Circulation: Cardiovascular Imaging

ORIGINAL ARTICLE

Contraction Patterns of the Right Ventricle
Associated with Different Degrees of Left
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BACKGROUND: The functional adaptation of the right ventricle (RV) to the different degrees of left ventricular (LV) dysfunction
remains to be clarified. We sought to (1) assess the changes in RV contraction pattern associated with the reduction of
LV ejection fraction (EF) and (2) analyze whether the assessment of RV longitudinal, radial, and anteroposterior motion
components of total RVEF adds prognostic value.

METHODS: Consecutive patients with left-sided heart disease who underwent clinically indicated transthoracic echocardiography
were enrolled in a single-center prospective observational study. Adverse outcome was defined as heart failure hospitalization
or cardiac death. Cross-sectional analysis using the baseline 3-dimensional echocardiography studies was performed to
quantify the relative contribution of the longitudinal, radial, and anteroposterior motion components to total RVEF.

RESULTS: We studied 292 patients and followed them for 6.7+2.2 years. In patients with mildly and moderately reduced LVEF
the longitudinal and the anteroposterior components of RVEF decreased significantly, while the radial component increased
resulting in preserved total RVEF (RVEF: 50% [46%—-54%)] versus 47% [44%—-52%)] versus 46% [42%—49%)] in patients
with no, mild, or moderate LV dysfunction, respectively; data presented as median and interquartile range). In patients with
severe LV systolic dysfunction (n=34), a reduction in all 3 RV motion components led to a significant drop in RVEF (30%
[25%-39%], A<0.001). In patients with normal RVEF (>45%), the anteroposterior component of total RVEF was a significant
and independent predictor of outcome (hazard ratio, 0.960 [Cl, 0.925-0.997], £<0.001).

CONCLUSIONS: In patients with left-sided heart disease, there is a significant remodeling of the RV associated with preservation
of the RVEF in patients with mild or moderate LV dysfunction. In patients with normal RVEF the measurement of the
anteroposterior component of RV motion provided independent prognostic value.
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in patients with left-sided heart disease is a well-
known adverse clinical and prognostic factor." Left
ventricular (LV) systolic dysfunction and remodeling
influences RV function via the mechanical interdepen-
dence between the 2 ventricles and, at later stages, also

Development of the right ventricular (RV) failure

by hemodynamic overload.? Although RV ejection frac-
tion (EF) remains preserved for a long time during the
disease course, early adaptive (or even maladaptive)
changes may develop in the RV contraction pattern.
Total RVEF is the cumulative result of the complex
interplay among distinct mechanical components (ie,
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CLINICAL PERSPECTIVE

Three main mechanisms contribute to the total right
ventricular (RV) pump function: shortening of the lon-
gitudinal axis with the traction of the tricuspid valve
towards the apex (longitudinal shortening); inward
motion of the RV free wall (radial shortening); and con-
traction of the interventricular septum and its bulging
into the RV (causing shortening in the anteroposterior
direction). The functional adaptation of the RV to dif-
ferent degrees of left ventricular dysfunction remains
to be clarified. We investigated 292 patients with left
heart disease by 3-dimensional echocardiography and
followed them for 6.7+2.2 years. The RV longitudinal
and anteroposterior components of RV contraction
decreased significantly from early stages of left ventric-
ular dysfunction, while the radial component increased
to preserve the RV ejection fraction. In patients with
normal RV ejection fraction, the anteroposterior com-
ponent of the total RV ejection fraction was a signifi-
cant and independent predictor of adverse outcome.
Echocardiographic parameters that refer exclusively
to the longitudinal shortening of the RV (ie, tricuspid
annular plane systolic excursion, S' by tissue Doppler
imaging) can underestimate total RV function as radial
shortening provides compensation in patients with left-
sided heart disease. Three-dimensional imaging allows
accurate assessment of RV functional adaptation to left
ventricular dysfunction with important diagnostic and
prognostic consequences. Further research is war-
ranted to investigate whether the prognostic value of
different mechanical components in the face of normal
RV ejection fraction persists in other disease states.

Nonstandard Abbreviations and Acronyms

3DE three-dimensional echocardiography

AEF anteroposterior ejection fraction

AEFi anteroposterior ejection fraction indexed
to total right ventricular ejection fraction

CMR cardiac magnetic resonance imaging

FAC fractional area change

HFpEF heart failure with preserved left ventricu-
lar ejection fraction

LEF longitudinal ejection fraction

LEFi longitudinal ejection fraction indexed to
total right ventricular ejection fraction

Lv left ventricular

LVEF left ventricular ejection fraction

REF radial ejection fraction

REFi radial ejection fraction indexed to total
right ventricular ejection fraction

RV right ventricular

RVEF right ventricular ejection fraction

TAPSE tricuspid annular plane systolic

excursion
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shortening along the longitudinal, radial, and anteropos-
terior directions) and, therefore, may not capture subtle
changes that occur at the early stages of RV dysfunc-
tion.® Moreover, the functional adaptations of the RV at
different degrees of LV dysfunction and their prognos-
tic relevance remain to be clarified. Three-dimensional
echocardiography (3DE) offers the opportunity to sepa-
rately analyze the above-mentioned 3 main components
of total RVEFR? Thus, it can provide insights into both the
functional adaptation of the RV to LV dysfunction and
the prognostic significance of the various components
of total RVEFR.

Accordingly, the aims of this study were to use 3DE:
(1) to assess the changes in the RV contraction pat-
tern in relation to the reduction of LVEF in patients with
left-sided heart disease and (2) to analyze whether the
longitudinal, radial, and anteroposterior motion com-
ponents of total RVEF may predict outcomes in this
patient population.

METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Study Design and Population

Consecutive patients with sinus rhythm and left-sided heart
disease who underwent clinically indicated transthoracic echo-
cardiography between October 2010 and December 2012 at
the University of Padua (ltaly) were enrolled in a single-center
prospective observational study. The following inclusion criteria
were used: 18 years of age or older; left-sided structural heart
disease with any value of LVEF; recordings of both LV and RV
3DE full-volume data sets; sufficient image quality and volume
rate to measure LV and RV volumes; availability of follow-up
data. Exclusion criteria were primary RV disease (eg, arrhyth-
mogenic RV cardiomyopathy); primary tricuspid or pulmonary
valve disease; severe tricuspid regurgitation (even if functional
or pacemaker-related); congenital heart diseases affecting the
right heart; type |, lll, IV, or V pulmonary hypertension; pericar-
dial diseases; and acute myocarditis. Demographic and clinical
data (age, weight, height, body surface area, body mass index,
cardiovascular risk factors, and comorbidities) were retrieved
from the electronic clinical records of the hospital database.
The study was approved by the local Ethics Committee and
performed according to the principles of the Declaration of
Helsinki. Participants provided their written informed consent.

Echocardiographic Data Acquisition and
Analysis

Patients underwent complete echocardiographic examination
at baseline, including both conventional and 3DE data acqui-
sition using the Vivid E9 system (GE Vingmed Ultrasound,
Horten, Norway) equipped with M5S and 4V-D probes. Digitally
stored data sets in raw-data format were analyzed offline using
commercially available software package (EchoPAC BT12, GE
Vingmed Ultrasound).
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LV and RV volumes, EF and LV mass were measured by 3DE.
In particular, 4- or 6-beat full-volume 3D data sets of both the
LV and the RV (volume rate 31£5 vol/s) were obtained during
breath-holding from the LV focused standard apical 4-chamber
view and the RV focused apical 4-chamber view, respectively.
Pyramidal data sets were optimized for width and depth. During
both acquisitions, the 12-slice display was used to ensure a
complete inclusion of either the LV or the RV in the data set,
respectively. Digitally stored data sets in raw-data format were
analyzed offline by 2 independent and experienced investiga-
tors (LV by D. Muraru and RV by E. Surkova) who were blinded
to both clinical information and outcomes, using commercially
available software packages (4D AutoLVQ [EchoPAC BT12]
and 4D RV-Function 2.0 [TomTec Imaging Systems GmbH,
Unterschleissheim, Germany]) previously validated against car-
diac magnetic resonance (CMR).*® A detailed description of
the analysis technique was published elsewhere.” LV and RV
volumes and LV mass were indexed to body surface area.

LVEF was classified as normal (=50%), mildly reduced
(50%>EF>400%), moderately reduced (40%>EF>30%), or
severely reduced (<30%)2° RVEF was classified as normal
(>45%) or reduced (£45%).°

Conventional echocardiographic parameters of RV size
and function (eg, tricuspid annular plane systolic excursion
[TAPSE], RV diameters, areas, and fractional area change
[FAC]) were measured from M-mode and 2-dimensional echo-
cardiographic data sets, respectively, according to the current
American Society of Echocardiography/European Association
of Cardiovascular Imaging guidelines.®

Detailed Quantification of 3D RV Mechanics

Three main mechanisms contribute to the total RV pump function:
(1) shortening of the longitudinal axis with the traction of the tri-
cuspid valve towards the apex (longitudinal shortening); (2) inward
motion of the RV free wall (radial shortening); and (3) contraction
of the interventricular septum and its bulging into the RV (causing
shortening in the anteroposterior direction). To separately quantify
these 3 major functional components contributing to total RVER
we used the ReVISION software package (Argus Cognitive, Inc,
Lebanon, NH). First, the 3D mesh model's orientation obtained
from 4D RV-Function software package was adjusted by a stan-
dard, automated method to identify the axes of the longitudinal,
radial, and anteroposterior directions. The mesh consists of 2
structures: a set of vertices, each denoting a 3D position on the
RV endocardial surface, and a set of edges that define the con-
nections between the vertices (example meshes are shown in
Figure 1). Each vertex corresponds to the same anatomic position
on the RV endocardium throughout the cardiac cycle. After stan-
dardizing the orientation of the mesh, motion decomposition was
performed along the aforementioned axes in a vertex-based man-
ner by considering the movement of each vertex along only a sin-
gle given direction and ignoring the other 2 directions. We applied
the edges of the original meshes on the transformed vertices,
thus generating 3 new mesh series (ie, one for each axis where
movement was allowed) over the cardiac cycle. We computed the
EFs of these newly generated mesh series to separately quantify
partial RVEFs (ie, longitudinal EF [LEF=stroke volume generated
by the longitudinal shortening divided by RV end-diastolic volume],
radial EF [REF=stroke volume generated by the radial shorten-
ing divided by RV end-diastolic volume], and anteroposterior EF
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[AEF=stroke volume generated by the anteroposterior shorten-
ing divided by RV end-diastolic volume])."" Of note, the absolute
RV volume change is generated by the aggregated contribution
of the 3 motion components, but due to the nonlinear deforma-
tions of the RV, the values of decomposed EFs are not additive
(LEF+AEF+REF=RVEF). To facilitate interpretation, one can
apply rescaling, that is, LEF'=EF/(LEF+AEF+REF)XRVEF and
then LEF+AEF+REF=RVEF will hold. In our analysis, we used
the native values and not the rescaled ones to allow comparisons
with our previous studies (clinical results and the correlations with
the CMR-derived 3D models). The relative contribution of each
component to the total RV pump function was defined as the ratio
between LEF, REF, and AEF and total RVEF (LEFi=LEF/RVEF,
REFi=REF/RVEF, and AEFi=AEF/RVEF). The comparison
of these metrics using 3DE versus CMR-derived mesh models
showed a robust agreement between the 2 modalities.'?

Follow-Up

The primary end point of our study was the composite of the
first heart failure hospitalization (defined as hospital admission
due to worsening signs and symptoms of heart failure, requir-
ing intravenous treatment aimed predominantly at managing
fluid overload and hemodynamic compromise) or cardiac death
(defined as death resulting from an acute myocardial infarction,
heart failure, cardiovascular procedures, and sudden cardiac
death), whichever occurred first. Follow-up data were collected
by an investigator (A. Ruocco) who was not involved in the
echocardiographic measurements through the analysis of clini-
cal records, telephone contacts to patients, physicians, or the
next of kin when the patient was not available. The last update
of follow-up was performed on July 10, 2019, 13 patients
(4.5%) were lost to follow-up.

Statistical Analysis

Continuous variables were expressed as mean£SD or median
(interquartile range), whereas categorical variables were
reported as frequencies and percentages. After verifying the
normal distribution of each variable using the Shapiro-Wilk test,
the clinical and echocardiographic characteristics of patient
subsets were compared with unpaired Student ¢ test or Mann-
Whitney U test for continuous variables, and 2 or Fisher exact
test for categorical variables, as appropriate. Multiple group
comparisons (>2 groups) were performed using ANOVA (with
Tukey post hoc test) or Kruskal-Wallis test (with Dunn post hoc
test) and % or Fisher exact test, as appropriate. Spearman rank
correlation coefficients were computed to assess the correla-
tion between continuous variables. Cox proportional hazards
models were used to compute hazard ratios with 95% confi-
dence intervals (Cls). Including significant variables identified
at the univariable Cox regression analysis, multivariable Cox
regression models were built to identify independent predic-
tors of outcomes. Collinearity of variables was tested at each
multivariable model by variance inflation factor (excessive if
variance inflation factor >3). Hazard ratios of LEFi, REFi, and
AEFi refer to the effect of 0.01 unit change. Variables with
>10% missing values were not included in multivariable analy-
ses. Receiver operating characteristic curves were generated
to assess the discriminatory power of RV systolic functional
parameters with regards to the composite end point. Youden
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Figure 1. Functional adaptation of the right ventricle (RV) to the different degrees of left ventricular (LV) systolic dysfunction in

patients with left-sided heart disease: representative cases.

Three-dimensional schematic representation of the 3 major components contributing to total RV pump function: (i) longitudinal shortening
along the long-axis (red) contributing to RV longitudinal ejection fraction component (LEF), (i) inward (radial) motion of the RV free wall
(orange) contributing to radial ejection fraction component (REF), and (iii) short-axis shortening in the anteroposterior direction (purple)
contributing to anteroposterior ejection fraction component (AEF). Green mesh represents RV end-diastolic and the blue surface the RV end-
systolic volume. In the case of preserved LV ejection fraction (LVEF), the 3 components show a balanced relative contribution. RV shortening
along the longitudinal and anteroposterior directions continuously decreases with LVEF. However, shortening in the radial direction shows

a compensatory increase in mild and moderate LV dysfunction, maintaining RVEF. In severe LV dysfunction, all motion components drop

significantly, resulting in severe RV dysfunction.

index was used to identify the optimal cutoff points of each
parameter, then these values were used to dichotomize the
study population. Outcomes of the dichotomized groups were
visualized on Kaplan-Meier curves and compared by log-rank
test. To assess intraobserver and interobserver variability and
reliability, the operator of the first measurements repeated the
analysis in a randomly chosen subset of patients (=20, 5 from
each LVEF subgroup) blinded to previous results. A second
experienced operator (A. Kovécs) also analyzed these patients
in a blinded fashion. Intraclass correlation coefficient and coef-
ficient of variation values suggested acceptable intraobserver
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and interobserver variability and reliability for both global and
component RV metrics (Table | in the Data Supplement).

A 2-sided <0.05 was considered as statistically signifi-
cant. Statistical analysis was performed in R (version 3.6.2, R
Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Of atotal of 462 patients screened, 71 patients (15%) had
echocardiographic images unsuitable for 3DE analysis:
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42 patients due to unavailability of either the RV or the
LV 3DE data sets; 21 patients because of poor acoustic
window; and 8 patients because of irregular rhythm and
stitching artifacts. From the remaining 391, 292 patients
had primary left-sided heart disease, and they formed the
study cohort. The median follow-up time was 7.6 (inter-
quartile range 6.6-8.0) years.

Baseline demographic, clinical, and echocardiographic
characteristics were summarized in Tables 1 and 2. The
main causes of left-sided heart disease in our study cohort
were arterial hypertension (diagnosed in 170 patients,
58.2%), coronary artery disease (132, 45.2%), mitral or
aortic valve disease (>moderate stenosis or regurgitation;
78, 26.7%), and cardiomyopathies (54, 18.4%).

One hundred sixty-three patients (55.8%) had pre-
served LVEF (59.9+5.6%, range 50%—72%), and 129
patients (44.2%) had reduced LVEF (36.4£10.9%,

RV Adaptation to LV Dysfunction

range 5%—49%). Patients from the latter subgroup were
more likely to be diagnosed with coronary artery disease,
dilated cardiomyopathy, diabetes, or dyslipidemia. Signifi-
cant mitral or aortic valve diseases were more frequent in
patients with preserved LVEF (Table 1).

Patients with reduced LVEF also had poorer RV sys-
tolic function compared to the patients with preserved
LVEF (RVEF 42.3+10.0% versus 49.8+6.9%, /A<0.001;
FAC 36.4+10.8% versus 41.7£9.1%, £<0.001; and
TAPSE 18.8£b5.3 mm versus 21.9+£5.2 mm, /0.001,
respectively; Table 2). Accordingly, the prevalence of
reduced RVEF was significantly higher in patients with
reduced LVEF compared with those with preserved LVEF
(45% versus 19%, £<0.001).

LV end-diastolic and end-systolic volumes increased
significantly starting from the early stages of LV sys-
tolic dysfunction while stroke volume dropped (Table 3).

Table 1. Demographic and Clinical Characteristics of Study Samples
Patients with preserved | Patients with reduced
Variable Overall (N=292) LVEF (N=163) LVEF (N=129) P value
Age,y 59+17 59+17 61£17 0.148
Sex, male (%) 203 (69.5) 98 (60.1) 105 (81.4) <0.001
Body surface area, m? 1.821+0.20 1.78+0.20 1.881+0.20 <0.001
BMI, kg/m? 24.913.5 24.5+3.5 25.6+3.5 0.008
Heart rate, bpm 69+16 67t14 71£19 0.027
Systolic blood pressure, mmHg 124+18 128+18 12018 <0.001
Diastolic blood pressure, mmHg 7410 76+10 73+11 0.017
Risk factors
Smoking (%) 105 (36.0) 52 (31.9) 53 (41.1) 0.104
Diabetes (%) 46 (15.7) 18 (11.0) 28 (21.7) 0.013
Dyslipidemia (%) 125 (42.8) 61 (36.7) 64 (49.6) 0.027
Obesity (BMI>30 kg/m?) (%) 23 (7.9) 11 (6.7) 12 (9.3) 0.558
Family history of CAD (%) 72 (24.7) 38 (28.3) 34 (26.4) 0.542
History of atrial fibrillation (%) 48 (16.4) 21 (12.9) 27 (20.9) 0.092
Causes of left-side heart disease
Hypertension (%) 170 (58.2) 94 (57.7) 76 (58.9) 0.837
CAD in total (%) 132 (45.2) 61 (37.4) 71 (565.0) 0.004
Previous CABG (%) 9(3.1) 3(1.8) 6 (4.7) 0.155
Previous PCI (%) 0(13.7) 19 (11.7) 21 (16.3) 0.258
Significant mitral/aortic valve disease (%) 8 (26.7) 60 (36.8) 18 (14.0) <0.001
Mitral valve disease (%) 9 (9.9) 26 (16.0) 3(2.3) <0.001
Aortic valve disease (%) 5 (8.6) 19 (11.7) 6 (4.7) 0.035
Both mitral and aortic valve disease (%) | 3 (1.0) 1(0.6) 2 (1.6) 0.404
Previous MVR and/or AVR (%) 21 (7.2) 14 (8.6) 7 (5.4) 0.294
Cardiomyopathies in total (%) 54 (18.4) 15 (9.2) 39 (30.2) <0.001
Dilated cardiomyopathy (%) 41 (14.0) 3(1.8) 38 (29.5) <0.001
Hypertrophic cardiomyopathy (%) 7 (2.4) 7 (4.3) 0 0.017
Restrictive cardiomyopathy (%) 3(1.0) 3(1.8) 0 0.126
Takotsubo (%) 3(1.0) 2(1.2) 1 (0.8) 0.736

Values are reported as mean£SD or n (%). AVR indicates aortic valve replacement or repair; BMI, body mass index; CABG, coronary artery
bypass grafting; CAD, coronary artery disease; LVEF, left ventricular ejection fraction; MVR, mitral valve replacement or repair; and PCI, percutane-

ous coronary intervention.
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Table 2. Echocardiographic Characteristics of Study Samples

RV Adaptation to LV Dysfunction

Patients with preserved | Patients with reduced

Variable Overall (N=292) LVEF (N=163) LVEF (N=129) P value
LV end-diastolic volume index, mL/m? 87.0+34.2 72.3+21.0 106.1+38.4 <0.001
LV end-systolic volume index, mL/m? 47.1£32.3 29.1+10.1 70.4136.4 <0.001
LV ejection fraction, % 49.5+14.3 59.915.6 36.4%£10.9 <0.001
LV sphericity index 0.44+0.12 0.42+0.1 0.47%0.1 <0.001
LV mass index, g/m? 102.9+£23.7 93.7+£20.3 113.9£22.9 <0.001
2DE LV GLS, % —14.715.1 —17.8%£3.5 —10.6%3.7 <0.001
2DE left atrial volume index, mL/m? 49.8+42.6 49.5+48.3 50.0+35.2 0.935

RV end-diastolic volume index, mL/m? 81.3+22.7 78.4121.2 85.1+24.1 0.011

RV end-systolic volume index, mL/m? 44.2+18.8 39.5+14.7 50.3+21.5 <0.001
RV ejection fraction, % 46.519.2 49.8+6.9 42.3+10.0 <0.001
RV longitudinal ejection fraction, % 18.116.4 20.6+5.8 14.915.6 <0.001
RV radial ejection fraction, % 24,7170 25.716.7 23.417.2 0.006

RV anteroposterior ejection fraction, % 17.5%5.8 19.4%5.3 15.0£5.5 <0.001
RV LEFi 0.38+0.09 0.41£0.09 0.35+0.09 <0.001
RV REFi 0.53+0.10 0.51+£0.10 0.565+0.09 0.001

RV AEFi 0.37%0.08 0.39%0.08 0.35+0.08 <0.001
TAPSE, mm 20.515.5 21.915.2 18.815.3 <0.001
RV FAC, % 39.4%£10.2 41.71£9.1 36.4110.8 <0.001
2DE free-wall longitudinal strain, % —25.246.7 —27.4%5.9 —22.416.7 <0.001
PASP, mmHg* 30.8+12.7 29.7+£12.0 32.4%135 0.085

Values are reported as mean+SD. 2DE indicates two-dimensional echocardiography; AEFi, anteroposterior ejection fraction/total RV EF; FAC,
fractional area change; GLS, global longitudinal strain; LEFi, longitudinal ejection fraction/total RV EF; LV, left ventricular; LVEF, left ventricular
ejection fraction; PASP, pulmonary artery systolic pressure; REFi, radial ejection fraction/total RV EF; RV, right ventricular; and TAPSE, tricuspid

annular plane systolic excursion.
*PASP estimation was feasible in 262 patients (89.7%).

However, RV volumes started increasing significantly
only in patients with moderate LV dysfunction, and the
RV stroke volume dropped significantly in those with
severely reduced LVEF (Table 3 and Figure | in the Data
Supplement).

Different Components of the RVEF in Patients
With Left-Sided Heart Disease

The relative contribution of the radial component to the
total RVEF was significantly higher than that of longitudi-
nal and anteroposterior components both in patients with
preserved LVEF (REFi: 0.56140.10 versus LEFi: 0.41+0.09
versus AEFi: 0.39+0.08; /A<0.001) and reduced LVEF
(REFi: 0.65+0.09 versus LEFi: 0.35+0.09 versus AEFi:
0.35620.08; A<0.001; Figure Il in the Data Supplement).
The relative contribution of the longitudinal and anteropos-
terior components decreased, while radial component con-
tribution further increased in patients with reduced LVEF
compared with those with preserved LVEF (Table 2).

RV LEF and AEF showed moderate correlations
with LVEF (Spearman p: 0.61 and 0.48, respectively,
P<0.001) and with LV global longitudinal strain (—0.60
and —0.51, respectively, <0.001), while the correlations
between RV REF and the same parameters were weak
(0.23, A<<0.001 and —0.14, P=0.032, respectively). RV

Circ Cardiovasc Imaging. 2021;14:e012774. DOI: 10.1161/CIRCIMAGING.121.012774

REF correlated weakly with the 3DE-derived LV sphe-
ricity index (Spearman p: —0.24, A<0.001), while other
components did not. All 3 components demonstrated
weak correlations with pulmonary arterial systolic pres-
sure (Spearman p: LEF —0.27, A/<0.001, REF —0.18,
P=0.003, and AEF —0.33, £<0.001).

Changes in RV Contraction Pattern at Different
Degrees of LV Systolic Dysfunction

When patients were further stratified according to the
degree of LVEF impairment (Table 3), there was a signifi-
cant drop in both RV LEF and AEF, and in their relative
contribution to the total RVEF, starting from the earlier
stages of LV dysfunction (Figure 2A and 2B). However, in
patients with mildly and moderately reduced LVEF, there
was a significant increase in the radial RV component:
REFi increased from 0.51 (0.44-0.58) in patients with
normal LVEF to 0.55 (0.48-0.61; P=0.012) in those with
mild LV dysfunction, and to 0.56 (0.48-0.63; ~=0.031)
in those with moderate LV dysfunction (Figure 2A and
2B). As a result, total RVEF remained normal in patients
with normal, mildly, and moderately reduced LVEF (RVEF
50% [46%—-54%)], 47% [44%—-52%], and 46% [42%—
49%], respectively; Figure 2C). Conversely, in patients
with severely reduced LVEF, a significant reduction in
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Table 3. Echocardiographic Characteristics of Patients Stratified According to LVEF

RV Adaptation to LV Dysfunction

LVEF >50% LVEF 40%-49.9% LVEF 30%-39.9% LVEF<30%

Parameter (N=163) (N=59) (N=36) (N=34) Overall P value
LV end-diastolic volume index, mL/m? 71.8+£21.9 83.5+19.9* 109.0+£29.2*t 140.1+£43.9*t+ <0.001
LV end-systolic volume index, mL/m? 29.0+10.4 45.6%11.8* 70.2+19.6*t 112.0£39.5%t% <0.001
LV stroke volume index, mL/m? 42.9+13.1 36.1+11.9* 37.7+11.1* 28.3+8.9*t* <0.001
LVEF, % 59.9+5.6 45.7+2.6* 35.81+2.9* 21.0+6.0*t* <0.001
RV end-diastolic volume index, mL/m? 78.3+21.2 74.4+175 85.5+21.6*t 103.0+26.6*t# <0.001
RV end-systolic volume index, mL/m? 39.4%14.7 39.2+10.6 48.3+£16.7* 71.6124.7*t+ <0.001
RV stroke volume index, mL/m? 38.5+10.2 35.3+9.0* 37.3+10.6 31.6+8.7*t# 0.001
RVEF, % 50.0+6.9 47.4+5.3* 44.2+8.6* 31.9+9.7*t# <0.001
RVEF<45 (%) 31 (19.0) 17 (28.8) 12 (33.3) 29 (85.3)*t+ <0.001
RV LEF, % 20.6%5.8 17.2+4.3* 15.8+5.6* 10.1+4.6*t# <0.001
RV REF, % 25.716.7 26.2+5.6 24.316.9 17.6+£6.8*t+ <0.001
RV AEF, % 19.41£5.3 17.6+4.5* 15.414.3* 10.0£5.0*+# <0.001
RV LEFi 0.41%0.09 0.36+0.08* 0.35%+0.09* 0.32+0.09* <0.001
RV REFi 0.51%+0.10 0.55+0.09* 0.55%0.10 0.55%0.10 0.013
RV AEFi 0.39+0.08 0.37+0.07 0.35%0.06* 0.30%0.08*1% <0.001
TAPSE, mm 21.915.3 20.5+5.1* 19.2+4.6* 15.3+4.7*t# <0.001
FAC, % 41.7+9.1 42.1+£6.5 37.9+9.7*t 25.119.2*t# <0.001
2DE free-wall longitudinal strain, % —27.415.9 —24.615.7* —23.5+5.6* —17.31£6.8*t* <0.001
PASP, mmHg 29.7£12.0 28.5+9.2 31.1£14.0 40.3+15.9*tF 0.005

Values are reported as mean+SD or n (%). 2DE indicates two-dimensional echocardiography; AEF, anteroposterior ejection fraction; AEFi, anteroposterior ejec-
tion fraction/total RV EF; EF, ejection fraction; FAC, fractional area change; LEF, longitudinal ejection fraction; LEFi, longitudinal ejection fraction/total RV EF; LV, left
ventricular; PASP, pulmonary artery systolic pressure; REF, radial ejection fraction; REFi, radial ejection fraction/total RV EF; RV, right ventricular; and TAPSE, tricuspid

annular plane systolic excursion.
*P<0.05 vs LVEF=50%.
tP<0.05 vs LVEF 40%—-49.9%.
#P<0.05 vs LVEF 30%-39.9%.

all RVEF components was observed, which ultimately
led to a decrease of the total RVEF (30% [25%—-39%)];
P<0.001; Figure 2C and Table 3). Similar trends could
be observed when the subgroups of patients with coro-
nary artery disease or dilated and hypertrophic cardiomy-
opathy were assessed separately (Tables Il and Ill in the
Data Supplement).

Prognostic Value of the Different Components
of RV Mechanics

In our cohort, 107 patients (37%) met the composite
end point: 76 patients were hospitalized due to heart fail-
ure, and 31 patients died due to cardiac cause (these
patients were not hospitalized for heart failure during the
follow-up period). Out of the 76 patients who were hospi-
talized for heart failure, 29 died due to cardiac cause dur-
ing the follow-up period. Patients with adverse outcomes
were older and more likely diagnosed with diabetes or
atrial fibrillation compared to patients who remained
free of events. RV functional parameters were all sig-
nificantly decreased except for the relative contribution
of radial shortening (REFi; Table IV in the Data Supple-
ment). Results of the univariable Cox proportional haz-
ards regression analysis are summarized in Table V in the
Data Supplement. Multivariable Cox regression models

Circ Cardiovasc Imaging. 2021;14:e012774. DOI: 10.1161/CIRCIMAGING.121.012774

were built, including significant demographic and medical
history parameters, LVEF, and RV measures (RV param-
eters were added one-by-one to the models to avoid
collinearity). In multivariable models including LVEF, age,
diabetic status, history of atrial fibrillation, cardiomyopa-
thies, and valvular heart diseases as etiological factors,
several RV morphological, and functional measurements
(including RVEF, LEF, AEF, and AEFi) were found to
be independently associated with adverse outcomes
(Table 4 and Tables VI through X in the Data Supple-
ment). In the receiver operating characteristic analysis,
RV AEF exhibited the highest area under the curve value
compared with the other RV functional measures (Fig-
ure 3 and Table Xl in the Data Supplement).

We further investigated patients with normal RV func-
tion (RVEF>45%, N=202). Fifty-three patients met the
composite end point: 37 patients were hospitalized due
to heart failure, and 16 patients died due to cardiac cause
(these patients were not hospitalized for heart failure
during the follow-up period). Out of the 37 patients who
were hospitalized for heart failure, 7 died due to cardiac
cause during the follow-up period. Patients who experi-
enced adverse outcomes were older, more likely to have
diabetes or history of atrial fibrillation, had larger LV and
left atrial volumes, and lower LVEF than patients who did
not (Table Xl in the Data Supplement). RV end-diastolic
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Figure 2. Comparison of right ventricular (RV) longitudinal, radial, and anteroposterior ejection fractions (LEF, REF, and AEF,
respectively) and their relative contributions at different stages of left ventricular (LV) dysfunction.

A, Longitudinal (red line) and anteroposterior (purple line) ejection fraction (EF) values are decreasing continuously and parallel with the
decrease of LVEF. However, REF (orange line) is even increasing in mild and moderately decreased stages of LV dysfunction but drops
significantly below LVEF of 30%. B, The relative contributions show similar phenomena, with REF being the dominant contributor to RVEF
even in severe LV dysfunction. C, In our cohort, total RVEF remained preserved (>45%) in patients with mild and moderate LV dysfunction but
decreased significantly below LVEF of 30%, which is clearly attributable to the drop in REF values at this stage. Dotted line demonstrates a
cutoff value of RVEF 450%. Data are presented as median and interquartile range. AEFi indicates anteroposterior ejection fraction indexed to

total right ventricular ejection fraction; LEFi, longitudinal ejection fraction indexed to total right ventricular ejection fraction; and REFi radial

ejection fraction indexed to total right ventricular ejection fraction.

volume, RVEF, FAC, and RV free-wall longitudinal strain
did not differ between the 2 groups. Conversely, AEF and
AEFi were significantly lower, whereas REFi was signif-
icantly higher among patients who met the end point.
The latter 3 RV mechanical component measures were
also significantly associated with adverse outcomes by
univariable Cox analysis, while the RVEF was not (Table
Xl in the Data Supplement). In a multivariable Cox
regression model including age, diabetic status, atrial
fibrillation, LVEF and AEFi, AEFi (hazard ratio, 0.960
[95% CI, 0.995-997], P=0.032) was found to be inde-
pendently associated with adverse outcomes in patients
with preserved RVEF besides diabetes and atrial fibrilla-
tion (Table 5). No other RV morphological or functional
parameter was found to be independently associated
with outcome in this model (Tables XIV=XVIII in the Data
Supplement). In the receiver operating characteristic
analysis, AEFi exhibited the highest area under the curve
value (Figure 3 and Table XIX in the Data Supplement).

DISCUSSION

To the best of our knowledge, this is the first study that
used 3DE to investigate the changes of RVEF and RV
contraction patterns at the different grades of LV systolic
dysfunction in patients with left-sided heart disease.

Circ Cardiovasc Imaging. 2021;14:e012774. DOI: 10.1161/CIRCIMAGING.121.012774

Our main findings can be summarized as follows (Fig-
ure 1): (1) in patients with left-sided heart disease, the lon-
gitudinal and anteroposterior components of the RV pump
function were directly related to the LV systolic function,
and decreased significantly even in patients with mild LV
dysfunction; (2) the relative increase in the radial compo-
nent of the RV pump function compensated the decrease
of the RV longitudinal and anteroposterior components to
maintain the total RVEF in patients with mild and moderate
LV dysfunction; (3) in patients with severe LV dysfunction all
the 3 components of the RV pump function were impaired
resulting in a significant reduction of the total RVEF; (4)
3DE-derived RVEF was significantly, and independently
of LV systolic function, associated with a composite out-
come of cardiac death or heart failure hospitalization; and
(5) anteroposterior RV motion component held additional
prognostic value in patients with normal RVEFR.

Pathophysiology of RV Dysfunction in Patients
With Left-Sided Heart Disease

Despite significant embryological, morphological, and
physiological differences, a close relationship exists
between the RV and the LV."® The 2 cardiac chambers
are interdependent as they are nested within the pericar-
dium and share common helical myocardial fibers both
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The variables listed in this table contain no missing values; thus, each model includes data from 292 patients. AEF indicates anteroposterior ejection fraction; AEFi, anteroposterior ejection fraction/total RV EF; HR, hazard ratio;

; and RV, right ventricular.

RV functional parameters were added one-by-one to the multivariable models due to their collinearity.

LV, left ventricular;

LEF, longitudinal ejection fraction;

. 2021;14:e012774. DOI: 10.1161/CIRCIMAGING.121.012774

RV Adaptation to LV Dysfunction

in the septum and across the interventricular groove.''
Approximately 20% to 40% of RV systolic performance
can be attributed to LV contraction.?

Three main mechanisms contribute to the total RV
pump function: shortening of the longitudinal axis with
the traction of the tricuspid valve towards the apex;
inward motion of the RV free wall; and contraction of
the interventricular septum and its bulging into the RV.?
The RV fiber orientation determines these mechanisms:
free wall has predominantly circumferential fibers which
narrow the cavity during systole, while the septal helical
fibers twist and shorten the longitudinal axis of the RV."®

Reduction of LV contractility and stretching of the
septum in patients with left-sided heart disease alter
the helical fiber orientation to >60 degrees, mak-
ing the helix fibers more transverse, thus impairing
the efficiency of the longitudinal contraction.” At the
compensatory stage, the RV increases its transverse
function in relation to the decrease of the longitudinal
shortening.’®'” If the injury persists, the RV transitions
from a compensated to a decompensated phenotype
characterized by myocyte loss and replacement fibro-
sis,'® limiting the free-wall inward motion alongside the
longitudinal function. As the LV becomes progressively
more spherical, the septal fibers become less oblique,
dramatically reducing their mechanical advantage and
further impairing RV contractile function. These mecha-
nisms ultimately lead to clinical RV failure."

Prevalence of the RV Systolic Dysfunction and
Changes in RV Contraction Pattern in Left-
Sided Heart Disease

The prevalence of RV dysfunction in patients with left-
sided heart disease varies widely in different populations,
butits presence is universally associated with poor progno-
sis and increased mortality.! Thus, in a recent retrospective
study involving nearly 1300 patients with RV dysfunction,
the left-sided heart disease was the most common cause
of severe RV dysfunction (46%) and led to increased
mortality: 1- and 5-year survival rates were 61% (95% ClI,
57%—65%) and 33% (95% Cl, 28%-37%), respectively.’

According to a large meta-analysis, the prevalence
of RV dysfunction in patients with heart failure with
reduced LVEF reached 47%, and it was significantly
associated with overall mortality and admissions for
heart failure during follow-up.?® In patients with pre-
served LVEF (HFpEF), RV systolic dysfunction was also
associated with increased morbidity and mortality.’® The
reported 2-year mortality in a cohort of patients with
HFpEF reached 45% in those with RV dysfunction com-
pared with 7% in those without?' The prevalence of RV
dysfunction in patients with HFpEF can exceed 30%,
depending on the methods and cutoff values used for
its assessment.'® A CMR study of patients with HFpEF
reported that RVEF <45% was present in 19.3% of
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Figure 3. Comparison of the discriminatory power of right ventricular ejection fraction (RVEF) vs parameters of anteroposterior
shortening with regards to the composite end point.
A, RVEF vs anteroposterior ejection fraction (AEF) in the entire population; (B) RVEF vs AEFi (AEF/RVEF) in patients with preserved (>45%)

RVEF. Based on the optimal cutoff values of each parameter assessed with the receiver operating characteristic (ROC) analysis, patient

cohorts were dichotomized and their outcomes were visualized on Kaplan-Meier curves. Area under the ROC curve values (with 95% Cls) are

displayed in the right bottom corner of the ROC plots.

patients.?? This was in agreement with our results: the
prevalence of RV systolic dysfunction assessed by 3DE
was 19% in those with preserved LVEF, but it reached
45% in those with reduced LVEF (increasing gradually
from 28% in patients with mild LV dysfunction to 85%
for those with LVEF <300%).

Importantly, the prevalence of RV dysfunction dif-
fers depending on the methodology and the imaging
modalities used to assess it. A meta-analysis of patients
with HFpEF reported RV systolic dysfunction in 31%
assessed by TAPSE, 26% by RV S} and 13% by FAC."® A
more recent study of a similar patients cohort confirmed
that the prevalence of RV systolic dysfunction was the
highest if defined by TAPSE <17 mm (37%), lower if
defined by FAC <35% (26%), and the lowest if defined
by CMR-derived RVEF <45% (10%).® Observed dif-
ferences in the rates of RV dysfunction in patients with
both reduced and preserved LVEF may reflect not only
the well-known limitations of TAPSE and S’ but also
indicate that the reduction of longitudinal RV shortening
(reflected by TAPSE and S') is an earlier process than
the reduction of radial function (partially reflected by

Circ Cardiovasc Imaging. 2021;14:e012774. DOI: 10.1161/CIRCIMAGING.121.012774

FAC and RVEF), and it is present in a larger proportion of
patients with left-sided heart diseases.

In the normal RV, the longitudinal component has long
been considered as the dominant contributor to >50%
of the RV pump function.? Recent studies using more
advanced imaging techniques demonstrated that under
normal conditions, contribution of radial and anteroposte-
rior shortening of the RV to the total RVEF appears equall
to the longitudinal component.?* The postprocessing of
3DE-derived RV models using a vertex-based motion
decomposition enabled the separate quantification and
head-to-head comparison of the different mechanical
components along 3, anatomically relevant orthogonal
axes."" Using this methodology, both the inward (radial)
motion of the free wall (the so-called bellows effect) and
the routinely neglected anteroposterior component can
be evaluated. Contraction of the subepicardial circumfer-
ential fibers contribute to the radial and also the antero-
posterior shortening of the RV, and because of the large
surface of the RV free wall, a relatively limited inward
movement in these directions can result in a significant
stroke volume. Moreover, the anteroposterior shortening
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Table 5. Factors Associated With Cardiac Death and Heart Failure Hospitalization in Patients With

Preserved Right Ventricular Ejection Fraction

Univariable Multivariable

HR [95% Cl] P value HR [95% CI] P value
Age 1.028 [1.009-1.048] 0.004
Diabetes 2.829 [1.512-5.294] 0.001 2.291 [1.197-4.387] 0.012
Atrial fibrillation 2.720 [1.452-5.094] 0.002 2.260 [1.167-4.376] 0.016
LV ejection fraction 0.967 [0.944-0.990] <0.001
AEFi 0.949 [0.915-0.984] 0.004 0.960 [0.925-0.997] 0.032

The variables listed in this table contain no missing values; thus, each model includes data from 202 patients. AEFi indicates anteroposte-
rior ejection fraction/total right ventricular ejection fraction; HR, hazard ratio; and LV, left ventricular.

implies the contribution of the interventricular septum
and the LV, as the circumferential shortening of the LV
mid-layer myofibers stretches the RV free-wall insertion
lines towards each other. Accordingly, the LV function
was found to be a significant and independent predictor
of RV anteroposterior shortening in healthy volunteers.?*

Significant correlations of LEF and AEF with LV sys-
tolic function parameters (ie, LVEF and global longitudinal
strain) shown in our study, confirm this finding. RV radial
component, on the contrary, may be partially explained by
the alterations in LV shape, as demonstrated by the cor-
relation between REF and LV sphericity index. Because
all RV components correlated rather weakly with pulmo-
nary artery systolic pressure, one can speculate that the
mechanisms behind the RV functional adaptation and
remodeling are more complex than just postcapillary
pulmonary hypertension but may be a combination of LV
contractility, LV shape, and RV afterload. Future research
is needed to identify the pathophysiological determinants
of the various RVEF components.

There are no data specifically addressing the changes
in RV contraction pattern at different grades of LV systolic
dysfunction. Our results suggest that the LV remodeling
occurring in left-sided heart disease is associated with
an early and steady reduction in both the RV longitudinal
and anteroposterior components of RV pump function,
compensated by an increase in the RV radial component,
which leads to the maintenance of the total RVEF in
patients with mild and moderate LV systolic dysfunction.
Consequently, in these patients, the RV systolic func-
tion may be underestimated if assessed by parameters
that reflect the longitudinal shortening only (ie, TAPSE,
tricuspid annular systolic velocity). In patients with severe
LV systolic dysfunction, this compensatory mechanism is
lost due to a decrease of the radial RV shortening result-
ing in both the reduction of the total RVEF and the devel-
opment of severe RV systolic dysfunction.

Prognostic Value of RVEF and the Different
Components of RV Pump Function

Our study confirmed the findings derived from simi-
lar cohorts that RVEF is significantly associated with

Circ Cardiovasc Imaging. 2021;14:e012774. DOI: 10.1161/CIRCIMAGING.121.012774

adverse outcomes, independently from LVEF.”?® Impor-
tantly, in patients with normal RVEF, only the antero-
posterior component's relative contribution to total RV
function was significantly and independently associ-
ated with the composite end point of cardiac death and
hospitalization for heart failure, whereas neither RVEF
nor LVEF was.

As mentioned above, the systolic anteroposterior
shortening of the RV is mainly the result of LV circum-
ferential contraction by stretching the RV free-wall
insertion lines.?® Accordingly, the parameters referring
to the anteroposterior component of total RVEF may
be perceived as surrogates of the function of the inter-
ventricular septum and also of the LV contribution to
RV performance. We hypothesize that, in patients with
normal RVEF this additional prognostic value of AEF is
still related to LV dysfunction and deteriorated ventricular
interdependence that could not be sensitively captured
by LVEF either. Relative predictive power of the differ-
ent RV components may vary according to the underlying
pathophysiology. Therefore, further research is warranted
either in cardiac diseases affecting the function of the
interventricular septum (left bundle branch block, septal
myocardial ischemia/infarction, etc) or in conditions with
different RV pressure- and volume-overload profile. Of
note, no conventional 2-dimensional echocardiographic
parameter represents anteroposterior RV motion. There-
fore, our results strongly emphasize the usefulness of 3D
imaging in the thorough characterization of RV function.

Limitations

Several limitations in the current study warrant consid-
eration. First, the study design was cross-sectional, and
the study cohort was referral-based. Our results need to
be confirmed in longitudinal studies designed to assess
the adaptations of the RV function to the changes of
LV function over time and also in specific subgroups
(ie, patients with coronary artery disease, cardiomyopa-
thies, etc) with a larger number of cases. Second, since
the study protocol included the acquisition of 3DE data
sets of the cardiac chambers, only patients with sinus
rhythm, relatively good image quality, and able to tolerate
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breath-holding for at least 4 to 6 cardiac cycles have
been selected. This may have caused a selection bias.
The extent to which the results can be extrapolated to
other patient groups (eg, patients with atrial fibrillation)
is not known. However, latest generation 3DE scanners
have implemented single-beat full-volume acquisitions at
a temporal resolution high enough to allow the quanti-
fication of both the LV and the RV. We did not collect
data about the LV diastolic function, however, our work
was not aimed to assess relationships between diastolic
function parameters and different components of RVEF
but to study the functional adaptation of the RV to differ-
ent degrees of the LV systolic dysfunction.

Finally, we did not assess 3DE volumetric analysis
accuracy with a reference modality (CMR). However, this
study was not designed to validate 3DE volumetric anal-
ysis but assess its prognostic value in the clinical routine.
Good correlations of 3DE-derived RV and LV volumes
and EF with CMR data have been demonstrated previ-
ously, including studies performed by our group.®

Conclusions

In our cohort of patients with left-sided structural heart
disease, the performance of the longitudinal and the
anteroposterior components of the RV systolic function
were rather related to the LV systolic function, and they
decreased significantly according to the degree of LV
dysfunction. The relative increase in the radial component
of the RV systolic function compensated the loss of lon-
gitudinal and anteroposterior RV shortening in patients
with mild and moderate LV dysfunction to maintain total
RVEF. Conversely, the drop in all the 3 components of
RV systolic function resulted in a significant reduction of
total RVEF in patients with severe LV dysfunction.

3DE-derived measurements of RV systolic function
were associated with outcomes in patients with left-sided
heart disease independently of LV function. The separate
quantification of RV mechanical components can hold
additional prognostic value, particularly in patients with
normal RVEF.
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