaging (CMRI) for routine follow-up of
patients with PAH.

In our study, the TAPSE/PASP, RVFAC/PASP, RVSV/RVESV
and S’/PASP ratios were considered indices of RVPAC. Some
previous studies showed that TAPSE/PASP were crucial
surrogates for describing RVPAC and emerged as an independent
predictor of Ees/Ea (10, 11, 37). A correlation analysis revealed
a significant direct relationship between the TAPSE/PASP ratio
and pro-BNP levels. While the TAPSE/PASP ratio has been
substantiated in patients with PAH, only a few studies have
explored the significance of the other parameters. Several other
ratios have been proposed to estimate RVPAC. The FAC/RV
systolic pressure (RVSP) or TAPSE/RVSP ratio has been shown
to be of superior prognostic value compared with RV systolic
function (FAC or TAPSE) in other studies (38–40). Jentzer et al.
(15) described the relationship between the lower tricuspid
annular systolic velocity (TASV)/RVSP ratio derived from
Doppler transthoracic echocardiography and short-term and
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long-term mortality in cardiac intensive care unit patients.
Similarly, because Ees and Ea share a common pressure term,
coupling can be simplified as SV/ESV and is quantifiable with
magnetic resonance (41). A cutoff value of approximately 0.54
for SV/ESV prediction has been validated as a predictor of
poor outcomes in patients with PH (16). The SV/ESV ratio as
a volume estimate of coupling ratio correlates with RV strain
and is a strong predictor of adverse clinical events in pediatric
PH (33). The SV/ESV ratio was suitable for patients with
limited TR signals.

In this study, the mean baseline TAPSE/PASP was fairly low
at 0.14 mm/mmHg and had a lower mean baseline RVSV of
47 mL, which suggested a rather sick PAH patient population.
However, baseline 3D RV volumes do not seem to be consistent
with such a low TAPSE/PASP. According to Telio et al. (37),
the patient population had severe PH with a mean Ees/Ea
ratio of 0.70, a mean TAPSE/PASP ratio of 0.28 mm/mmHg
(0.19–0.42), a TAPSE/PASP cutoff of 0.31 mm/mmHg, an RV
end-diastolic volume/body surface area of 111 mL/m2 (88–
144), and RVSV of 71 mL (59–95), which implied that they
were already in an RV-PA uncoupling state. Compared with
Gerges et al. (42) who examined TAPSE/PASP in patients with
combined pre- and postcapillary PH and idiopathic PAH, the
mean TAPSE/PASP ratio in that study of patients with idiopathic
PAH was 0.14 ± 0.11 mm/mmHg. Whether these results can
be extrapolated for patients with other etiologies of PH, as well
for different stages of severity of PH, the conclusion is guarded.
One possible explanation for this result is that RV volumes tend
to reach a minimum as RV progresses. dysfunction. Another
possibility that cannot be ruled out is that we overestimated the
PASP that was calculated using the modified Bernoulli equation
[PASP = 4 (TRV)2 + RAP].

In addition, NT-proBNP, WHO-FC and 6MWD seem to be
stronger predictors of prognosis and survival (3). We found
that the SV/ESV ratio had a stronger negative correlation with
log-transformed NT-proBNP levels. The ratios of RVFAC/PASP,
TAPSE/PASP and S’/PASP were correlated with WHO-FC
and 6MWD. In contrast, our results failed to demonstrate a
correlation between the TAPSE/PASP ratio and NT-proBNP
levels. However, we remain firmly convinced of the importance
of the TAPSE/PASP ratio in RV function and clinical outcome.
Routine measurements are limited because of the complex shape
of the RV and the interaction between the RV and pulmonary
vascular system. While multiple non-invasive parameters to
approximate RV function have been studied, one of the more
promising methods is the use of the TAPSE/PASP ratio (10).
A better RVPAC might reflect both a significant reversible
remodeling of the RV and a fixed decrease in pulmonary
vascular resistances. Clinically, these patients probably have
reversible structural damage and are more prone to benefit
from ambrisentan plus PDE-5i combination therapy. The
TAPSE/PASP ratio has been validated in patients with PAH;
however, the other parameters have not and there are minimal
data on many of them. The means by which to interpret these
other parameters are unclear, and their relevance is questionable.
Non-invasive imaging of RV structure and function is essential to
monitoring patients with PAH and appraising the RV response to

pulmonary vascular remodeling. Our study attempts to provide
potential useful parameters of RV-PA coupling for characterizing
RV function and clinical improvement from a new perspective.

No prior study has reported on the effects of ambrisentan
plus PDE-5i combination therapy on RV remodeling and RVPAC
in severe PAH patients by non-invasive echocardiography,
which provides important information about the effectiveness
of combination therapy. Our study indicate that ambrisentan
plus PDE-5i combination therapy may result in significant
improvements in RV systolic function and RVPAC for severe
PAH patients. Most importantly, RVPAC parameters were
related to the 6MWD, NT-proBNP levels and WHO FC, which
established prognostic markers in PAH.

Strengths and Limitations
The advantage of the current study lies in detailed information,
including clinical functional status, laboratory data, and invasive
hemodynamic and non-invasive echocardiography data. There
are several limitations to this study. First, the present study
was performed as a retrospective observational, single-center
cohort, small population study. Due to the small sample size,
we were unable to perform quantitative analysis and identify
risk factors. Second, considering the high cost of, balloon wedge
catheter, pulmonary arterial wedge pressure (PAWP) during
RHC was only performed at the first diagnosis (i.e., baseline)
in our study. At follow-up measurements, RHC was performed
using more economical MPA2 angiographic catheter under
fluoroscopic guidance, in 23 patients. and it is different to further
analyze the relationship between hemodynamic Ees/Ea and
echocardiographic RVPAC. Then, a mix of therapies dose showed
in the study. Finally, long-term follow-up was not conducted,
however, large-scale, long-term, multicenter prospective studies
are needed or confirmation.

CONCLUSION

In conclusion, ambrisentan plus PDE-5i combination therapy
resulted in a significant improvement in RV systolic function
and RVPAC in patients with severe PAH. These findings provide
insight into the hemodynamic and RV effects of ambrisentan
plus PDE-5i combination therapy. More importantly, the RVPAC
correlated with known prognostic markers of PAH. RVPAC may
be an accurate non-invasive and sensitive marker of RV function
and clinical improvement in response to combination therapy.
Considering multiple factors such as a small number of patients,
the conclusion is guarded. Therefore, future prospective studies
are required to determine whether or how long combination
therapy optimizes RV reverse remodeling and to evaluate
treatment outcomes based on a long-term follow-up patients of
severe PAH to provide further insights into clinical practice.
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There is more than just longitudinal
strain: Prognostic significance of
biventricular circumferential
mechanics

Máté Tolvaj, Alexandra Fábián, Márton Tokodi, Bálint Lakatos,
Alexandra Assabiny, Zsuzsanna Ladányi, Kai Shiida, Andrea Ferencz,
Walter Schwertner, Boglárka Veres, Annamária Kosztin,
Ádám Szijártó, Balázs Sax, Béla Merkely† and Attila Kovács*†

Semmelweis University Heart and Vascular Center, Budapest, Hungary

Introduction: Despite the significant contribution of circumferential shortening to
the global ventricular function, data are scarce concerning its prognostic value
on long-term mortality. Accordingly, our study aimed to assess both left (LV) and
right ventricular (RV) global longitudinal (GLS) and global circumferential strain
(GCS) using three-dimensional echocardiography (3DE) to determine their prognostic
importance.

Methods: Three hundred fifty-seven patients with a wide variety of left-sided cardiac
diseases were retrospectively identified (64 ± 15 years, 70% males) who underwent
clinically indicated 3DE. LV and RV GLS, and GCS were quantified. To determine the
prognostic power of the di�erent patterns of biventricular mechanics, we divided the
patient population into four groups. Group 1 consisted of patients with both LV GLS
and RV GCS above the respective median values; Group 2 was defined as patients
with LV GLS below the median while RV GCS above the median, whereas in Group 3,
patients had LVGLS values above themedian, while RVGCSwas belowmedian. Group
4 was defined as patients with both LV GLS and RV GCS below the median. Patients
were followed up for a median of 41 months. The primary endpoint was all-cause
mortality.

Results: Fifty-five patients (15%) met the primary endpoint. Impaired values of both
LV GCS (HR, 1.056 [95% CI, 1.027–1.085], p < 0.001) and RV GCS (1.115 [1.068–
1.164], p < 0.001) were associated with increased risk of death by univariable Cox
regression. Patients with both LV GLS and RV GCS below the median (Group 4) had
a more than 5-fold increased risk of death compared with those in Group 1 (5.089
[2.399–10.793], p < 0.001) and more than 3.5-fold compared with those in Group 2
(3.565 [1.256–10.122], p = 0.017). Interestingly, there was no significant di�erence in
mortality between Group 3 (with LV GLS above the median) and Group 4, but being
categorized into Group 3 versus Group 1 still held a more than 3-fold risk (3.099
[1.284–7.484], p = 0.012).

Discussion: The impaired values of both LV and RV GCS are associated with long-
term all-cause mortality, emphasizing the importance of assessing biventricular
circumferential mechanics. Reduced RVGCS is associated with significantly increased
risk of mortality even if LV GLS is preserved.

KEYWORDS

speckle tracking echocardiography, 3D echocardiography, global longitudinal strain, global

circumferential strain, heart failure
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Introduction

Longitudinal strain (LS) of the left (LV) and right ventricles
(RV) is a well-established biomarker of ventricular dysfunction,
having a robust predictive power to future adverse outcomes in
numerous cardiac diseases (1, 2). In contrast to ejection fraction (EF),
a global measure of pump function, LS enables the quantification
of ventricular deformation along their long axis. As many cardiac
disease processes primarily affect the mainly longitudinally-oriented
subendocardial layer, the measurement of LS is more sensitive to
subtle changes and possesses added prognostic power compared to
EF (2, 3).

Besides longitudinal shortening, also circumferential
deformation contributes significantly to the ventricular pump
function (4, 5). Thus, global ventricular function is the resultant
of these two distinct but interconnected deformation components.
Despite the unequivocal importance of circumferential shortening
in biventricular function, data are scarce concerning its prognostic
value on long-term mortality.

The advantages of three-dimensional echocardiography
(3DE) over conventional echocardiography opens the door
for a more thorough understanding and quantification of the
ventricular structure and function, including the measurement of the
circumferential strain of both the LV and the RV.

Although the detailed assessment of RV function is commonly
neglected in left-sided heart diseases, it has been proved that patients
who develop RV dysfunction are more symptomatic and carry a
higher risk for long-term adverse outcomes than those who do not
(6). Importantly, the prognostic value of RV function was also found
to be independent of LV function in these patients (7). Therefore, the
detailed assessment of the RV mechanics has increasing importance
in identifying patients at risk for developing right heart failure and
subsequent adverse outcomes.

Accordingly, we aimed to assess LV and RV GLS and GCS using
3DE to determine their prognostic relevance.

Methods

Study design and population

Clinically and hemodynamically stable patients with an
established diagnosis of left-sided cardiac disease were identified
from the previously published RVENet dataset [https://rvenet.github.
io/dataset/], which comprises of individuals underwent clinically
indicated 2D and 3D transthoracic echocardiography at our Center
between November 2013 and March 2021. Exclusion criteria were
1) suspicion or presence of any primary right-sided cardiac disease
at the first report or during the review process of the previously
acquired datasets and 2) suboptimal LV and RV 3D dataset image
quality for the respective 3D analysis. Demographic and clinical
data (age, body surface area, body mass index, systolic and diastolic
blood pressure, heart rate, cardiovascular risk factors, comorbidities,
medical history, and laboratory parameters) were retrieved from the
electronic clinical records. Obtaining written informed consent was
waived due to the retrospective nature of the analysis. Our study
protocol follows the Declaration of Helsinki and it was approved by
the Semmelweis University Regional and Institutional Committee of
Science and Research Ethics (approval No. 190/2020).

Two- and three-dimensional
echocardiography

Transthoracic echocardiographic examinations were performed
on commercially available ultrasound systems (E95, 4Vc-D probe,
GE Vingmed Ultrasound, Horten, Norway, and EPIQ 7, X5-1
probe, Philips Medical Systems, Best, the Netherlands). A standard
acquisition protocol consisting of 2D loops from parasternal, apical,
and subxiphoid views was applied. LV internal diameters, wall
thicknesses, relative wall thickness, and mass; left atrial (LA) 2D end-
systolic volume; mitral inflow velocities such as early (E) and late
diastolic (A) peak velocities, their ratio, and E wave deceleration time;
systolic (s

′

), early diastolic (e
′

), and atrial (a
′

) velocities of the mitral
lateral and septal annulus; average E/e

′

; RV basal short-axis diameter,
tricuspid annular plane systolic excursion (TAPSE), fractional area
change (FAC); right ventricular systolic pressure (RVSP) and right
atrial (RA) 2D end-systolic volume were measured according to
current guidelines (8).

Beyond conventional echocardiographic examination, ECG-
gated full-volume 3D datasets reconstructed from four cardiac cycles
optimized for the left or the right heart were obtained for further
analysis on a separate workstation. 3D datasets focused on the left
heart were processed using semiautomated, commercially available
software (4D LV-Analysis 3, TomTec Imaging, Unterschleissheim,
Germany). We determined LV end-diastolic volume index (EDVi),
end-systolic volume index (ESVi), stroke volume index (SVi), and
mass index (Mi). To assess global LV function, ejection fraction (EF),
3D global longitudinal strain (GLS), and 3D global circumferential
strain (GCS) were also calculated. Concerning the right heart, we
quantified 3D RV EDVi, ESVi, SVi, EF, and septal and free wall two-
dimensional longitudinal strain as well (4D RV-Function 2, TomTec
Imaging). Using the ReVISION software (Argus Cognitive, Inc.,
Lebanon, NH, USA), we have quantified 3D RV GLS and GCS as
previously described (9). By convention, GLS and GCS values are
negative, meaning that less negative values refer to more impaired
ventricular function.

Study outcomes

The patients were followed up for a maximum of 6 years.
Follow-up data (status [dead or alive], date of death) was obtained
from Hungary’s National Health Insurance Database. The primary
endpoint of our study was all-cause mortality.

Statistical analysis

Statistical analysis was performed using SPSS (v22, IBM,
Armonk, NY, USA) and R (version 3.6.2, R Foundation for Statistical
Computing, Vienna, Austria). Continuous variables are expressed as
mean ± standard deviation (SD), whereas categorical variables were
reported as frequencies and percentages. After verifying the normal
distribution of variables using the Shapiro-Wilk test, the clinical
and echocardiographic characteristics were compared with unpaired
Student’s t-test or Mann-Whitney U-test for continuous variables,
and Chi-squared or Fisher’s exact test for categorical variables, as
appropriate. Multiple group comparisons (>2) were performed using
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ANOVA (with Tukey post-hoc test) or Kruskal-Wallis test (withDunn
post-hoc test) and χ2 or Fisher exact test, as appropriate. Using
univariable Cox regression, we identified factors associated with all-
cause mortality. Targeting a maximum of 1 covariate per 10 events,
we built several sequential multivariable Cox proportional hazards
models. First, we constructed a baseline model including only clinical
and laboratory parameters, and then in two consecutive steps, we
added different LV and RV functional parameters to themodel. As the
final step, the constructedmultivariable models were compared based
on Akaike Information Criterion (AIC) to determine which one is
the best fit for our data. Collinearity was tested using the variance
inflation factor (excessive if variance inflation factor >3). Survival of
the subgroups was visualized via Kaplan-Meier curves and compared
using log-rank tests. Cox proportional hazards models were used
to compute hazard ratios (HRs) with 95% confidence intervals
(95% CIs) between the groups. Receiver-operating characteristic
(ROC) curves were constructed to investigate the discriminative
power of 2D and 3D echocardiographic parameters with regards to
the primary endpoint. Metrics having more than 10% of missing
values were not included in these analyses. Intraobserver and
interobserver variability were also tested: the first reader repeated
the analysis in a randomly chosen subset of patients (n = 15)
blinded to previous results. A second reader also analyzed this
patient subset in a blinded fashion. Intraclass correlation coefficient
values were calculated. A two-sided P-value of <0.05 was considered
statistically significant.

Results

Baseline clinical characteristics

Three hundred fifty-seven patients (age: 64 ± 15 years, 70%
males) with established left-sided cardiac disease and 3DE recordings
suitable for LV and RV analysis were identified from the RVENet
dataset (444 patients were initially identified of whom we excluded
80 due to inadequate 3D image quality for RV analysis, and further 7
due to inadequate image quality for LV analysis). During the median
follow-up time of 41 months (interquartile range 20–52), 55 (15%)
patients died. Demographics and clinical characteristics of the study
cohort and a comparison of patients alive vs. those who died are
presented in Table 1.

Ninety-five subjects (27%) were heart failure with reduced
ejection fraction (HFrEF) patients, of whom 81 patients were
referred to our electrophysiology department for assessment
prior to device implantation (pacemaker/implantable cardioverter
defibrillator [ICD]/cardiac resynchronization therapy [CRT]).
Fourteen patients were investigated for candidacy for a long-term LV
assist device (LVAD) implantation. Ninety-one subjects (26%) were
heart transplant recipients (HTX) with a median of 157 days after
the operation (ranging from 8 to 6,571 days). Sixty-seven subjects
(19%) were patients with severe primary mitral valve regurgitation
(MVR) enrolled in a previous prospective study (10). Seventy-nine
patients (22%) were investigated to evaluate aortic stenosis severity
(moderate or severe). Twenty-five patients (7%) with a history of
atrial fibrillation were referred for evaluation before a potential
catheter ablation. The most frequently observed comorbidities were
hypertension (73%), diabetes (28%), coronary artery disease (22%),
and atrial fibrillation (33%).

Patients who died were older, had a higher prevalence of
coronary artery disease and atrial fibrillation, and more frequently
underwent ICD implantation in their medical history. Importantly,
these patients had higher serum creatinine values than those who
survived (Table 1).

Echocardiographic characteristics

2D echocardiographic parameters are summarized in
Supplementary Table 1. Interestingly, conventional morphological
parameters of the LV, the LA, and the RV did not differentiate
between patients who died vs. those who survived. Mitral annular
velocities by TDI, both in systole and diastole, were more impaired
in those patients who died. However, E/e’ was similar. The right
atrial size was larger in those patients who died, along with a more
impaired RV longitudinal function (TAPSE, free wall longitudinal
strain); however, RV systolic pressure and FAC were similar.

3DE parameters are summarized in Table 2. Patients who died
had larger LV and RV volumes, along with a more impaired systolic
function. Notably, LV SVi and RV SVi were similar. In terms of
longitudinal and circumferential biventricular strains, both LV and
RV GLS and GCS were more impaired in patients who died.

Using univariable Cox regression, we identified variables
associated with all-cause mortality (Supplementary Table 2). Then,
we created several multivariable Cox models with a maximum of 5
predictors by adding covariates to a baseline model in a sequential
manner (Figure 1). This analysis comprised three consecutive steps.
In the first step, we created a baseline model (Model 0) that included
age, sex, and serum creatinine level, as that latter was found to be a
significant predictor during univariable analysis. In the second step,
we added LVEF, LV GLS, or LV GCS to the baseline model one by
one (Model 1, Model 2, and Model 3, respectively), and we found
that the model with LV GLS (Model 2) had the lowest AIC among the
constructed models (Figure 1A). In the third step, we built Models
4, 5, and 6 by adding RV EF, RV GLS, or RV GCS to Model 2,
respectively. Among these models, the one with RV GCS (Model
6) exhibited the lowest AIC (Figure 1B and Supplementary Table 3).
In this model, age and RV GCS were independent predictors of
all-cause mortality, whereas sex, creatinine level, and LV GLS were
not (Table 3). We have confirmed that our approach identified
the best combination of covariates by constructing multivariable
models with all possible combination of the LV and RV parameters
(Supplementary Table 4). In multivariable models including the
medical history of coronary artery disease or atrial fibrillation instead
of sex, RV GCS remained an independent predictor of all-cause
mortality (Supplementary Tables 5, 6). On ROC analysis, LV GLS had
the highest discriminative power among LV functional parameters
(area under the ROC curve: 0.644 [95% CI: 0.561–0.726, p < 0.001]),
nevertheless, RV GCS had the highest discriminative power among
all the investigated 2D and 3D echocardiographic parameters (0.690
[95% CI: 0.614–0.765, p < 0.001], Supplementary Table 7).

Subgroup analysis

As themodel, which included LVGLS and RVGCS, was identified
as the best among the evaluated models, we created four subgroups
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TABLE 1 Demographic and clinical characteristics.

Overall (n = 357) Alive (n = 302) Dead (n = 55) p

Baseline demographic characteristics

Age (years) 64.2± 14.5 63.4± 14.6 68.6± 13.1 0.014

Male, n (%) 249 (69.7) 211 (69.9) 38 (69.1) 0.908

BSA (m2) 1.93± 0.22 1.93± 0.22 1.91± 0.22 0.494

BMI (kg/m2) 26.8± 4.2 27.0± 4.3 26.0± 3.6 0.288

Systolic blood pressure (mmHg) 126.5± 18.4 126.1± 17.2 128.0± 23.2 0.585

Diastolic blood pressure (mmHg) 74.6± 15.3 74.0± 15.9 77.4± 12.3 0.230

Heart rate (bpm) 77.6± 14.6 77.7± 15.0 77.4± 12.5 0.935

Risk factors and medical history

Hypertension, n (%) 260 (72.8) 218 (72.2) 42 (76.4) 0.522

History of smoking, n (%) 82 (23.0) 66 (21.9) 16 (29.1) 0.241

COPD, n (%) 40 (11.2) 33 (10.9) 7 (12.7) 0.735

Diabetes, n (%) 99 (27.7) 78 (25.8) 21 (38.2) 0.060

History of atrial fibrillation, n (%) 116 (32.5) 89 (29.5) 27 (49.1) 0.005

PM, n (%) 49 (13.7) 38 (12.6) 11 (20.0) 0.159

ICD, n (%) 33 (9.2) 23 (7.6) 10 (18.2) 0.015

CRT, n (%) 15 (4.2) 12 (4.0) 3 (5.5) 0.637

CAD, n (%) 77 (21.6) 55 (18.2) 22 (40.0) <0.001

Previous CABG, n (%) 19 (5.3) 13 (4.3) 6 (10.9) 0.045

Previous PCI, n (%) 67 (18.8) 49 (16.2) 18 (32.7) 0.004

Previous AMI, n (%) 48 (13.4) 34 (11.3) 14 (25.5) 0.005

Laboratory parameters

GFR (mL/min/1.73m2) 61.0± 19.4 62.1± 19.1 56.3± 20.2 0.056

Creatinine (µmol/L) 101.1± 41.7 99.1± 38.6 112.1± 54.5 0.035

Hgb (g/dL) 12.9± 2.1 12.9± 2.1 12.6± 2.2 0.385

CRP (mg/L) 6.7± 11.9 6.3± 12.1 9.0± 10.5 0.134

Continuous variables are presented as means ± SD, categorical variables are reported as frequencies (%). AMI, acute myocardial infarction; BMI, body mass index; BSA, body surface area; CABG,

coronary artery bypass grafting; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; CRT, cardiac resynchronization therapy; GFR, glomerular

filtration rate; Hgb, hemoglobin; ICD, implantable cardioverter defibrillator; PCI, percutaneous coronary intervention; PM, pacemaker. Bold values mean significant p values (below 0.05).

based on the median values of LV GLS and RV GCS (−15.9 and
−17.9%, respectively). In Group 1, patients had both LV GLS and
RV GCS above the median, while in Group 4, both LV GLS and
RV GCS were below the median. Group 2 patients had LV GLS
values below the median while RV GCS above the median. Group
3 had patients with LV GLS above the median and RV GCS below
the median.

Out of the 125 patients in Group 1, 37 (30%) were HTX
recipients, 19 (15%) were evaluated before atrial fibrillation ablation,
18 (14%) had aortic stenosis, and 51 (41%) had mitral valve disease.
Group 2 consisted of 53 patients, of whom 16 (30%) had HFrEF,
11 (21%) were HTX recipients, 6 (11%) were evaluated before atrial
fibrillation ablation, and 20 (38%) had aortic stenosis. Group 3 had
54 patients in total, one (2%) with HFrEF, 30 (56%) HTX recipients, 8
(15%) with aortic stenosis, and 15 (28%) with mitral valve disease.
Group 4 was composed of 125 patients and had 78 (62%) HFrEF
patients, 13 (10%) HTX recipients, 33 (26%) patients with aortic
stenosis, and 1 (1%) with mitral valve disease.

In Group 1, 7.2% of the patients died during the follow-up, while
7.5% died in Group 2. Group 3 and Group 4 patients experienced
adverse outcomes more frequently, with 20.3% mortality in the
former and 24.8% in the latter. These differences in the outcomes
between patient subgroups were visualized via Kaplan-Meier curves
(Figure 2). Patients with both LV GLS and RV GCS below the median
(Group 4) had a more than 5-fold increased risk of death compared
with those in Group 1 andmore than 3.5-fold compared with those in
Group 2. Interestingly, there was no significant difference inmortality
between Group 3 (with LV GLS above the median) and Group 4, but
being categorized into Group 3 vs. Group 1 still held a more than
3-fold risk (Supplementary Table 8).

Regarding the baseline characteristics of these groups, Group 4
patients were older, presented with lower systolic blood pressure,
more frequently had diabetes and coronary artery disease, and had
ICD implantation in their medical history (Supplementary Table 9).
Their creatinine levels were also the highest among the groups. On
the contrary, in Group 3, there were relatively younger patients, less
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TABLE 2 3D echocardiographic parameters.

Overall (n = 357) Alive (n = 302) Dead (n = 55) p

Left ventricle

LV EDVi (ml/m2) 82.2± 32.2 80.3± 32.3 91.9± 30.3 0.019

LV ESVi (ml/m2) 44.5± 30.4 42.2± 30.0 56.3± 30.0 0.003

LV SVi (ml/m2) 37.7± 14.6 38.1± 15.1 35.6± 11.2 0.269

LV Mi (g/m2) 102.5± 36.8 100.4± 35.1 113.4± 43.0 0.023

LV EF (%) 49.0± 15.7 50.2± 15.3 42.3± 16.1 0.001

LV GLS (%) −15.2± 6.0 −15.7± 5.9 −12.5± 6.2 <0.001

LV GCS (%) −23.9± 9.1 −24.6± 9.0 −20.2± 9.3 0.001

Right ventricle

RV EDVi (ml/m2) 70.2± 23.5 68.9± 23.1 76.6± 24.6 0.033

RV ESVi (ml/m2) 37.4± 18.7 36.0± 17.8 44.4± 21.3 0.003

RV SVi (ml/m2) 32.7± 9.0 32.8± 9.3 32.2± 7.5 0.648

RV EF (%) 48.3± 9.4 49.1± 9.2 44.1± 9.5 <0.001

RV GLS (%) −16.4± 5.1 −16.9± 5.0 −13.8± 4.6 <0.001

RV GCS (%) −17.7± 6.1 −18.3± 5.9 −14.3± 6.2 <0.001

Continuous variables are presented as means ± SD, categorical variables are reported as frequencies (%). EDVi, end-diastolic volume index; EF, ejection fraction; ESVi, end-systolic volume index;

GCS, global circumferential strain; GLS, global longitudinal strain; LV, left ventricle; Mi, mass index; RV, right ventricle; SVi, stroke volume index. Bold values mean significant p values (below 0.05).

FIGURE 1

Identification of the best-fit models, including left (LV) and right ventricular (RV) functional parameters by multivariable Cox regression analysis based on
Akaike Information Criterion (AIC). (A) Depicts di�erent models with only clinical characteristics (Step I) and 3D LV mechanical parameters added one by
one (Step II). In Step II, adding LV global longitudinal strain (GLS) to the model resulted in the lowest (best) AIC value. (B) Shows the added value of 3D RV
mechanical parameters (Step III). In Step III, adding RV global circumferential strain (GCS) to the previously established model in Step II (clinical
characteristics and LV GLS) resulted in the best fit to our data as confirmed by the lowest AIC value.
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TABLE 3 Independent predictors of all-cause mortality identified using

multivariable cox regression.

Multivariable cox regression

HR [95% CI] p

Age 1.036 [1.011–1.061] 0.004

Sex 0.690 [0.376–1.266] 0.231

Creatinine# 1.005 [0.999–1.012] 0.087

LV GLS 1.017 [0.963–1.075] 0.543

RV GCS 1.091 [1.032–1.152] 0.002

#Creatinine levels were available in 341 patients.

CI, confidence interval; HR, hazard ratio; LV GLS, left ventricular global longitudinal strain; RV

GCS, right ventricular global circumferential strain. Bold values mean significant p values (below

0.05).

FIGURE 2

Survival analysis of the di�erent groups. Based on the respective
median values of left ventricular global longitudinal strain (LV GLS,
−15.9%) and right ventricular global circumferential strain (RV GCS,
−17.9%), patients were divided into four groups. The survival of the
four groups is visualized on Kaplan-Meier curves, and the log-rank test
was performed for comparison.

frequently with diabetes, coronary artery disease, or atrial fibrillation
in their medical history. Group 4 patients were presented with
the highest LV, RV, and RA dimensions and E/e’, while LAVi or
RV systolic pressure did not differ between the four subgroups
(Supplementary Table 10).

The 3DE parameters of the four groups are demonstrated
in Supplementary Table 11. Beyond the aforementioned significant
chamber dilation and biventricular functional impairment seen in
Group 4 patients, Group 3 patients had the lowest LV Mi with a
preserved average LV and RV EF (60± 5 and 49± 6%, respectively).

Reproducibility

Intraclass correlation coefficient values were lower but still
acceptable for RV GCS compared with RVEF and RV GLS
(Supplementary Table 12).

Discussion

To the best of our knowledge, our study is the first that
specifically aimed to assess the prognostic value of both LV and RV
circumferential shortening using 3DE. Our main findings can be
summarized as follows: (1) Impaired values of both LV and RV GCS
were associated with all-cause mortality in univariable Cox models.
(2) Among the evaluated multivariable models, the one with LV GLS
and RV GCS fitted our data the best. Interestingly, however, only RV
GCS was found to be an independent predictor of mortality, whereas
LV GLS and creatinine levels were not. (3) Based on the median
values of LV GLS and RV GCS, we created four groups that differed
significantly in terms of all-cause mortality. Importantly, reduced
RV GCS was associated with worse outcomes even if LV GLS was
maintained (Figure 3).

Recent advances in echocardiographic hardware and software
environment enabled the automated and accurate quantification
of myocardial mechanics. First and foremost, GLS by 2D speckle
tracking echocardiography has emerged as a mainstay parameter of
LV systolic function. Due to the representation of subendocardial
longitudinally-oriented myofibers, LV GLS is more sensitive to
subtle functional impairment in various clinical scenarios than
conventional echocardiographic parameters (i.e., LV EF). A meta-
analysis comprising 16 published articles provided strong evidence
about the prognostic value of LV GLS, which appeared to be
superior to LV EF for predicting major adverse cardiac events in
patients with different underlying cardiac abnormalities. GLS is
now a well-validated and reproducible metric for the quantification
of LV longitudinal deformation, and its integration into routine
clinical practice is about to be completed in the upcoming
years (2).

Nevertheless, besides longitudinal shortening, circumferential
shortening also contributes significantly to the global systolic
function of both ventricles. A mathematical model showed that
LV GCS contributes more than twice as much to LV EF than
LV GLS, and a small increase in LV GCS could compensate
for a significant reduction of LV GLS (5). LV EF was shown
to be quadratically dependent on circumferential shortening and
only linearly dependent on longitudinal shortening. Previously,
numerous publications reported global circumferential strain by 2D
echocardiography; however, due to its complicated calculation (3
levels of parasternal short-axis view are needed to be acquired and
analyzed) and poor reproducibility, the majority of software vendors
discontinued the possibility of its measurement (11, 12). Using 3DE,
a single acquisition (and the same cardiac cycle) can be used to
calculate both GCS and GLS; thus, it may overcome the limitations
of 2D-based calculations.

Importantly, circumferential shortening contributes substantially
to global RV pump function, which can be measured only by using
3DE. Notably, the circumferential motion may also hold particular
importance in the global RV function: even subtle deterioration
in the circumferential shortening of the large RV free wall may
result in significant global functional damage (13). Circumferential
shortening is composed of the inward motion of the RV free wall
(radial shortening) and the traction of the free wall insertion lines
toward each other by the LV contraction (anteroposterior shortening)
(14). Beyond the latter functional connection of the two ventricles,
evidence suggests that LV-RV interactions exist on many layers:
alterations of geometry, loading conditions, and contractility of
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FIGURE 3

Three-dimensional schematic models depict representative cases of di�erent biventricular mechanical patterns in patients from the respective groups.
The four groups were divided based on the median values of left ventricular global longitudinal strain (LV GLS, −15.9%) and right ventricular global
circumferential strain (RV GCS, −17.9%). Upward arrows represent strain values better than the median (more negative), downward arrows represent
strain values worse than the median (less negative). Light green mesh – left ventricular end-diastolic volume; dark green surface – left ventricular
end-systolic volume; green arrow – LV longitudinal shortening (GLS); light blue mesh – right ventricular end-diastolic volume; dark blue surface – right
ventricular end-systolic volume; blue arrow – RV circumferential shortening (GCS).

a ventricle will significantly influence its counterpart (15). This
complex interplay underpins that practically every disease process
may have consequences on both sides of the interventricular septum,
with potential importance in terms of diagnosis and outcomes.

With the constantly increasing recognition of the left-right heart
interaction, a detailed assessment of the right ventricle gains more
and more momentum. This approach is hugely facilitated by the
advancements of 3DE imaging, allowing real-time examination of
the right ventricle, free of geometrical assumptions. 3D RV analysis
enables the calculation of RV volumes and, therefore, RV EF. 3D
RV EF by itself holds an established added clinical value: as of
today, multiple clinical studies have demonstrated the independent
prognostic importance of the parameter. Surkova et al. performed
their retrospective study on a large cohort of patients with different
cardiovascular diseases (7). Their study found that reduced RV EF
was independently associated with all-cause mortality and cardiac
death after adjusting for clinical and echocardiographic parameters.
RV EF also demonstrated higher sensitivity and specificity for
predicting all-cause mortality than conventional parameters of RV
systolic function (TAPSE and FAC), and its impairment carried a
significantly higher risk of mortality independent of LV EF. They
also divided patients into four groups with maintained or reduced
LV EF and/or RV EF. The four groups had significantly different
survival: both all-cause mortality and cardiac death in patients with
reduced RV EF and normal LV EF were significantly higher than
in those with reduced LV EF and normal RV EF and did not differ
significantly from patients with reduced EF of both ventricles (7).
In a secondary analysis of the Atherosclerosis Risk in Communities
(ARIC) 3DE substudy, lower RV EF was independently associated
with incident heart failure or death in patients free of heart failure

at baseline (16). Our group has recently performed a meta-analysis
in which we sought to compare the prognostic power of RV EF to
conventional echocardiographic parameters (TAPSE, FWLS, FAC).
We found that 1 SD reduction in RV EF was robustly associated with
adverse cardiopulmonary outcomes, and importantly, RV EF had a
superior predictive value compared to the other three parameters
(17). Thus, 3DE-derived RV EF seems to be the best parameter
among the “standard” echocardiographic metrics of RV function.
Nonetheless, similarly to the left ventricle, the assessment of the RV
deformationmay exceed the added diagnostic and prognostic value of
even RV EF. Small cohort studies with various RV pathologies, such
as pulmonary hypertension, atrial septal defect, or patients following
cardiac surgery, unveiled distinct changes in RVmechanics; still, they
were using simple 2D-derived measures of RV function (18–20).

The ReVISION method allows the calculation of the relative
contributions of longitudinal, radial, and anteroposterior motion
components to global RV function and also 3D longitudinal
and circumferential strain, using 3DE-derived models (9). By
investigating 300 healthy volunteers using 3DE, Lakatos et al. showed
that circumferential EF indexed to global RV EFwas clearly dominant
compared with longitudinal EF. In contrast to the traditional
viewpoint, they found that the relative contribution of the radial and
anteroposterior motion directions may be of comparable significance
with that of longitudinal shortening in determining global RV
function, and standard parameters referring only to longitudinal
shortening of the right ventricle may be inadequate to characterize
RV function thoroughly (4).

Using the same approach, two studies have already shown
the added prognostic value of the RV non-longitudinal functional
measures. Kitano et al. examined a relatively large cohort of patients
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with diverse cardiac diseases, demonstrating that RV 3D strains were
associated with the occurrence of hard endpoints even by adjusting
for multiple clinical variables (1). Surkova and colleagues enrolled
consecutive patients with left-sided heart disease. Even in patients
with maintained LV EF, the anteroposterior component of total EF
was a significant and independent predictor of outcome (21). Our
results add another layer to the evidence about the importance of
RV non-longitudinal shortening from a diagnostic and a prognostic
point of view. As a previously neglected marker of ventricular systolic
performance, circumferential deformation may be able to describe
a novel aspect of RV systolic function with established prognostic
value. RV GCS may represent a robust, universal biomarker of
the status of the entire cardiopulmonary system as it overpowers
conventional echocardiographic metrics and is associated with
adverse clinical outcomes not just in “classical” right-heart diseases,
but also in primary left-heart diseases. The exact pathophysiological
processes (ventricular interdependence, RV pressure overload, etc.)
that result in the deterioration of circumferential shortening and the
potential usefulness of RV GCS for screening purposes remain to
be investigated.

Limitations

Our study has several limitations that have to be acknowledged.
First, an inherent limitation is its retrospective, single-center nature.
The mixed cohort of patients with some etiologies of left-sided
cardiac diseases might not represent the actual patient population
treated at a tertiary clinic. However, patients with HFrEF and
valvular heart diseases were dominantly included, who are of
crucial clinical importance. HTX recipients may represent a unique
population in this regard, therefore, we have performed further
calculations (see Supplementary Results) to confirm that they do
not bias our results. Second, 3DE-based quantifications are not the
gold standard; nevertheless, the software packages are well-validated
clinically and against cardiac MRI. Calculating RV circumferential
strain is quite a novel approach; therefore, literature data are scarce.
Third, due to the lack of cause-specific mortality data, we could
not investigate the association between the 3DE-derived parameters
and cardiac death. The event number has limited the number of
covariates in the multivariate models. Lastly, the validity of our
results should be tested in prospective outcome studies in different
clinical scenarios.

Conclusions

Biventricular circumferential shortening holds important
prognostic value to adverse clinical outcomes. RV GCS is a powerful
and independent predictor of all-cause mortality in patients with
left-sided cardiac disease. Our study highlights the clinical value of
3DE-derived parameters of myocardial mechanics.
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A comparison between the apical
and subcostal view for three-
dimensional echocardiographic
assessment of right ventricular
volumes in pediatric patients
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1Department of Cardiology, Boston Children’s Hospital, Boston, MA, United States, 2Department of
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Background: Accurate measurement of ventricular volumes is an important
clinical imaging goal. Three-dimensional echocardiography (3DEcho) is used
increasingly as it is more available and less costly than cardiac magnetic
resonance (CMR). For the right ventricle (RV), the current practice is to acquire
3DEcho volumes from the apical view. However, in some patients the RV may
be better seen from the subcostal view. Therefore, this study compared RV
volume measurements from the apical vs. the subcostal view, using CMR as a
reference standard.
Methods: Patients <18 years old undergoing a clinical CMR examination were
prospectively enrolled. 3DEcho was performed on the day of the CMR. 3DEcho
images were acquired with Philips Epic 7 ultrasound system from apical and
subcostal views. Offline analysis was performed with TomTec 4DRV Function
for 3DEcho images and cvi42 for CMR ones. RV end-diastolic volume and
end-systolic volume were collected. Agreement between 3DEcho and CMR
was assessed with Bland-Altman analysis and the intraclass correlation
coefficient (ICC). Percentage (%) error was calculated using CMR as the
reference standard.
Results: Forty-seven patients were included in the analysis (age range 10
months to 16 years). The ICC was moderate to excellent for all volume
comparisons to CMR (subcostal vs. CMR: end-diastolic volume 0.93, end-
systolic volume 0.81; apical vs. CMR: end-diastolic volume 0.94, end-systolic
volume 0.74).The 3DEcho mean % error vs. CMR for end-systolic volume was
25% for subcostal and 31% for apical; for end-diastolic volume it was 15% for
subcostal and 16% for apical. The % error was not significantly different
between apical vs. subcostal views for end-systolic and end-diastolic volume
measurements.
Conclusions: For apical and subcostal views, 3DEcho-derived ventricular
volumes agree well with CMR. Neither echo view has a consistently smaller
error when compared to CMR volumes. Accordingly, the subcostal view can
Abbreviations

bSSFP, balanced steady-state free precession; CMR, cardiac magnetic resonance; EDV, end-diastolic volume;
ESV, end-systolic volume; ICC, interclass correlation coefficient; RV, right ventricular; ToF, Tetralogy of
Fallot; 3DEcho, three-dimensional echocardiography.
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be used as an alternative to the apical view when acquiring 3DEcho volumes in pediatric
patients, particularly when the image quality from this window is superior.

KEYWORDS

three-dimensional echocardiography, right ventricular volumes, congenital heart disease, pediatrics,
apical view, subcostal view
Introduction

Measures of right ventricular (RV) volumes are critically

important from a clinical perspective in the fields of pediatric

and adult congenital heart disease (1–7), particularly in

conditions providing a volume-loaded RV such as in the

setting of an atrial septal defect or dysfunction of the

pulmonary or tricuspid valves (7). Accurate measurement of

these volumes is essential in the setting of tetralogy of Fallot

(ToF), a common condition among pediatric patients (1, 3, 5,

6). In addition, RV volumes, together with RV function, are

important parameters in patients status post Fontan palliation

due to their correlation with mortality and heart transplant

outcomes (8). Similarly, 3DEcho RV volume assessment was

able to predict the severity of outcomes in patients with

pulmonary hypertension (9). As well, 3DEcho RV volume

assessment was the method used to assess differences in RV

size and function after either Blalock-Taussig or Sano shunt in

a multicenter study (9).

Cardiac magnetic resonance (CMR) is currently considered

the reference standard for the measurement of ventricular

volumes (10). However, this technology is relatively expensive

and time-consuming. As an alternative, three-dimensional

echocardiography (3DEcho) for the measurement of ventricular

volumes is an emerging technique which has wider availability

and lower expense relative to CMR, in addition to the fact

that it may be used for patients with a contraindication to

CMR. As well, 3DEcho images have a shorter acquisition time

and time for analysis (with current semi-automated tools) as

little as 3 min (11).

Traditionally, 3DEcho volumes have been acquired from an

apical four-chamber view (12–18). However, there are

limitations to this view including difficulty visualizing portions

of the RV, particularly the outflow, and especially when

ventricular dilation is present. These limitations result, in part,

from the anterior position of the RV and its location just

posterior to the sternum and rib cage (19, 20). Based on these

challenges, recent data have called into question the practice of

deriving 3DEcho RV volumes images based on apical view

(20). An alternative to the apical view is the subcostal view.

The potential advantage of this view is access to the entire

RV, including the outflow, by avoiding acoustic shadowing

from the sternum and rib cage (20, 21). On the other hand, it

might happen that patients do not have adequate quality

images from this view while having good apical ones.

Therefore, in this study we sought to compare 3DEcho RV

volume measurements from the apical vs. subcostal view, using

contemporaneously acquired CMR measurements as a reference

standard.
0293
Materials and methods

Study design

Patients who were referred for a clinical CMR were approached

prospectively for acquisition of 3DEcho images immediately prior

to or following the CMR examination. Inclusion criteria were age

≤18 years old, both a right and left ventricle were present, and

adequate apical and subcostal imaging windows. The study

protocol was approved by the local Institutional Review Board

(IRB-P00033035). Informed consent was obtained from the

patient’s parent. The 3DEcho was acquired on the same day as

the CMR in all cases.
Image acquisition and analysis

Echocardiography images were obtained using the Philips EPIQ

system (Philips Healthcare, Cambridge, MA, USA). Some patients

were sedated for CMR for clinical indications and, in these cases,

3DEcho images were acquired while the patient was recovering

from anesthesia; no additional sedation was administered for the

3DEcho images. The X5-1 or X-7-2 transducers were used based

upon the patient’s size. Images were acquired using standard

techniques from subcostal and apical views by sonographers with

expertise in 3DEcho (Figure 1). When possible, patients were

instructed to hold their breath to minimize “stitch artifact” during

imaging reconstruction. A 4 or 6 beat acquisition method was used

in all cases.

Deidentified images were stored in Digital Imaging and

Communications in Medicine format. Offline volumetric analysis

was carried out with 4D RV Function version 3 (TomTec,

Unterschleißheim, Germany) according to the manufacturer’s

recommendations and prior descriptions (22). Manual adjustments

of the endocardial borders as well as the tricuspid and pulmonary

valves landmarks were made following the generation of the semi-

automatic tracing (Figure 2). Custom bookmark tools were

constructed to optimize the consistency of image alignment

acquired from the subcostal view (Figure 3). End-diastolic volume

(EDV) and end-systolic volume (ESV) were recorded. Intra- and

inter-observer reproducibility was assessed for 10 randomly

selected patients. For inter-observer measurements, the second

analysis was performed at least 2 weeks after the first.

All CMR images were obtained from a 1.5 Tesla CMR scanner

(Achieva, Phillips Healthcare, Best, the Netherlands). Imaging

included a 12–14 slice stack (slice thickness 8–10 mm) of breath

hold, ECG-gated, balanced steady-state free precession (bSSFP)

cine acquisitions in the short-axis plane. Ventricular volumes

were measured using commercially available software (cvi42,
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FIGURE 1

3DEcho RV volume assessment. Example of RV volumes acquired from (A) subcostal and (C) apical views from a normal patient, as well as examples of the
3D surface resulting from analysis with the post-processing software from subcostal (B) and apical (D) views.
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Circle Cardiovascular Imaging Inc., Calgary, Alberta, Canada; and

QMass, Medis Medical Imaging Systems, Leiden, the

Netherlands). Horizontal (four-chamber) and vertical (two-

chamber) long-axis images were used as cross-references to aid

with the identification of the ventricular myocardium to be

included as chamber volume. The left ventricular papillary

muscles and major trabeculations of the RV (e.g., septal band)

were excluded from the blood pool and considered part of the

myocardial mass as previously described (1, 2, 3).
Statistical analysis

Agreement between 3DEcho and CMR was assessed with Bland-

Altman analysis and the intraclass correlation coefficient (ICC). To

study if age may have an impact on agreement, we additionally

divided our cohort in three age groups: <6 years old, 6–2 years

old, and >12 years old. Percentage (%) error was calculated as [|

(Echo−CMR)|/mean of Echo and CMR] × 100. Differences in raw
Frontiers in Cardiovascular Medicine 0394
values and % error for apical vs. subcostal views were compared

with a paired t-test. In addition, differences in cardiac output

using ventricular volumes calculated with apical vs. subcostal views

were assessed using a Wilcoxon signed rank exact test.

Intra- and inter-observer reproducibility was assessed with a

one-sample t-test and ICC. The Bland-Altman plots were used to

display agreement between two readings (from the same

observer) and between two readings (from different observers).

Descriptive statistics include mean ± standard deviation and

median with interquartile range. A p value 0.05 was considered

to be statistically significant.
Results

Study participants

Fifty patients were consented for the study; in 3 of these,

however, 3DEcho image quality from one of the views was
frontiersin.org
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FIGURE 2

Tricuspid and pulmonary valve landmarks. Blue points define the tricuspid valve annulus; magenta points define the pulmonary valve annulus (this is true
for both apical and subcostal views).
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judged to be inadequate for analysis upon subsequent review

(apical view 1, subcostal view 2). Hence, the analytic cohort size

for apical vs. subcostal comparisons was 47 patients.

Demographic and clinical characteristics are presented in

Table 1. Ages ranged from 10 months to 16 years. Eighteen

patients underwent general anesthesia for CMR. Indications for

CMR were for suspected or established congenital heart disease

in nearly all patients (n = 43).
Comparison of volume measurements by
3DEcho apical and subcostal views to CMR

Bland-Altman plots for 3DEcho vs. CMR measurements of

ventricular volumes for the two echo views are presented in

Figure 4. In addition, differences in cardiac output using

ventricular volumes calculated with apical vs. subcostal views

were assessed using a Wilcoxon signed rank exact test. The

biases were not significantly different for the comparison of end-

diastolic measurements (panel A vs. panel C) (p value = 0.36),

but they were different for end-systolic (panel B vs. panel D)

(p-value <0.05). The biases were negative for all volume

comparisons, reflecting an underestimation of 3DEcho

ventricular volumes compared to CMR. Figure 5 presents box

plots for the volume data analyzed in a grouped fashion.
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Volumes measured from the apical windows were significantly

smaller than the CMR values (p values for EDV = 0.05 and ESV

<0.001); the volumes measured by subcostal windows and the

CMR values were not statistically different. When comparing

mean volumes from subcostal to apical view: EDV volume from

apical (98.5 ml) and subcostal (101.5 ml) views did not differ

from each other, p = 0.36; ESV volume from apical (37.0 ml) and

subcostal (43.9 ml) views differed one from the other (p < 0.05).

Table 2 presents mean difference data between the two views

compared to CMR, both as a raw value and as a percent error.

The % error was not statistically different between apical vs.

subcostal views for ESV and EDV measurements. Agreement as

assessed by the ICC between 3DEcho and CMR for each view

was high (ICC >0.7 for all), and higher for EDV compared to

ESV (Table 2). When stratified by age, the patients in the middle

age group (6 to 12 years) had a lower ICC than patients in both

the youngest (<6 years) and oldest (>12 years) age groups.

A factor contributing to these differences may be variations in

patient diagnoses among the three patient groups; for example,

the 6–12 year old cohort had a higher prevalence of patients

with small left-sided structures than the other two.

The median and interquartile range for cardiac output

were: subcostal view, 4,312 (2,893–5,711) ml/min; apical view,

4,296 (2,802–6,078) ml/min; these did not differ statistically

(p = 0.42).
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FIGURE 3

Alignment of 3D echocardiographic images from apical and subcostal views. An example of alignment of (A) apical and (B) subcostal views in the
postprocessing software according to prespecified landmarks.
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TABLE 1 Patient demographics (n = 47).

Characteristics Value
Age (years)
(median and range)

9.5 (0.8–16)

Female (%) 29% (14)

Body surface area (m2) 1 (0.7–1.3)

Body mass index (kg/m2) 16.5 (15.5–19.2)

Height (cm) 131.0 (109.3–149.0)

Heart rate (bpm) 80 (73.0–96.0)

CMR
RV EDV, ml 92.7 (67.5–123.7)

RV ESV, ml 42.7 (26.7–56.7)

Diagnosis
Aortic stenosis 6

Atrioventricular canal defect 4

Atrial septal defect 3

Ventricular septal defect 3

Shone syndrome 3

Double outlet right ventricle 2

Partial anomalous pulmonary venous return 2

Coarctation of the aorta 2

Tetralogy of Fallot 2

Other congenital heart disease 10

Other non-congenital heart disease 10

Data are presented as median and interquartile ranges (except for age). EDV, end-

diastolic volume; ESV, end-systolic volume. Other congenital heart disease

includes: dysplastic tricuspid valve; double chamber right ventricle; hypoplastic

left heart syndrome; left ventricular non-compaction; mitral valve prolapse;

pulmonary valve stenosis and atresia; transposition of the great arteries. Other

non-congenital heart disease includes: alpha and beta thalassemia;

hepatoblastoma; lymphatic malformation; Loeys-Dietz syndrome; multi-

inflammatory disease syndrome in children; pulmonary hypertension; sickle cell

disease; ventricular ectopy. Two patients were judged to have normal cardiac

structure and function.
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Assessment of 3DEcho volume
measurement reproducibility

Inter- and intra-observer reproducibility data for RV EDV and

RV ESV volume measurements using the two views are presented

in Table 3. ICC values are in the good to excellent range (all >0.75)

with slightly higher values for all EDV volumes measurements

compared to ESV. The mean difference between the two

measurements was statistically significant only for inter-observer

subcostal RV ESV (p = 0.03).
Discussion

In this study, we compared 3DEcho RV volume measurements

from subcostal vs. apical views using CMR as the reference

standard in a pediatric population. Overall, the volumes derived

from echocardiography agreed well with those from CMR, for

both systolic and diastolic measurements. In addition, we found

no significant difference in the percent error of the measured

volumes between the two views relative to CMR, thus, neither

view clearly emerged as consistently inferior relative to the other.
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Apical and subcostal view

The great majority of descriptions of 3DEcho RV volume

acquisitions have used the apical view in a wide range of ages,

in both normal and abnormal hearts (13–15, 20, 22, 24–26). In

the pediatric population, the feasibility of quantifying 3D RV

volumes from this view has varied widely with reported ranges

between 20% (20) to 91% (14). 3DEcho RV volumes acquired

from the apical view have been reported to correlate well with

CMR (14, 22); however, there are limitations to acquisition

from this view. For example, when the RV is dilated, portions

of the ventricle may be incompletely captured from apical

imaging, particularly the region of the heart adjacent to the

transducer and the right ventricular outflow (14). In these

cases, the 3D RV volumes may be significantly underestimated

(13) (for example, inconsistent representation of the outflow

tract). To overcome this issue, the subcostal view has been

proposed as an alternative view for acquiring 3D RV volumes

(20). In one early report describing its use in a pediatric

cohort, the authors describe that analysis was feasible in 44% of

the patients using this view, with only 20% feasibility in the

same patients using the apical window. In our study, the

feasibility of analysis was not examined; nearly all images could

be analyzed as subjects had been preselected for having good-

quality images from both views.
Comparison of 3D RV volumes to CMR

Comparisons of 3DEcho-based RV to CMR have been

reported in multiple studies and nearly all have used the apical

view for the echo-based quantification. For example, Dragulescu

et al. compared 3DEcho RV volume images to CMR in 36

pediatric patients ages 7–18 years. They found that 3D RV EDV

and ESV correlated very well with CMR (correlation coefficients

were 0.99 for both EDV and ESV). In their report, Dragulescu

et al. highlighted the importance of manually adjusting the

endocardial borders and landmarks (such as tricuspid and

pulmonary valves) to increase correlation of 3DEcho (14); this

was similar to the techniques which we used in the current

study. In a later report, Laser et al. (22) also found that 3DEcho

RV volumes (EDV, ESV) were highly correlated to CMR (r

values 0.98 for both volumes). Similarly, Muraru et al., in a

cohort of congenital heart disease patients that included both

pediatric and adult patients, showed that 3DEcho RV volumes

correlated highly with CMR values (r = 0.92 and 0.93 for ESV

and EDV, respectively) (11). Similar to these descriptions, our

EDV measurements, from the apical view, agreed well with the

CMR (ICC 0.94). ESV measurements, however, were less

reliable (ICC 0.74). Some of the difference in our findings and

those reported in the literature might be explained by

differences in patient size and age, and the nature of the

congenital heart disease in the included cohort, with variations

in the degree of dilation of the portions of the RV that are

particularly difficult to image by 3DEcho.
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FIGURE 4

Bland–Altman plots for 3DEcho vs. CMR volumetric measurements (N= 47). Bland–Altman plots for 3DEcho vs. CMR for: end-diastolic measurements
(panels A,C); end-systolic measurements (panels B,D). CMR, cardiac magnetic resonance; EDV, end diastolic volume; ESV, end systolic volume; ml,
milliliter; RV, right ventricular.
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To the best of our knowledge, the only other study that has

compared 3DEcho RV volumes acquired from the subcostal view

to CMR measurements was also from our group (27). In this

report, we studied a pediatric population ages 2 to 8 years with a

variety of forms of single ventricle congenital heart disease. EDV

and ESV agreed well with CMR values (ICCs 0.95 and 0.94,

respectively) (27). In the current study, 3DEcho-based EDV from

the subcostal view also agreed well with CMR (ICC = 0.93). ESV

agreement was good (ICC 0.81) but somewhat less robust. In a

subgroup analysis, agreement was best in the youngest cohort,

perhaps reflecting enhanced image quality in this group of

patients relative to the older cohort.
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Reproducibility

Prior reports of RV volume measurements (both EDV and

ESV) have described good to excellent intra- and inter-observer

reproducibility with less reproducibility for intra-observer

readings (14, 17, 18, 20, 27, 28). Our results for intra- and intra-

observer reproducibility follow a similar pattern with ICC values

reflecting good agreement. Values were generally higher for

intra-observer measurements, compared to inter-observer, as is

typically the case, and were higher for end-diastolic volume

compared to end-systolic volume. The latter finding is likely a

reflection of the highly trabeculated nature of the RV leading to
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FIGURE 5

Box plots for volume measurements by CMR and the two 3D Echo views (N= 47). EDV, end diastolic volume; ESV, end systolic volume; ml, milliliter; RV,
right ventricular. A red star indicates the mean value, and a solid box line indicates the median value. A green asterisk shows significant differences for the
3DEcho view relative to CMR.
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difficulty identifying the optimal location for placing the end-

systolic contour.
Study limitations

While CMR was considered a reference standard, this

technology itself has a certain amount of intrinsic variability in

volume measurement. However, CMR is considered the most

reliable imaging modality for the assessment of ventricular

volumes. Our patients did not have the echo and CMR

performed at precisely the same time. However, 3DEcho was

performed soon before or after the CMR to mitigate change in

patient conditions as much as possible. Finally, while differences
TABLE 2 Comparisons of RV volumes calculated by 3DEcho views vs. CMR; m

Mean difference Absolute %error

All

(n = 47)

Subcostal vs. CMR
EDV, ml −2.8 ± 20.2 15.2 ± 9.4

ESV, ml −3.7 ± 17.1 25.0 ± 16.7

Apical vs. CMR
EDV, ml −5.7 ± 19.1 15.6 ± 15.3

ESV, ml −10.6 ± 17.76 30.7 ± 21.1

CMR, cardiac magnetic resonance; EDV, end-diastolic volume; ESV, end-systolic volu
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are reported as “statistically significant”, these differences may

not necessarily have clinical importance.
Conclusions

3DEcho measurements of RV volumes based on either

subcostal or apical views agree well with corresponding values

from CMR. There were no significant differences in the errors

calculated by either view relative to CMR. These results support

the use of the subcostal view as an alternative to the apical view

when acquiring 3DEcho volumes in pediatric patients with good

subcostal views, particularly if the RV outflow is not well seen in

the apical view. These findings may encourage the use of 3DEcho
ean values, absolute percent error, and ICC.

ICC

All <6 years 6–12 years >12 years

n = 14 n = 21 n = 12

0.93 0.92 0.61 0.89

0.81 0.91 0.36 0.79

0.94 0.82 0.61 0.95

0.74 0.67 0.34 0.61

me; ICC, interclass correlation coefficient.
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TABLE 3 Intra and inter-observer reproducibility for 3D Echo according to
view (n = 10).

Mean difference
O2–O1
95% CI

Paired
test p

Absolute %
error
O2–O1

ICC (95%CI)

Intra-observer

Subcostal
RV
EDV

−2.5 ± 15.2
(−32.4 to 27.3)

0.61 13.8 ± 9.6 0.96 (0.94, 0.98)

RV
ESV

2.9 ± 10.4
(−17.5 to 23.2)

0.41 17.2 ± 16.6 0.89 (0.82, 0.94)

Apical
RV
EDV

3.8 ± 17.8
(−31.2 to 38.7)

0.52 13.8 ± 14.4 0.96 (0.93, 0.98)

RV
ESV

6.5 ± 9.7
(−12.5 to 25.5)

0.06 23.9 ± 16.7 0.90 (0.84, 0.94)

Inter-observer

Subcostal
RV
EDV

9.49 ± 26.25
(−41.96, 60.94)

0.28 20.8 ± 21.0 0.88 (0.80, 0.93)

RV
ESV

13.11 ± 15.90
(−18.05, 44.26)

0.03 36.2 ± 18.8 0.76 (0.61, 0.85)

Apical
RV
EDV

8.73 ± 23.65
(−37.62, 55.09)

0.27 18.8 ± 15.6 0.92 (0.87, 0.96)

RV ESV 8.11 ± 13.28
(−17.91, 34.13)

0.09 33.4 ± 17.9 0.82 (0.70, 0.89)

EDV, end diastolic volume; ESV, end systolic volume; O1 and O2, observer 1 and 2;

RV, right ventricular.
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measurement of RV volumes in the pediatric population,

particularly when access to CMR is limited.
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Right ventricularcontractionpatterns
in healthy children using three-
dimensional echocardiography
Christopher Valle1,2†, Adrienn Ujvari3†, Eleni Elia1,2,4, Minmin Lu1,2,
Naomi Gauthier1,2, David Hoganson5, Gerald Marx1,2,
Andrew J. Powell1,2, Alessandra Ferraro1,2, Bálint Lakatos3,
Zoltán Tősér6, Béla Merkely3, Attila Kovacs3,6*‡ and David M. Harrild1,2*‡

1Department of Cardiology, Boston Children’s Hospital, Boston, MA, United States, 2Department of
Pediatrics, Harvard Medical School, Boston, MA, United States, 3Heart and Vascular Center, Semmelweis
University, Budapest, Hungary, 4School of Engineering, Computing and Mathematics, Oxford Brookes
University, Oxford, United Kingdom, 5Department of Cardiac Surgery, Boston Children’s Hospital,
Boston, MA, United States, 6Argus Cognitive, Inc., Lebanon, NH, United States

Background: The right ventricle (RV) has complex geometry and function, with
motion along three separate axes—longitudinal, radial, and anteroposterior.
Quantitative assessment of RV function by two-dimension echocardiography
(2DE) has been limited as a consequence of this complexity, whereas newer
three dimensional (3D) analysis offers the potential for more comprehensive
assessment of the contributors to RV function. The aims of this study were to
quantify the longitudinal, radial and anteroposterior components of global RV
function using 3D echocardiography in a cohort of healthy children and to
examine maturational changes in these parameters.
Methods: Three-dimensional contours of the RV were generated from a cohort of
healthy pediatric patients with structurally normal hearts at two centers. Traditional
2D and 3D echo characteristics were recorded. Using offline analysis of 3D
datasets, RV motion was decomposed into three components, and ejection
fractions (EF) were calculated (longitudinal-LEF; radial-REF; and anteroposterior-
AEF). The individual decomposed EF values were indexed against the global
RVEF. Strain values were calculated as well.
Results: Data from 166 subjects were included in the analysis; median age was
13.5 years (range 0 to 17.4 years). Overall, AEF was greater than REF and LEF
(29.2 ± 6.2% vs. 25.1 ± 7.2% and 25.7 ± 6.0%, respectively; p < 0.001). This
remained true when indexed to overall EF (49.8 ± 8.7% vs. 43.3 ± 11.6% and
44.4 ± 10%, respectively; p < 0.001). Age-related differences were present for
global RVEF, REF, and all components of RV strain.
Conclusions: In healthy children, anteroposterior shortening is the dominant
component of RV contraction. Evaluation of 3D parameters of the RV in
children is feasible and enhances the overall understanding of RV function,
which may allow improvements in recognition of dysfunction and assessment of
treatment effects in the future.

KEYWORDS

right ventricle, three dimensional echocardiography, ventricular mechanics, myocardial

deformation, pediatric cardiology
Abbreviations

2D, two-dimensional; 3D, three-dimensional; AEF, anteroposterior ejection fraction; BMI, body mass index;
BSA, body surface area; EF, ejection fraction; FAC, fractional area change; GAS, global area strain; GCS,
global circumferential strain; GLS, global longitudinal strain; ICC, intraclass correlation coefficient; LEF,
longitudinal ejection fraction; LV, left ventricle; REF, radial ejection fraction; RV, right ventricle; SD,
standard deviation; TAPSE, tricuspid annular plane systolic excursion.
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Introduction

Accurate assessment of RVmorphology and function are of critical

importance in cardiovascular disease in children and adolescents,

particularly in complex congenital heart disease involving systemic

RV physiology (1–3), obstructive right-sided heart disease (4, 5) and

pulmonary hypertension (6, 7). However, compared to the

established tools and techniques developed for assessment of the LV,

evaluation of the complex anatomy and contraction of the RV by

two-dimensional (2D) echocardiography remains significantly limited

in clinical practice. Recently, however, three-dimensional

echocardiography (3DE) has been shown to be able to produce

excellent quantification of RV volumes and has been validated

against gold-standard modalities such as cardiac magnetic resonance

imaging, even in childrenwith complex congenital heart disease (8–10).

The pattern of right ventricular (RV) contraction is dictated by its

complex structure on both gross andmicroscopic levels. In the normal

RV, two myofiber layers are present: a subendocardial layer that

consists primarily of longitudinally aligned fibers and a subepicardial

layer that consists primarily of circumferentially oriented fibers (11–

14). This arrangement results in three primary contributors to RV

ejection: (1) traction of the tricuspid annulus toward the apex

leading to longitudinal shortening; (2) a “bellows”-like inward

movement of the RV free wall leading to radial shortening; and (3)

traction of the RV free wall associated with left ventricular (LV)

deformation, leading to anteroposterior shortening (15, 16).

Accordingly, the aim of this study was to use a novel 3DE-based

analysis technique to develop foundational data describing the

relative contributions of longitudinal, radial, and anteroposterior

motion components of global RV function in a cohort of healthy

children with structurally normal hearts. Specifically, we sought to

examine differences in the relative contributions of the 3

components of ejection fraction in children and to look for

changes in the contribution of these components as a function of age.
Methods

Healthy children age <18 years were included from two centers:

Boston Children’s Hospital, Boston, MA, USA; and the Heart and

Vascular Center of the Semmelweis University, Budapest, Hungary.

Subjects at the Boston site were identified retrospectively from an

existing database of 3DE images with accompanying clinical and

demographic information. Patients in this database had presented

to the outpatient clinic between 2014 and 2020 for evaluation of

a common cardiac condition (most frequently murmur, chest

pain, syncope, or family history of cardiac condition), were

judged to have a structurally and functionally normal heart, and

were discharged from further follow-up. Exclusion criteria

included structural abnormalities other than patent foramen

ovale or trivial branch pulmonary stenosis (maximum

instantaneous gradient < 15 mmHg within the first two years of

life); arrhythmia (other than rare atrial or ventricular premature

beats) including sinus bradycardia or tachycardia (heart rate

z-score <−2 or > + 2 for age), acquired heart disease

(cardiomyopathy, chemotherapy exposure, and Kawasaki disease),
Frontiers in Cardiovascular Medicine 02103
or co-morbidities with a potential impact on ventricular size and

function (i.e., hypertension, renal failure, anemia, history of

prematurity, chronic lung disease, pulmonary hypertension,

obstructive sleep apnea, and connective tissue disorder).

Healthy volunteers at the Semmelweis site were recruited from

local schools; no individuals were identified subsequently with

significant cardiac abnormalities revealed by echocardiography,

electrocardiography, blood pressure measurement, or review of

medical history. Study protocols were approved by both centers’

institutional review boards. Given the retrospective nature of

recruitment at Boston Children’s Hospital, informed consent was

waived at that site. At Semmelweiss University, families of all

participants provided written informed consent to participate in

the study.

Blood pressure, height, and weight were recorded for all

subjects. Body surface area (BSA) was calculated using the

Mosteller formula (17).
2D and 3d echocardiography

Echocardiographic acquisitions were performed using the Philips

(IE33 and Epiq, Philips, Cambridge, MA) and GE (E95, GE

Healthcare, Horten, Norway) ultrasound systems, in accordance with

the American Society of Echocardiography (ASE) standards for

performing a pediatric echocardiogram (18). Parameters recorded

from the 2D echo images included tricuspid annular plane systolic

excursion (TAPSE), RV length, fractional area change (FAC), and

qualitative assessment of the degree of tricuspid regurgitation. LV

volumes were calculated from the 5/6 × area × length formula and

presented in raw fashion, as well as being indexed to BSA.

In addition to the standard 2D echocardiographic protocol,

electrocardiographically gated full-volume 3D data sets

reconstructed from four or six cardiac cycles optimized for RV

views were obtained for offline analysis. At the Semmelweiss site,

images were obtained from the apical window using the 4Vc-D

transducer (GE Healthcare, Horten, Norway). At the Boston site,

images were obtained from the apical or subcostal window using

the X5 probe (Philips, Cambridge, MA) in a patient-specific

fashion (i.e., the window providing better image quality was used).

Image quality was verified at the bedside to minimize stitching

and dropout artifacts of the 3D data; breath-holding manuevers

were used as appropriate for the developmental age of the child.

3D datasets were analyzed off-line using dedicated software (4D

RV-Function; TomTec Imaging, Unterschleissheim, Germany). The

algorithm detects the endocardial surface of the RV and, following

manual correction, traces its motion throughout the cardiac cycle.

End-diastolic volume, end-systolic volume, stroke volume, and free

wall longitudinal strain were recorded.
Analysis of 3D components of right
ventricular contraction

The 3D RV deformation analysis used has been previously

described in detail (19, 20). Briefly, the constructed 3D meshes
frontiersin.org
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were exported from TomTec 4D RV Function. Then, using the

ReVISION software (Argus Cognitive, Lebanon, New Hampshire),

the workflow consists of the following steps: (1) standardization of

the 3D mesh orientation, (2) movement decomposition, and (3)

calculation of volumes and strain values. Orientation adjustment

was performed by a rule-based, automated method to define

longitudinal, radial and anteroposterior directions as described in

tetail elsewere (20). Motion decomposition along the

aforementioned, orthogonal, anatomically relevant axes is

performed in a vertex-based manner. By the decomposition of the

model’s motion along the three anatomically relevant orthogonal

axes, the volume change of the RV attributable to each specific

direction was determined (Figure 1).

Therefore, we measured component EF values (longitudinal

EF—LEF, radial EF—REF, and anteroposterior EF—AEF). These

raw decomposed EF values were then indexed to global RVEF

(i.e., indexed AEF = AEF/global RVEF) to genertate the

longitudinal EF index (LEFi), radial EF index (REFi), and

anteroposterior EF index (AEFi). These measures quantify the

relative contribution of the given direction to global RV

performance. Note that the absolute volume change of the

chamber is generated by the aggregated contribution of the three

motion components. This composition is not additive, and

consequentially, the sum of the decomposed volume changes is

not equal to the global volume change; in other words, the

relative contribution of the motion components do not add up to

100%. Global and decomposed volumes are calculated using the

signed tetrahedron method (19).

To assess myocardial deformation, predefined longitudinally

and circumferentially-oriented contours were used, and 3D global

longitudinal strain (GLS) and global circumferential strain (GCS)

were computed as previously described (20). 3D global area
FIGURE 1

The three different components of right ventricular contraction from a
representative subject. In the figure the global motion of the right
ventricle is shown from anterior (A) and superior (B) views (blue mesh,
RV end-diastolic volume; blue surface, RV end-systolic volume). RV
end-systolic meshes can be generated by “locking” the RV motion in
two directions, permitting motion in only a single axis and thus
revealing the impact of decomposed contraction components. Thus,
the change in ventricular volume attributable to shortening along the
longitudinal (C, red surface), radial (D, orange surface) and
anteroposterior (E, purple surface) can be separately quantified.
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strain (GAS) was also calculated by the relative change of the

endocardial surface between end-diastole and end-systole.
Statistical analysis

Continuous data were presented as mean ± standard deviation

(SD) or median and interquartile range. Categorical data were

presented as counts and percentages (% of total population).

Outcomes were summarized according to age groups representing

different categories of patient body size: Infants: <1 year, Toddlers

>1–5 years, School-Aged: >5–10 years, (Pre)Teens > 10–18 years.

One-way ANOVA or the Kruskal Wallis H test was performed to

compare the distribution of parameters by age group as

appropriate. Wilcoxon signed-rank test was used to assess for

differences in the contribution of LEF, REF, and AEF within each

pre-specified age group, with Bonferroni correction applied (i.e.,

level of statistical significance set at p < 0.017). In order to assess

the impact of patient sex on the ejection fraction parameters, a

general linear model was used to compare EF means by sex with

adjustment for age to produce least-squares means.

To assess intercenter reproducibility, one operator from the

Boston site and one from the Semmelweis site each reviewed a

subset of 30 patients, blinded to the other’s results. The strength

of agreement was assessed by intraclass correlation coefficients

(ICC) along with the Bland Altman plot.

Data analyses were performed with SAS software (version 9.4,

SAS Institute Inc., Cary, North Carolina) and R 4.1.2 (2021 The

R Foundation for Statistical Computing Platform). P values <0.05

were used to indicate statistical significance.
Results

The study population included 166 subjects (Boston = 76;

Semmelweis = 90). Demographic and clinical characteristics of

the study population are summarized in Table 1. The median

age of subjects was 13.8 years (IQR 8.6 to 15.3), with a skewed

distribution towards the oldest age group (as a consequence of

the recruitment strategy at the Semmelweis site). The population

was majority male (n = 131, 79%), driven by a male-predominant

population recruited at the Semmelweiss site (n = 81, 90%).

Conventional echocardiographic measures of RV and LV

function are presented in Table 2. Tricuspid annular plane

systolic excursion (TAPSE) increased significantly with age. Most

subjects had either no (92, 53%) or trivial (72, 42%) tricuspid

regurgitation. There were no differences between groups in terms

of RV FAC. Age-related variation in 2D free wall longitudinal

strain was present, with the largest absolute values seen in the

toddler and school-aged groups.

Table 3 presents 3D RV volumes and contraction patterns. RV

volumes, global RVEF, REF and REFi, longitudinal and

circumferential 3D strain parameters significantly differ by age

group. Age-related differences were present for global RVEF, REF

and REFi. Additionally, age-related differences were seen for all

components of RV strain. Supplementary Table S1 presents
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TABLE 1 Patient characteristics.

All (n = 166) Infants (n = 13) Toddlers (n = 11) School-Aged (n = 21) (Pre)Teens (n = 121) p-value
Age, year 13.8 (8.6, 15.3) 0.1 (0.05, 0.1) 3.6 (3.3, 4.1) 6.3 (5.2, 7.9) 14.4 (13.6,15.7) <0.001

Female [n (%)] 35 (21%) 7 (54%) 5 (45%) 7 (33%) 16 (13%)

Height, m 1.49 ± 0.38 0.53 ± 0.07 1.00 ± 0.08 1.21 ± 0.11 1.69 ± 0.14 <0.001

Weight, kg 47.7 ± 23.8 4.2 ± 2.0 16.6 ± 3.2 23.3 ± 5.9 59.4 ± 15.3 <0.001

BMI, kg/m2 19.1 ± 3.5 14.3 ± 2.0 16.3 ± 1.4 15.5 ± 1.5 20.5 ± 3.0 <0.001

BSA, m2 1.39 ± 0.54 0.25 ± 0.07 0.68 ± 0.09 0.88 ± 0.14 1.66 ± 0.29 <0.001

SBP, mm Hg 117 ± 19 92 ± 14 100 ± 10 100 ± 10 125 ± 16 <0.001

DBP, mm Hg 65 ± 12 53 ± 11 53 ± 6 56 ± 8 68 ± 10 <0.001

HR, beats/min 80 ± 20 130 ± 13 89 ± 12 84 ± 14 73 ± 12 <0.001

Continuous data are expressed as mean ±SD, with the exception of age which are presented as median (IQR).

BMI, body mass index; BSA, body surface area; DBP, diastolic blood pressure; HR, heart rate; SBP, systolic blood pressure.

TABLE 2 Conventional echocardiographic characteristics.

All (n = 166) Infants (n = 13) Toddlers (n = 11) School-Aged (n = 21) (Pre)Teens (n = 121) p-value
TAPSE, mm 21.8 (16.9, 26.1) 6.2 (4.5, 9.0) 14.3 (12.0, 19.7) 17.1 (15.3, 19.6) 23.7 (20.9, 27.8) <.001

RV FAC, % 48.8 (45.3, 52.4) 46.5 (42.9, 51.2) 51.3 (44.7, 54.2) 50.7 (48.7, 54.2) 48.5 (45.3, 52.2) 0.161

RV 2D FWLS, % −30.4 (−33.7, −26.2) −29.8 (−31.8, −23.2) −34.8 (−39.0, −28.4) −32.1 (−36.6, −30.9) −29.4 (−33.0, −26.2) 0.016

2D LVEDV, ml 113.9 (74.6, 145.6) 9.4 (7.7, 11.1) 48.6 (39.0, 55.9) 62.8 (55.7, 74.6) 135.0 (110.9, 154.6) <.001

2D LVEDVi, ml/m2 77.2 (67.1, 85.8) 42.7 (35.0, 43.5) 70.8 (60.9, 75.5) 70.4 (66.8, 79.3) 79.8 (73.0, 88.9) <.001

2D LVESV, ml 45.2 (26.3, 60.9) 3.7 (3.0, 3.9) 17.3 (12.5, 18.2) 21.3 (20.1, 26.3) 54.8 (42.5, 66.1) <.001

2D LVESVi, ml/m2 30.1 (24.9, 35.4) 14.6 (12.7, 16.5) 23.4 (21.1, 25.8) 25.3 (23.4, 26.8) 32.7 (28.1, 36.7) <.001

LV EF, % 60.4 (57.0, 63.9) 61.5 (59.0, 64.3) 65.9 (64.0, 67.9) 64.0 (62.6, 67.0) 58.9 (56.3, 62.0) <.001

Data are expressed as median (Q1, Q3).

2D, two-dimensional; EF, ejection fraction; FAC, fractional area change; FWLS, free wall longitudinal strain; LVEDVi, indexed left ventricular end-diastolic volume; LVESVi,

indexed left ventricular end-systolic volume; RV, right ventricular; TAPSE, tricuspid annulus plane systolic excursion.

TABLE 3 Three-dimensional echocardiographic analysis of right ventricular size and ejection fraction components.

All (n = 166) Infants (n = 13) Toddlers (n = 11) School-aged (n = 21) (Pre)Teens (n = 121) p-value
3D RVEDV, ml 115.3 (66.0, 149.6) 9.4 (8.0, 10.0) 43.5 (37.5, 47.7) 56.3 (52.4, 64.3) 133.4 (107.2, 157.0) <.001

3D RVEDVi, ml/m2 74.8 (64.4, 87.3) 40.7 (38.0, 43.1) 64.4 (59.4, 67.9) 66.4 (59.9, 73.8) 80.1 (71.0, 89.9) <.001

3D RVESV, ml 47.1 (25.6, 63.3) 3.9 (3.3, 4.9) 16.4 (15.2, 19.5) 22.4 (18.4, 25.6) 56.8 (43.0, 70.3) <.001

3D RVESVi, ml/m2 31.6 (24.6, 37.4) 16.0 (14.9, 18.8) 24.6 (22.2, 28.1) 25.8 (23.4, 27.4) 33.8 (28.8, 39.4) <.001

RV EF, % 58.1 (54.6, 61.4) 55.1 (52.7, 61.1) 59.3 (55.0, 65.0) 62.1 (58.4, 64.6) 57.3 (54.3, 61.0) 0.008

LEF, % 25.8 (22.1, 29.8) 23.0 (19.3, 27.2) 27.6 (22.7, 35.8) 28.0 (23.4, 29.8) 25.8 (21.3, 29.7) 0.345

REF, % 25.3 (20.3, 30.6) 28.7 (22.6, 32.2) 26.8 (22.3, 31.7) 28.2 (25.7, 32.2) 24.1 (19.5, 29.7) 0.020

AEF, % 28.8 (24.8, 32.9) 27.6 (24.1, 33.8) 31.2 (27.2, 37.5) 32.6 (25.1, 36.4) 28.3 (24.7, 32.2) 0.109

LEFi, % 43.8 (39.1, 50.2) 43.0 (33.7, 43.7) 43.7 (40.8, 57.5) 43.7 (42.1, 51.1) 44.9 (38.2, 49.9) 0.436

REFi, % 43.7 (35.3, 51.3) 48.2 (42.8, 53.6) 45.8 (33.8, 59.2) 48.0 (43.4, 50.8) 42.4 (34.0, 51.1) 0.055

AEFi, % 50.7 (43.1, 55.6) 52.2 (41.5, 54.4) 57.2 (46.6, 60.9) 53.0 (42.1, 58.2) 50.5 (43.5, 54.0) 0.353

3D GAS, % −40.3 (−43.7, −37.3) −37.6 (−43.8, −34.4) −43.8 (−44.8, −37.7) −43.1 (−45.0, −39.0) −40.1 (−42.7, −37.0) 0.046

3D GLS, % −22.9 (−25.8, −20.5) −18.9 (−23.7, −17.5) −25.9 (−26.8, −22.7) −24.5 (−25.8, −21.1) −22.8 (−25.6, −20.9) 0.029

3D GCS, % −23.6 (−26.6, −19.9) −24.9 (−26.9, −20.9) −25.6 (−27.0, −17.1) −26.6 (−29.1, −22.5) −22.7 (−25.9, −19.7) 0.031

Data are expressed as median (Q1, Q3).

3D, three-dimensional; AEF, anteroposterior ejection fraction; EF, ejection fraction; GAS, global area strain; GCS, global circumferential strain; GLS, global longitudinal

strain; LEF, longitudinal ejection fraction; REF, radial ejection fraction; RVEDVi, indexed right ventricular end-diastolic volume; RVESVi, indexed right ventricular end-

systolic volume.

Bolded values are statistically significant (p < 0.05).

Valle et al. 10.3389/fcvm.2023.1141027
sex-specific age-adjusted mean values for the ejection fraction

parameters; no differences were identified between male and

female subgroups.

Figure 2 shows the ejection fraction components for the entire

cohort as well as broken down by age group. For the entire cohort,

the AEF was greater than the other two components; the same
Frontiers in Cardiovascular Medicine 04105
pattern was observed for the oldest group. For the school-aged

cohort, the AEF was greater than the LEF. No significant

differences were observed among any components in the infants

and toddlers.

There was excellent inter-center reproducibility with intraclass

correlation coefficients of 0.97 (95% CI 0.94–0.98) for RV end-
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FIGURE 2

A comparison of the contributions of longitudinal, radial and anteroposterior contraction to global RV function. Individual and mean values of LEF, REF,
and AEF are shown in the entire population (leftmost column) as well as the different age categories, with statistical comparison among the three motion
components. **p < 0.01, ***p < 0.001.

Valle et al. 10.3389/fcvm.2023.1141027
diastolic volume and 0.94 (95% CI 0.89–0.97) for RV end-systolic

volume. Bland Altman plots are presented as Supplementary

Figure S1. As the ReVISION method is a fully automated

technique, it adds no further variability in addition to that

represented in these volume comparisons.
Discussion

The primary aim of this two-center study was to define the

specific contributions of longitudinal, radial and anteroposterior

contraction to global RV function in a cohort of healthy children

using 3D echocardiographic images and advanced analytical

software. As well, we sought to describe the maturational changes

that occur in each of the components of RV function, in

addition to the global value. Our major finding was that whereas

the contributions of the longitudinal and radial components were

similar, a predominance for AP contraction was present in the

overall cohort. Moreover, age-related differences were present for

global RVEF, REF, REFi, and all compenents fof RV strain.

There are three primary mechanisms of RV contraction:

longitudinal shortening with traction of the tricuspid valve

annulus toward the apex, inward (radial) movement of the free

wall, and anteroposterior directed motion of the RV wall related
Frontiers in Cardiovascular Medicine 05106
to LV deformation (15, 21). In this study, we identified the

predominance of anteroposterior shortening in nearly every age

group. Typical 2D parameters of RV function have relied upon

simple, linear measurements which incompletely reflect the

complex mechanics of RV function. For example, TAPSE is a

measure of the longitudinal motion of the chamber, has been

shown to correlate with global RVEF, and has been described in

children with pulmonary hypertension with and without

congenital heart disease (22). FAC is a measurement of both the

radial contraction of the free wall as well as longitudinal traction

of the tricuspid annulus and has been associated with changes in

RV function in patients with Ebstein anomaly undergoing the

cone procedure (23). While these techniques offer some degree

of quantitative analysis of RV function, they are imperfect in that

they do not account for RV function in all axes, failing to fully

quantify the complex RV mechanics. Moreover, they do not

meaningfully assess the anteroposterior contraction, which

predominated in our study.

Prior groups have used 2D echocardiography to show that the

contraction pattern of the RV in children changes over the first

year of life as children transition from fetal circulation in which

the RV faces a high afterload to post-natal circulation in which

the pulmonary vascular resistance gradually declines over the

first few months of life. One group used measurements of
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TAPSE and a surrogate marker of radial contraction to

demonstrate a clear transition from predominantly radial

contraction to more longitudinal contraction around 4 months of

age (24). While likely underpowered to detect significant

differences between the contribution of radial contraction in

neonates (i.e., under 1 month of age) and older children, we did

find differences in the contribution of radial shortening with

increasing age. Others have used 2D speckle-tracking strain

analysis to demonstrate that longitudinal contraction increases in

this first year of life in premature infants (24), whereas our study

suggests that pattern of longitudinal shortening may be complex,

with an early increase in magnitude followed by a later return to

baseline values. Moreover, we are the first to describe

anteroposterior contraction patterns in children. The

anteroposterior contraction is determined in large part by the

circumferential shortening of the LV mid-layer myofibers, which

draw the RV free-wall insertion lines towards each other. It has

been shown previously that AEF is strongly associated with

LVEF in both healthy volunteers and those with congenital heart

disease resulting in a systemic RV (25, 26).

The maturational differences in directional contraction of the

RV identified in this work emphasize the importance of using

advanced techniques to assess RV contraction patterns in

children with simple and complex congenital heart disease. Prior

studies have demonstrated the prognostic value of global RV

function in children with congenital heart disease (27, 28). Even

in the face of preserved global RV function, important variations

in the relative contributions of the three main components can

be seen, as in the case of adults undergoing mitral valve surgery

as well as those with either volume-loading or pressure-loading

lesions on the right side of the heart (25, 29, 30). Understanding

and quantifying the relative contribution of each component of

RV contraction could have potential applications across multiple

subsets of RV pathology by providing insights into the long-term

effects of (1) pressure-load on the RV in children with chronic

RV outflow tract obstruction (i.e., children with tetralogy of

Fallot, congenital pulmonic stenosis, idiopathic pHTN), (2)

volume-load in children with long-standing left-right shunt (i.e.,

partial anomalous pulmonary venous connections, atrial septal

defects), (3) primary RV myopathy (i.e., arrhythmogenic

cardiomyopathy) and finally (4) complex anatomy leading to the

use of the right ventricle as the systemic ventricle in either a

single ventricle circulation (i.e., hypoplastic left heart syndrome)

or a biventricular circulation (i.e., “congenitally corrected”

transposition of the great arteries). A more refined understanding

of the evolution and progression of changes in RV contraction

could help providers identify the effects of medical therapy and

better define the optimal timing for procedural interventions.
Limitations

Our study group was limited by smaller number of subjects in

the younger age groups, which is of particular importance in

considering the significant hemodynamic changes to which the

RV is subjected in the first weeks to months of life. Moreover,
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the differing recruitment methods contributed to a predominance

of males in the oldest age group, with all but 9 subjects at the

Semmelweiss site being male. As a consequence, our exploratory

analysis intended to identify sex-specific differences in ejection

fraction parameters among various age groups was likely

underpowered. Apart from the limitations to the study

population itself, there is no “gold standard” for comparison of

our specific results because there is, at present, no reference

method for assessing the relative components of RV motion.
Conclusions

In healthy children, analysis of the components of right

ventricular contraction is feasible and reliable. In this pediatric

cohort, the anteroposterior component of RV contraction was

greater than the radial and longitudinal contributions.

Additionally, there were age-related differences for both global

RVEF and the radial component of RV contraction. Future 3DE-

based study of the contraction patterns of the pediatric right

ventricle, especially in children with congenital heart disease,

may facilitate enhanced recognition of dysfunction and

assessment of treatment effects.
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Recent inroads into percutaneous-based options for the treatment of tricuspid
valve disease has brought to light how little we know about the behavior of the
right ventricle in both health and disease and how incomplete our assessment
of right ventricular (RV) physiology and function is using current non-invasive
technology, in particular echocardiography. The purpose of this review is to
provide an overview of what three-dimensional echocardiography (3DE) can
offer currently to enhance RV evaluation and what the future may hold if we
continue to improve the 3D evaluation of the right heart.
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Introduction

The diagnostic and prognostic importance of RV size and function is being increasingly

appreciated owing both to the advent of percutaneous procedures targeted to pathologies

involving the right heart and the growing interest in prognostication of various disease

states that compromise the RV (1). In spite of this, reliable, non-invasive assessment of

RV size and function remains elusive.

Despite being the current reference standard for RV size and function assessment,

cardiovascular magnetic resonance imaging (CMR) suffers from several critical drawbacks

which prevent its ubiquitous use in the clinical space. These drawbacks include, high cost,

limited availability, non-portability, dependence on patient cooperation as well as

numerous key contraindications and relative contraindications. Echocardiography,

therefore, remains the workhorse for initial cardiac evaluation; it is cost-effective, safe,

widely accessible, portable and without contraindications. It can be flexibly incorporated

across multiple clinical settings. Accurate, reproducible evaluation of the RV, however,

with current two-dimensional echocardiography (2DE) techniques is hindered by its

anatomical location in the anterior mediastinum, irregular crescentic geometry, complex

mechanics, and asymmetric remodeling. Recent advancements in 3DE have helped

overcome many of these limitations by avoiding the geometrical assumptions inherent to

2D size and function assessments (2). Using 3DE, a pyramidal dataset of the RV which

contains all of the structural components of the chamber including the inflow, outflow,

body and apex as well as the tricuspid and pulmonary valves is acquired (Figure 1).

Access to this data enables comprehensive, quantitative volumetric analysis of the RV (3).

RV volume and ejection fraction (RVEF) derived from 3D datasets have been shown to
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FIGURE 1

3d echocardiographic analysis of the right ventricle. Far left, 3D dataset of the right ventricle depicting the apical four-chamber and short-axis planes
using multi-planar reconstruction. Middle panel shows endocardial tracings overlying the diastolic and systolic phases of the 2D short and long-axis
cut-planes obtained from the 3D right ventricular dataset. Far right, top panel shows the 3D endocardial rendered surface while bottom panel shows
the volumes obtained after automated software analysis throughout the cardiac cycle.
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strongly correlate with measurements obtained with CMR as well

as adverse cardiopulmonary outcomes (4–6). These findings have

recently prompted considerable exploration into the potential

utility of 3DE in a vast array of clinical applications. The

objective of this review is to describe 3DE acquisition and

analysis methods for the RV, summarize their established

diagnostic and prognostic value, and outline potential novel

utilities for 3D RV imaging on the horizon and for the future.
2D echocardiography: analysis and
limitations

2D echocardiographic evaluation of the RV requires integration

of multiple imaging planes to enable optimal evaluation of RV size

and function (Figure 2). Even when all views can be adequately

acquired, quantitative analysis remains a regional assessment at

best. RV chamber size is typically classified as normal or

abnormal according to basal, mid-ventricular, and longitudinal

dimensions obtained at end-diastole from the RV-focused apical

4-chamber view (Figure 3) (7). Despite this standardized

approach, measurements can still vary widely based on minor

differences in transducer positioning. Indeed, RV size and

functional measurements have been shown to be consistently

different in the RV focused view when compared with the apical

4-chamber view (8). Furthermore, volumetric estimations derived

from geometric assumptions based on linear dimensions

correlate poorly with volumes calculated from CMR and are

discouraged (9).

Evaluation of RV systolic function on 2DE involves the

integration of multiple parameters, of which the most commonly

used include tricuspid annular systolic excursion (TAPSE), tissue
Frontiers in Cardiovascular Medicine 02111
Doppler-derived tricuspid lateral annular systolic velocity (S’),

fractional area change (FAC), free-wall and four-chamber (free-

wall + septal) longitudinal strain (FWS and 4CHLS respectively),

and myocardial performance index (MPI) (7). Indeed, utilization

of a single, global assessment of function is hindered by the

complex mechanism of RV contraction that is unique from the

left ventricle. In comparison to the left ventricle, the RV wall is

thinner and composed of two muscular layers with longitudinally

oriented myocytes in the sub-endocardium and circumferentially

oriented myocytes in the sub-epicardial layer. Together, these

layers contribute to RV contraction by respectively drawing the

tricuspid annulus towards the apex and inwardly moving the free

wall (2). Given that there is not one single accepted method for

RV quantification, qualitative interpretation is often also used in

clinical practice, characterizing dysfunction as mild, moderate, or

severe despite poor sensitivity and notable interobserver

variability (9). Routine metrics such as TAPSE and S’ have

demonstrated modest agreement with global RV systolic function

obtained by CMR (10). These measures predominantly assess

longitudinal excursion of the RV free-wall and thereby omit the

contribution of other determinants of RV function. In many

instances, longitudinal excursion is the most important

determinant of systolic RV function. However, altered

contraction mechanics and adverse remodeling in various disease

states may result in under- or over-estimation of function using

these methods such as in the setting of some types of pulmonary

hypertension, post-cardiac surgery where systolic motion is

concentrated in the transverse plane, or significant tricuspid

regurgitation (TR) which produces exaggerated motion of the

base (2). FAC provides a percentage estimate of global function,

improving the correlation with CMR but it is highly dependent

on identifying a suitable tomographic view that avoids cavity
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FIGURE 2

Collection of all 2D standard imaging planes used on routine transthoracic echocardiography to assess the right ventricle. A 3D right ventricle endocardial
surface is superimposed on top (in green).
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foreshortening. This limitation results in poor reproducibility.

Additionally, since FAC is measured in the RV focused view, it

excludes much of the RV body as well as the RV outflow tract

which in itself contributes to 25%–30% of the RV volume (3, 7).

Similar to FAC, FWS, a measure of myocardial shortening in the

longitudinal plane, fails to incorporate the RV outflow tract and

focuses on longitudinal deformation. Unlike TAPSE and RV S’,

FWS incorporates the entire RV free wall (or free and septal

walls in the case of 4CHLS), and therefore correlates better with

CMR measurements than either TAPSE or RV S’ (11). Finally,

MPI, or Tei index, defined as the sum of RV iso-volumetric

contraction and relaxation times divided by the RV ejection time,

has the ability to account for both systolic and diastolic

components of RV function; however, situations such as

tachycardia, elevated right atrial pressures, atrial fibrillation, and

conduction system disorders prevent its consistent use (2).

Overall, conventional 2D parameters (Figure 3) necessitate

leveraging limited sections of the RV endocardial surface to

extrapolate global function, which may subject these measures to
Frontiers in Cardiovascular Medicine 03112
inaccuracies. See Table 1 for an overview of advantages and

disadvantages of each 2D parameter.
3D echocardiography of the right heart

Acquisition and analysis of the right
ventricle

Acquisition of the 3D RV pyramidal dataset can be achieved

using either a single or multi-beat approach from the RV-focused

apical 4-chamber view (Figure 4). Notably, RV volumes and

ejection fractions derived from 3D datasets acquired in the apical

four-chamber view strongly correlate with measurements from

the RV-focused view providing that the entire RV can be

captured within the 3D dateset (12). Four to six beat acquisitions

allow for higher temporal and spatial resolution enabling more

optimal identification of end-diastolic and end-systolic phases for

volumetric calculations (2). Prior validation studies with CMR in
frontiersin.org
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FIGURE 3

Guideline-recommended right ventricular size and function assessment. All measurements are performed in the RV focused apical 4-chamber view (far
left panel). (A) RV mid-ventricular and basal dimensions obtained at end-diastole in the RV-focused view; (B) tricuspid annulus diameter obtained at end-
diastole starting at the hinge-point of the non-septal TV leaflet and ending at hinge-point of the septal TV leaflet; (C) depiction of doppler-derived
tricuspid lateral annular systolic velocity (S’) or peak systolic velocity (PSV); (D) m-mode is used to measure longitudinal displacement of the lateral
tricuspid annulus in systole to yield tricuspid annular systolic excursion (TAPSE); (E) region of interest used to guide free-wall and global RV strain
assessment; (F) RV areas obtained at end-diastole and end-systole to compute fractional area change; (G) Calculation of the myocardial performance
index (MPI) defined as the sum of isovolumic contraction time the (IVCT) and isovolumic relaxation time (IVRT) divided by ejection time (ET) obtained
from the right ventricular outflow tract initial velocity (RVOT V1). The sum of IVCT and IVRT is equal to the difference between the interval from
cessation to onset of the tricuspid inflow (TCO) and ET.
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both children and adults have demonstrated sufficient frame rates

ranging between 20 and 50 volumes per second to ensure reliable

identification of cardiac timing (13, 14). Moreover, adequate

patient cooperation with breath holding is critical to reduce

stitch and dropout artifacts (2). Various clinical factors can

adversely impact 3DE data collection including irregular cardiac

rhythms, morbid obesity, inability to breath-hold, marked

structurally abnormal RVs, mechanical ventilation, and

mechanical support devices. In spite of these limitations on

acoustic windows, transthoracic 3DE has exhibited exceptional

feasibility in several large highly experienced cohorts ranging

from 75% to 85% (15–17). The addition of ultrasound-enhancing

agents has been shown to further augment performance with

respect to reproducibility and correlation with CMR (18). In the

World Alliance Society of Echocardiography (WASE) study, a

worldwide cohort of centers with variable experience with 3D

RV acquisition and analysis, feasibility of 3D RV acquisition

dropped to 50%–60% with incomplete RV capture, typically

anterior wall or apical drop-out being some of the main reasons

for unanalyzable 3D RV data (Figure 5) (19). The ability to

adequately capture the RV for 3D analysis is highly dependent

on individual expertise to both acquire and analyze the 3D

dataset. This expertise can vary widely from center to center as

shown in the WASE study (Figure 6). According to this graph,

the feasibility for RV analysis ranged anywhere from 20% to 95%
Frontiers in Cardiovascular Medicine 04113
and was dependent on the center in which the data was

acquired, suggesting that it is possible to attain a level of

expertise such that >80% of captured 3D RV data can be

analyzed in patients with adequate 2D images. The major

advantage of using 3D RV datasets for size and functional

assessment is that this parameter represents the first

echocardiography-based global method for RV functional

assessment. Current 3D analysis software employs a volumetric

approach to compute the total quantity of pixels within the RV

endocardial surface in systole and diastole to obtain the

respective volumes. This technique removes geometric

assumptions and minimizes variability due to acquisition.

Accordingly, volumes obtained from 3DE have demonstrated

incremental improvements in accuracy and reproducibility

compared to 2DE although they still underestimate volumes in

comparison to CMR (5, 20). Fully automated methods of

volumetric quantification based on machine-learning algorithms

have been explored showing accurate, reproducible measurements

following minimal revision (21).

The volumetric dataset provides multiple opportunities for

post-processing analysis. Particular regions of the wide-angle

acquisition can be visualized and interrogated for wall motion

abnormalities, hypertrophy, or masses (3). 3D RV datasets enable

better characterization of the complex contraction pattern of the

RV including alterations caused by various pathologies. One
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TABLE 1 Advantages and limitations of one- and two-dimensional analysis techniques for right ventricular functional assessment.

Definition Advantages Limitations
Doppler-derived tricuspid lateral
annular systolic velocity (S’)

Assessment of the longitudinal excursion
velocity of the lateral tricuspid annulus

• Reproducible
• Easy to perform
• Correlated with radionuclide

angiography for functional
discrimination

• Validated in population-based studies
• Does not depend on 2D image quality
• Minimal required post-processing

• Assumes regional function is
representative of the entire chamber

• Angle dependent
• Lack of normative data across sex and age

Tricuspid annular systolic
excursion (TAPSE)

Measurement of longitudinal displacement
of the tricuspid annulus in systole

• Reproducible
• Reduced dependence on image quality
• Correlated with Simpson’s biplane right

ventricular ejection fraction
• Easy to perform
• Minimal required post-processing

• Assumes regional function is
representative of the entire chamber

• Angle dependent
• Varies with loading conditions

Free-wall and global longitudinal
strain (FWS & 4CHLS
respectively)

Percentage of myocardial shortening in the
longitudinal plane

• Accounts for several RV segments
• Correlated with CMR assessments
• Feasible despite abnormal RV geometry
• Load independent

• Angle dependent
• High degree of variability across

platforms
• Requires post-processing with limited

accessibility
• Lack of normative data
• Poor signal-to-noise ratio
• Excludes RV outflow tract

Fractional area change (FAC) Percentage difference between end systolic
and end diastolic areas divided by end
diastolic area

• Correlated with CMR assessments
• Prognostic for heart failure, stroke, and

death

• Excludes outflow tract and most of the
RV body

• High inter-observer variability
• Varies with loading conditions
• Tedious and time-consuming

Myocardial performance index
(MPI)

Summation of RV iso-volumetric
contraction and relaxation times divided by
the RV ejection time

• Accounts for systolic and diastolic
function

• Well validated in healthy patients
• Feasible despite abnormal RV geometry
• Reduced dependence on image quality

• Reduced accuracy in the setting of
tachycardia, irregular heart rhythms, and
elevated RA pressures

FIGURE 4

Obtaining the right ventricular focused view. The patient should be in the left lateral decubitus position with the left mid-clavicular, fifth intercostal region
(approximate apex of the heart) positioned over the cut-out area of the bed if available. The top right shows the apical 4-chamber view as acquired from
the probe position at top middle. The bottom left shows the RV-focused view as acquired from a more lateral location as shown in the bottom middle
panel. The 3D dataset should be acquired from the RV-focused view to maximize capture of the RV free wall. See Figure 5 for the characteristics of an
optimal 3D dataset. RV, right ventricle.
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FIGURE 5

Top row illustrates cut planes through the optimal 3D right ventricular dataset. Note that the free-wall and right ventricular outflow tract borders (blue
arrows) are well demarcated. Sometimes the pulmonary valve (red arrow) can be seen). Bottom row depicts a less than optimal 3D right ventricular
dataset. The right ventricular outflow tract borders (blue arrows) are poorly seen.

FIGURE 6

Feasibility of adequate 3D right ventricular dataset acquisition around the world. Data from the World Alliance Society of Echocardiography (WASE) study.
Each bar represents one of the centers enrolled in the WASE study.
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increasingly popular method of 3D RV functional analysis involves

the decomposition of the RV ejection fraction into longitudinal,

radial, and anteroposterior components in order to investigate

modifications in RV function with disease, which cannot be

appreciated when studying its longitudinal performance alone.
Frontiers in Cardiovascular Medicine 06115
These contraction components have been investigated in patients

with left ventricular dysfunction (22), pulmonary hypertension

(23), and systemic right ventricles due to transposition of the

great arteries (24) using the ReVISION software package (Argus

Cognitive Inc., Lebanon, NH) (25, 26).
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Conventional echocardiographic measures of RV function

including 2D RV functional parameters (TAPSE, S’, FAC, RV

strain) and 3D RVEF (even if obtained using CMR) are highly

load dependent and do not provide a clinically useful assessment

of RV function in patients with secondary tricuspid regurgitation

or significant pulmonary hypertension. Recent data on outcomes

have identified measures of right ventricle-to-pulmonary artery

coupling, which better estimate the impact of loading conditions

on the RV, as important prognostic markers in these patients. In

a recent study, RV volumes from 3D echocardiography were

used to compute a surrogate of right ventricle-to-pulmonary

artery coupling using the formula total RV forward stroke

volume/end-systolic volume. This measure, when applied to

patients with more than moderate tricuspid regurgitation,

successfully predicted outcomes (including all cause death and

hospitalization for heart failure) with better accuracy than RV

ejection fraction and other measures of right-ventricle-to-

pulmonary artery coupling using combinations of 2D and

Doppler parameters raising the possibility that this marker could

have a role in the assessment of RV function in patients

undergoing percutaneous procedures for the tricuspid valve (27).
Normal reference values for 3D right
ventricular size and function parameters

Since its inception, numerous studies have sought to establish

reference values for 3D chamber volumes and EF. Initial efforts

displayed heterogenous findings, which could be attributed to

inconsistencies in frame rates, volumetric analysis algorithms,

and 3D imaging technology (28, 29). Recently, a large,

multicenter investigation of 507 healthy volunteers evenly

distributed across age and sex (17) showed for the first time,

using 3DE, that men had larger right ventricular end-diastolic

and end-systolic volumes compared to women even after

indexation to body surface area, and that aging correlated with a

consistent decline in volumes by decade. These results parallel

those obtained from CMR in large populations of normal

subjects (30, 31). From these findings, normative equations with

allometric scaling were derived to assist with recognition of

abnormal values. Even more recently, the World Alliance Society

of Echocardiography (WASE) study also published normal values

for 3D RV size and function parameters on 1,051 healthy

volunteers, adding to the repertoire of 3D RV normal values

with the added distinction of being the first 3D normal values

study on a worldwide multi-ethnic cohort (19) (Table 2).
3D tricuspid annulus imaging and
analysis

The tricuspid annulus (TA) forms the junction between the

right atrium and the right ventricle. Its complex anatomy and

dynamic behavior preclude systematic characterization with 2DE.

Current guidelines recommend that the TA be measured in the

apical 4-chamber view on transthoracic echocardiography. TA
Frontiers in Cardiovascular Medicine 07116
size and dynamics, however, are much more complicated (32).

With 3DE, comprehensive static and dynamic assessment of the

TA is possible (33). Visualization of the TA with 3DE begins

with optimization of the RV-focused apical view. Narrow-angle

or full volume acquisition from this plane adequately captures

the TA. Accurate measurement of TA size and function even

with current multi-planar reconstruction techniques is difficult

due to the nonplanarity of the annulus necessitating manual or

automated initialization of the leaflet hinge points with

automated interpretation throughout the cardiac cycle (33, 34).

Various programs are in existence or in development to assist

with this step. One commercially available 3DE software package

dedicated to the tricuspid valve was validated and utilized to

develop sex-specific reference ranges for the TA. Importantly, TA

sizes were shown to be underestimated by 2DE (35). See

Figure 7 for results from an example software package.
3D of the right atrium

Right atrial (RA) assessment is of paramount importance in

patients with diseases affecting the RV including pulmonary

hypertension, heart failure (both reduced and preserved

etiologies), and tricuspid regurgitation. The RA has been

heralded as both “first chamber to live and the last to die” (36).

With 3DE, it is possible to assess RA volumes, phasic function,

and even remodelling (36, 37). In one study, increasing 3D RA

sphericity index was found to be associated with clinical

deterioration in patients with pulmonary arterial hypertension

(36). Similar to the left atrium, RA physiology can be divided

into 3 parts: (1) the reservoir phase, which corresponds to

tricuspid valve closure and ventricular systole; (2) the conduit

phase which corresponds to tricuspid valve opening and early

ventricular diastole, and (3) the contractile or booster phase

which reflects right atrial contraction (38). 3D RA volumes have

been shown to be larger than the corresponding 2D volumes

(37, 39, 40). Normal vales for 3D RA volumes are summarized

in Table 2 (41).
Diagnostic value of 3D
echocardiography of the right ventricle

Characterization of tricuspid valve disease

Etiology of tricuspid regurgitation (TR) is closely coupled with

right atrial and RV remodeling. Secondary or functional TR

represents greater than 80% of TR in clinical practice and can be

associated with or without pulmonary hypertension (PH) (42).

These two TR categories have distinctive RV remodeling patterns

which can be characterized using 3DE. Increases in RV afterload

due to elevated pulmonary pressures can lead to spherical RV

remodeling, papillary muscle displacement, tricuspid valve leaflet

tethering, diminished leaflet coaptation surface, and tricuspid

valve incompetence. The TA in these patients is often minimally

dilated and may in some cases be normal in size. Flattening of
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FIGURE 7

One example of customized software used to measure the 3D tricuspid annulus. Purple dots represent the initialization points from which the 3D annulus
depiction (left panel, top right) is derived. The annulus is non-planar and therefore better assessed using 3D echocardiography. Dynamic analysis of the
annulus allows calculation of changes in area and other parameters throughout the cardiac cycle (see graph right). Images courtesy of Federico Veronesi,
PhD.

FIGURE 8

Right ventricular morphology changes associated with functional
tricuspid regurgitation with and without pulmonary hypertension
compared with a normal right ventricle (left panel). Middle panel
illustrates the spherical right ventricular remodeling seen in patients
with tricuspid regurgitation and pulmonary hypertension. In these
patients there is often tricuspid valve leaflet tethering with some right
atrial dilatation. The tricuspid annulus is typically minimally dilated and
may in some cases be normal in size. The right panel illustrates
ventricular remodeling in patients without pulmonary hypertension.
This type of remodeling is typically seen in older adults with atrial
fibrillation. There is notable right atrial and tricuspid annulus dilatation
without leaflet tethering. Tricuspid annular dilation results in a
diminished leaflet coaptation surface and increased rates of leaflet
malcoaptation. In these patients, the RV dilates at the base, a
phenomenon known as conical remodeling. PH, pulmonary
hypertension; RV, right ventricle; TA, tricuspid annulus; RA right
atrium. (Modified from Muraru D et al. Eur Heart J Cardiovasc
Imaging. (2021) May 10;22(6):660−669).
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the interventricular septum, a finding often seen in significant PH,

likely also contributes to distortion of the tricuspid apparatus and

TR. RV eccentricity index, quantified as the ratio between the long

and perpendicular short-axis lengths at the mid- ventricular level

in short-axis view has been shown to predict TR severity with

high accuracy (43). Functional TR with PH has also been called

ventricular functional TR, because the morphological changes in

the right heart which sustain TR are seen mostly in the RV

(Figure 8) (44, 45).

Functional TR without PH is typically seen in older adults with

a high incidence of associated atrial fibrillation resulting in RA

dilatation with subsequent TA dilatation without leaflet tethering

(Figure 8). TA dilation results in a diminished leaflet coaptation

surface and increased rate of leaflet malcoaptation. In these

patients, the RV maintains its normal length but dilates at the

base loosely labeled as conical remodeling (42, 44–46).

Restoration of sinus rhythm has been shown to improve the

degree of TR in some of these patients (47).

Detailed analysis of functional and morphologic changes

associated with RV remodeling with 3DE can help to

differentiate between the different causes of functional TR and

the impact on the RV (44–46). Regional quantitative curvature

analysis has previously been implemented to characterize

alterations in RV shape attributed to PH using a quantitative

approach, demonstrating bulging of the interventricular septum

into the left ventricle and greater convexity of the RV free wall

throughout the cardiac cycle compared to normal controls. This

bulging phenomenon is also known as the “D-shaped left

ventricle” or “D-sign”, a finding that can also be appreciated on

the 2D parasternal short-axis view (Figure 8) (48).
Implantable device lead complications

Device-lead related interference with the tricuspid valve

apparatus is a potential complication that is incompletely
Frontiers in Cardiovascular Medicine 09118
described by 2DE as the device-lead is really only seen in its

entirety in less than 20% of cases (49). The addition of 3D RV

imaging has improved non-invasive assessment of the

relationship between the tricuspid apparatus and device leads
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FIGURE 9

3D full volume dataset of the right ventricle (far left) and adjacent cut planes through the 3D dataset (left, middle and right, middle) showing device-lead
(white arrows) impinging on the septal leaflet and sub-tricuspid apparatus in the region of the right ventricular septum resulting in tricuspid regurgitation
(far right). Note that the tricuspid leaflet coaptation zone (red arrow) is not the origin of tricuspid regurgitation in this case. In fact, tricuspid regurgitation is
originating at the point of device-lead contact with the septal leaflet.

Randazzo et al. 10.3389/fcvm.2023.1263864
enabling direct visualization of the both the TV leaflets and the

sub-tricuspid apparatus making it possible to determine the

presence or absence of interference in select cases (50–52).

According to one study, leads demonstrating leaflet impingement

on 3DE were associated with a greater degree of TR with a

median vena contracta of 0.62 cm compared to 0.27 cm in

patients without 3DE evidence of lead-related leaflet interference.

Importantly, positioning of the lead in the commissure resulted

in less frequent interaction, suggesting that echocardiographic

guidance of or follow-up after lead placement may be beneficial

in some cases (52). More recent data suggests that lead-related

tricuspid valve interference can be associated with the tricuspid

valve leaflet(s) alone, the sub-tricuspid apparatus alone, or both

the leaflet(s) and the sub-tricuspid apparatus (Figure 9) (53).

Given the increasing interest in percutaneous tricuspid valve

repair in patients with heart failure, it is likely that there will be

a parallel need to better diagnose lead-related interference with

the tricuspid valve apparatus as any associated interference may

impact the success of any procedure chosen to repair the

tricuspid valve. 3DE shows promise in this area of diagnosis.
FIGURE 10

Example of right ventricular free-wall aneurysm detection with 3D (left)
compared to 2DE in a patient with arrhythmogenic right ventricular
cardiomyopathy (ARVC). Two-dimensional cut-planes from a full-
volume 3D dataset enables visualization of the apical aneurysm (left)
with targeted interrogation of the right ventricular free-wall (left, top)
on short-axis imaging planes (left bottom). Here the aneurysm is
noted to be on the infero-lateral free wall (white dotted line and
yellow arrow). In the same patient the aneurysm is not visualized in
the 2D right-ventricular focused view (right, top). Cropping into the
3D full volume also allows visualization of the apical aneurysm (black
arrow on right, bottom).
Arrhythmogenic right ventricular
cardiomyopathy (ARVC)

Echocardiography represents a common first-line imaging

modality for both diagnosis and follow-up of ARVC (54).

Although CMR is considered the gold standard for meeting the

imaging criteria for diagnosis, recent investigations have

demonstrated a high concordance in diagnostic performance

between 3DE and CMR when either is combined with 2DE.

Moreover, 3DE enhances the ability to diagnose wall motion

abnormalities and aneurysms which are critical to meeting

imaging criteria for the diagnosis of the disease (Figure 10)

(55, 56). 3DE specifically outperformed 2DE in detection of wall

motion abnormalities and exhibited comparable detection rates to

CMR (56). These suggest the possibility of 3D echocardiography-
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guided diagnosis and follow-up of these patients especially in

those instances where CMR is not easy to obtain.
Congenital heart disease

The asymmetrical remodeling of the RV often observed in

patients with congenital heart disease can limit the efficacy of

conventional 2D size and function assessment of the RV due to

inaccurate geometric assumptions. These geometric assumptions
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may be overcome by 3DE. Volumes and ejection fractions acquired

from 3DE datasets have been shown to correlate well with CMR

measurements in addition to demonstrating lower interobserver

variability than corresponding measurements obtained on 2DE

(57, 58). However, in conditions with progressive RV

enlargement including repaired tetralogy of Fallot (TOF) and

transposition of the great arteries 3DE has been shown to

systematically underestimate volumes while overestimating RVEF

(59, 60). These studies were notably performed using earlier

software versions that may impact their current applicability.

More recent versions of the 3D RV analysis software are easier to

use and provide short-axis cut-planes for tracing volumes. A

recent investigation in patients with systemic RVs, revealed

alterations in contractile mechanisms between patients with

transposition of the great arteries (TGA) and congenitally

corrected TGA, with motion along the anteroposterior plane

dominating RV contraction in TGA and while all components

(anteroposterior, longitudinal and radial) contribute equally to

ventricular ejection fraction in congenitally corrected TGA (24,

61). 3DE has also facilitated characterization of RV shape and

strain changes in conditions that result in chronic pressure and/

or volume overload. Patients with TOF exhibited less curvature

of the free wall, a more convex intraventricular septum, and

significantly impaired RV strain compared to controls (62, 63).
Prognostic value of 3D
echocardiography of the RV

Mixed population studies

RV function is reported to have prognostic significance in a

variety of cardiovascular diseases including heart failure, PH, and

coronary artery disease (Table 3) (1, 64–70). Importantly, 2D RV

functional assessment can sometimes be inaccurate when used in

these disease states. In post-cardiac surgery patients, for instance,

due in part to geometrical changes associated with RV protection

during bypass or alterations in interventricular septal motion after

surgery, the longitudinal excursion of the RV is typically reduced

despite preservation of overall RV function (71–74). TAPSE and

RV S’, therefore, underestimate RV function in this population and

cannot be used to assess RV function. This phenomenon extends

to at least 1 year post operatively. Global assessment of RV

function with 3DE, however, can more accurately measure RV

function in these patients suggesting that 3D RV assessment likely

has wider applicability than 2DE in the remodeled or abnormal RV

(75). 3D RV size and function parameters have been shown to

have incremental value in the prediction of outcomes independent

of left ventricular ejection fraction (67). In one study, the

prevalence of patients with systolic LV dysfunction (left ventricular

ejection fraction <52%) increased with worsening 3D RV ejection

fraction across a population of consecutive patients with various

cardiac conditions who had 3D RV acquisitions performed (68). In

another retrospective study of 446 patients over a median follow

up of 4.1 years, the authors showed that 3D RV ejection fraction

offered incremental value over clinical risk factors and other
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echocardiographic parameters, including left ventricular systolic

and diastolic function, for predicting future adverse outcomes

including cardiac death and major adverse cardiac events (MACE)

(1). The 3D RV ejection fraction cut-off values to stratify worsened

prognosis were 35% for cardiac death and 41% for MACE. A

prospective study of 50 patients, with a median follow-up of 16

months, found that 3D RV ejection fraction remained the only

independent predictor of MACE after controlling for both clinical

and echocardiographic variables, including age, New York Heart

Association class, E/e’ ratio, and left atrial volume index. By ROC

analysis, the optimal RV ejection fraction cut-off value for event

prediction was 43.4% (AUC = 0.77, p = 0.001), and RV ejection

fraction remained an independent predictor in multivariable

models when treated as a categorical variable using the cut-off of

43.4%. Categorization of 3D RV ejection fraction into the following

partition values: 45%, 40%, and 30% (i.e., very low risk for

mortality (RV ejection fraction >45%), low risk (40%< RV ejection

fraction ≤45%), moderate risk (30%< RV ejection fraction ≤40%),
and high risk (RV ejection fraction ≤30%), stratified the

population into high, moderate, and low risk of cardiac death and

MACE (68). Furthermore, a recent meta-analysis of ten studies

including 1,928 patients identified a robust association between a

one standard-deviation reduction in 3D RV ejection fraction and

adverse outcomes that was stronger than 2D measures including

TAPSE, FAC, and FWS (6).

3D RV parameters have also been shown to have utility in

predicting adverse events in patients with heart failure with

preserved ejection fraction. Meng et al. found that lower RV

ejection fraction and 3D RV longitudinal strain of free wall were

associated with heart failure, hospitalization, or death (69).
Pulmonary hypertension

Pulmonary hypertension has garnered a great deal of interest in

the study of 3D RV applications, because the entire spectrum of RV

remodelling can be documented in this cohort of patients (76).

Together with 3D volumes, 3D deformation indices have an

important role in the prognosis of PH patients. Specifically,

changes in RV function and 3D RV area strain have been shown

to be of prognostic importance and correlate more strongly with

hemodynamics in RV failure than conventional echo indices

(77, 78). In the pediatric PH population, 3D volumes, 3D RV

ejection fraction, FAC, and free wall RV longitudinal strain were

significantly associated with outcome (79). The ratio of 3D RV

stroke volume to end-systolic volume (ESV) ratio as an estimate

of RV-arterial coupling correlated with RV strain and was found

to be a strong predictor of adverse clinical events in pediatric

patients with PH (80).
Secondary tricuspid regurgitation

The ability of 3DE to characterize patterns of chamber

remodelling resulting in secondary TR has prompted

investigation into the prognostic impact of atrial and
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TABLE 3 Studies using RV volumes, EF and strain as prognostic indices.

Publication Study aim (s) Parameters
studied

Population and methods Prognostic parameters

Li et al. (86) To predict adverse clinical outcomes in
CTEPH patients with 3D RV indices

RV volumes and EF • 151 consecutive CTEPH pts

Median follow up: 19.7 months

3D analysis of RVEF was a predictor of
adverse clinical outcomes [hazard ratio,
1.576; 95% confidence interval (CI), 1.046–
2.372; P = 0.030]

Meng et al. (69) To determine whether 3D-STE
parameters were the more powerful
predictors of poor outcomes in HFpEF
patients compared with 2D-STE
indices

3D RV volumes, EF
and 3D-RVFWS

• 81 consecutive patients with HFpEF

After a median follow-up period of 17
months, 39 (48%) patients reached the
end point of cardiovascular events

3D-STE parameters are powerful predictors
of poor outcomes, providing a similar
predictive value as 2D-STE indices in patients
with HFpEF

Vîjîiac et al.
(66)

To evaluate role of 2D RV strain and
3D RVEF in predicting adverse
outcome in patients with non-ischemic
dilated cardiomyopathy.

RV global longitudinal
strain, RV FWS,
3DRVEF

• 50 eligible patients

Median follow-up of 16 months, 29
patients reached the primary endpoint

3D RVEF is an independent predictor of
major adverse cardiovascular events in
patients with dilated cardiomyopathy

Wang et al.
(103)

To investigate whether 2D strain and
3DE could identify impaired RV
function after anthracycline exposure

RV 4CHLS, RV FWS,
3D RVEF

61 patients with diffuse large B-cell
lymphoma treated with anthracycline
were studied

2D STE and 3D echocardiography are
valuable methods for evaluating
anthracycline-related impairment of RV
function in DLBCL patients receiving
chemotherapy. RV FWLS and RVEF are
reliable predictors of RV systolic dysfunction

Liu et al. (104) To explore the value of RV parameters
detected by 3DE in risk stratification in
PAH patients

RV volumes, EF, RV
FWS

91 PAH patients (34 ± 12 years, 25
males) were enrolled, among which, 42
were classified into low-risk group, while
49 were intermediate-high risk group

RV volumes, EF and free wall strain detected
by 3DE were independent predictors of
intermediate-high risk stratification in PAH
patients, among which, RVEF showed the
best predictive capacity

Tokodi et al.
(73)

To explore the association between RV
contraction patterns pre mitral valve
surgery and post-operative RV
dysfunction

3D RVEF, radial and
longitudinal
components of
function

• 42 patients (63 ± 11 years)
undergoing MV surgery

Patients had pre-operative, at-discharge,
and 6-months post-operative TTE’s

There was a shift in RV contraction
mechanics from longitudinal contraction
predominance pre- and radial pre-dominance
in the first 6 months post MV surgery. Pre-
operative LVEF predicted post-operative RV
dysfunction in patients undergoing MV
surgery

Nagata et al. (1) To determine whether 3DRVEF
predicts future cardiovascular events

RV volumes, EF 446 patients with various cardiovascular
diseases

3D TTE-determined RV EF was
independently associated with cardiac
outcomes. 3D RVEF offered incremental
value over clinical risk factors and other
echocardiographic parameters including LV
systolic and diastolic function for predicting
adverse outcome

Tamborini et al.
(105)

To assess RA, RV and TA geometry
and function in patients undergoing
MV repair +/− TV annuloplasty

3D RA, RV volumes
and tricuspid annulus

103 patients undergoing MV surgery
without (54 cases) or with (49 cases)
concomitant TV annuloplasty and 40
healthy controls

Patients undergoing MV surgery and TV
annuloplasty had an increased TA
dimensions and a more advanced
remodelling of right heart chambers
reflecting more advanced disease

Vitarelli et al.
(70)

To investigate whether 2D, 3D RV
assessment could result in better
correlation with hemodynamic
variables indicative of heart failure

2D and 3D volumes,
EF and strain

• 73 patients (53 ± 13 years; 44% male)
with chronic PH of different
etiologies were studied by cardiac
catheterization and echocardiography

25 precapillary PH, 23 obstructive
pulmonary heart disease, 23 postcapillary
PH from mitral regurgitation and 30
healthy controls

ROC curves: detecting hemodynamic signs of
RV failure were 39% for 3D-RVEF (AUC
0.89), −17% for 3DGFW-RVLS (AUC 0.88),
−18% for GFW-RVLS (AUC 0.88), −16% for
apical-free-wall longitudinal strain (AUC
0.85), 16 mm for TAPSE (AUC 0.67), and
38% for RV-FAC (AUC 0.62)

3D, 3-dimensional; CTEPH, chronic thromboembolic pulmonary hypertension; DLBCL, doxorubicin chemotherapy; HFpEF, heart failure with preserved ejection fraction;

EF, ejection fraction; MV, mitral valve; RA, right atrial; RV, right ventricular; RVFWS, right ventricular free wall strain; STE, strain echocardiography; TA, tricuspid annulus; TV,

tricuspid valve; TTE, transthoracic echocardiography; PAH, pulmonary arterial hypertension.
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ventricular TR. In a population of patients with moderate-severe

TR, patients with atrial TR comparably exhibited a lower rate of

all-cause death and hospitalization due to heart failure (81).

Categorization of TR severity as mild, moderate, and severe

based on 3DE-derived regurgitant volume and effective

regurgitant orifice area (82) revealed progressively higher rates
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of all-cause death and hospitalization due to heart failure with

increasing TR severity, imparting the importance of the severity

grading (81, 83). As aforementioned, estimation of right

ventricular-to-pulmonary artery coupling in these patients can

be challenging and therefore surrogate measures derived from

3DE have been investigated. In one study, a ratio between RV
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forward stroke volume and end-systolic volume less than 0.40

was associated with a higher risk of death and heart failure

hospitalization (27).

It is important to note that structural tricuspid valve

procedures and trials do not yet employ 3D indices of the right

ventricle or tricuspid valve for decision-making (84). Data on the

utility of 3D RV analysis in this space should become available

shortly from the TRILUMINATE trial imaging sub-study.

Additionally, there are two other studies incorporating 3D of the

tricuspid valve which are currently recruiting patients:

NCT05130775 and NCT05747404. The results of these studies

are highly anticipated.
Pulmonary embolism/chronic
thromboembolic pulmonary hypertension

Understanding the impact of a pulmonary embolism on the

RV is essential in determining severity and in assessing recovery

in follow-up. Here, 3DE of the RV has been shown to have the

potential to serve as a useful adjunctive tool in both the acute

and chronic settings. In the case of acute sub-massive

pulmonary embolism, a reduced 3D RV ejection fraction was

noted to be the most sensitive predictor of adverse events and

signified a longer time for recovery of function at follow-up

compared to 2D parameters (85). In an adult population of

patients with chronic thromboembolic disease, a machine

learning-based calculation of RV ejection fraction from 3D RV

datasets, with a determined cut-off of approximately 31%, was a

significant predictor of adverse events these in patients (86).

Multiple studies utilizing 3DE have sought to characterize RV

function before and after pulmonary thromboendarterectomy

for management of chronic thromboembolic pulmonary

hypertension. Findings revealed a consistent trend of

significantly reduced chamber volume and improved systolic

performance post-operatively that persisted at long-term follow-

up (87–89).
Future directions

While, in the last decade, speckle tracking analysis of left

ventricular performance has significantly fueled the

investigation of LV mechanics and its prognostic value, the

exploration of 3D RV strain has not advanced. The complex

morphology of the RV chamber, the difficulty associated with

imaging this chamber and the lack of dedicated software are all

factors that have contributed to the sparse interest in 3D RV

mechanics. More recently, with the development of different

software solutions, characterization of 3D RV mechanics in

healthy volunteers (90), and a variety of cardiac diseases (91)

has been initiated by some investigators. 3D RV strain has been

shown to be independently associated with short-term

outcomes in patients undergoing cardiac surgery (73, 92), the

severity of obstructive sleep apnea (93), prognostication in heart
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failure with preserved ejection fraction (69) and pulmonary

hypertension (94, 95).

Studies performed on the left ventricle have indicated that its

shape carries information independent from conventional

functional measurements and is related to prognosis (96, 97).

Alterations in 3D left ventricular shape have also been cited as

an early manifestation of remodeling in patients with severe

mitral regurgitation and normal left ventricular ejection

fraction (98). Unlike the left ventricle, the peculiar

morphology of the RV does not allow its shape to be

simplified to resemble a simple geometrical model. For this

reason, RV shape has largely been studied in terms of regional

curvedness. Subtle changes in the physiological condition is

reflected by local adaptation of the RV wall which can be

quantitatively measured by its curvature, for example, a more

locally convex or concave wall. RV curvature is altered as a

consequence of the remodeling induced by pathological

conditions, such as pulmonary hypertension (48, 99), volume

overload (62), but also in the settings of congenital heart

disease (63) and in patients with mechanical circulatory

support (100).

While it has been established that 3D RV measurements are

more accurate and prognostic than 2D parameters, it is notable

that in the vast majority of centers around the world 3D RV

dataset acquisition is not able to meet the requirements to

perform a reliable quantitative analysis (19). Indeed, even

when data is adequate, quantitative analysis is usually time

consuming and requires well-trained echocardiographers to

ensure adequate accuracy and reproducibility. This paradox

produces a challenge for image-guided artificial intelligence

systems of the future to predict, display, and guide

echocardiographers and sonographers during image acquisition

with the goal to increase the feasibility rate of subsequent 3D

RV analysis. This ability already exists in a rudimentary form

to guide novices to acquire and display diagnostic quality 2D

images (101). Artificial intelligence solutions could also be

developed with the potential to fully automate the

identification and segmentation of the RV. Fusion of data

obtained from different imaging planes/probe positions could

theoretically be used to, for instance, address the problem of

acquiring a complete dataset in abnormal and large RVs. Deep

learning algorithms have already shown promise in accurately

predicting 3D RV ejection fractions from two-dimensional

images, identifying RV dysfunction with an accuracy equivalent

to an expert (78%) and with the additional potential to predict

major adverse cardiac events (102). If this combination of

AI-guided algorithm allowing quality controlled acquisition,

automated segmentation and multiparametric—functional,

morphological and mechanical and even hemodynamic

(if acquisition of invasive RV pressures and 3D

echocardiographic datasets could be acquired simultaneously to

develop pressure-volume loops)—quantitative analysis becomes

available, it would become an important, accurate and

reproducible tool for the assessment and understanding of RV

pathophysiology (Figure 11).
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FIGURE 11

A look into the future of right ventricular assessment by 3D echocardiography: after the acquisition of the 3D dataset of the RV chamber, eventually
supported by artificial intelligence (AI)-guided systems, a machine learning (ML) algorithm will be able to obtain a rapid, accurate and reproducible
segmentation of the RV cavity. Based on these time-evolving surfaces, a comprehensive analysis of the RV will be automatically carried out, from
conventional functional analysis (volumes and ejection fraction) to more sophisticated quantitative analyses, including morphological analysis in terms
of local curvature or local mechanical function, as assessed by displacement and strain measurements.

Randazzo et al. 10.3389/fcvm.2023.1263864
Conclusions

3D echocardiography offers substantial advantages for

comprehensively evaluating the right ventricle compared to

conventional 2D echocardiographic assessment. The growth of

3DE has corresponded with an increasing number of diagnostic

applications requiring global chamber assessments as well as

considerable investigation into the prognostic significance of 3DE

measures. Novel analysis techniques including RV strain and

shape combined with automated interpretations may further

expand the role of 3DE in clinical practice.
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