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Aims Right ventricular (RV) functional assessment is mainly limited to its longitudinal contraction. Dedicated three-dimensional
echocardiography (3DE) software enabled the separate assessment of the non-longitudinal components of RV ejection frac-
tion (EF). The aims of this study were (i) to establish normal values for RV 3D-derived longitudinal, radial, and anteropos-
terior EF (LEF, REF, and AEF, respectively) and their relative contributions to global RVEF, (i) to calculate 3D RV strain
normal values, and (iii) to determine sex-, age-, and race-related differences in these parameters in a large group of normal
subjects (WASE study).

Methods 3DE RV wide-angle datasets from 1043 prospectively enrolled healthy adult subjects were analysed to generate a 3D mesh
and results model of the RV cavity (TomTec). Dedicated software (ReVISION) was used to analyse RV motion along the three main
anatomical planes. The EF values corresponding to each plane were identified as LEF, REF, and AEF. Relative contributions
were determined by dividing each EF component by the global RVEF. RV strain analysis included longitudinal, circumferential,

and global area strains (GLS, GCS, and GAS, respectively). Results were categorized by sex, age (18—40, 41-65, and >65
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years), and race. Absolute REF, AEF, LEF, and global RVEF were higher in women than in men (P < 0.001). With aging, both
sexes exhibited a decline in all components of longitudinal shortening (P < 0.001), which was partially compensated in elderly

women by an increase in radial contraction. Black subjects showed lower RVEF and GAS values compared with white and

Asian subjects of the same sex (P < 0.001), and black men showed significantly higher RV radial but lower longitudinal con-

tributions to global RVEF compared with Asian and white men.

3DE evaluation of the non-longitudinal components of RV contraction provides additional information regarding RV physi-

ology, including sex-, age-, and race-related differences in RV contraction patterns that may prove useful in disease states

involving the right ventricle.
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Introduction

Right ventricular (RV) function has a prognostic role in several cardio-
vascular diseases.™ In clinical practice, RV evaluation is predominantly
performed using transthoracic echocardiography (TTE) and is based on
the interpretation of two-dimensional (2D) measurements such as fol-
lows: basal and mid-ventricular diameters, fractional area change (FAC),
tricuspid annular plane systolic excursion (TAPSE), tissue Doppler tri-
cuspid annular velocity, and RV free-wall strain (RV FWS).

However, the right ventricle has a complex anatomy and an intricate
contraction pattern. Due to the different orientation of its subepicar-
dial (circumferential) and subendocardial (longitudinal) myocardial
fibres,5 RV contraction occurs along the longitudinal, radial, and antero-
posterior directions. As a result, simple 2D echocardiographic (2DE)
techniques might be inadequate to accurately evaluate RV perform-
ance, as they provide information limited to the in-plane components
of motion.

right ventricle o three-dimensional echocardiography e non-longitudinal

Three-dimensional echocardiography (3DE) allows the evaluation of
the entire right ventricle from a single acquisition. Through the gener-
ation, manipulation, and decomposition of 3DE dynamic rendering
models, recently developed software has enabled the separate assess-
ment of the longitudinal and non-longitudinal components of RV func-
tion and the quantification of their relative contributions to global RV
performance.® However, little is known about what these components
look like in the normal population, and therefore, there is no reference
basis to detect abnormalities.

Accordingly, the aims of this study were as follows: (i) to establish
normal values for longitudinal, radial, and anteroposterior components
of RV contraction and determine their relative contributions to global
RV performance in a large group of normal subjects, (ii) to calculate 3D
RV strain normal values, and (jii) to examine sex-, age-, and race-related
differences in these values. To achieve these goals, we used the World
Alliance Societies of Echocardiography (WASE) study population,
which represents the largest collection of normal TTE images.
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Normal values of longitudinal and non-longitudinal RV deformation

Methods
Study design and population

The WASE study rationale was described elsewhere.”® A comprehensive
2D and 3D TTE examination was performed using commercial ultrasound
imaging systems (GE, Philips, and Siemens). Image acquisition followed a
standard protocol established by ASE/EACVI guidelines and data analysed
by WAGSE core laboratories (University of Chicago and MedStar Health
Research Institute).”

Image acquisition and analysis

Wide-angle 3DE RV datasets were acquired with the patient in the left de-
cubitus position over 4-6 cardiac cycles during suspended respiration from
the RV-focused view. Data were digitally stored and analysed offline using
dedicated vendor-independent software (Image Arena; ‘4D RV-Function’,
TOMTEC, Unterschleissheim, Germany), previously validated against car-
diac magnetic resonance (CMR).”'% 3DE datasets were deemed adequate
for analysis if all walls were visible throughout the cardiac cycle and a min-
imum frame rate of 15 volumes/s was achieved.

Auto-segmentation technology with the help of manually identified land-
marks allowed the 3D RV dataset to be displayed in both the long- and
short-axis cut-planes with an initial endocardial border contour suggestion.
End-diastole and end-systole were automatically identified as the time
points at which the RV cavity was the largest and smallest, respectively.
Afterwards, the user could manually adjust the proposed end-diastolic
and end-systolic endocardial contours to optimize dynamic tracking
throughout the cardiac cycle. Once this was completed, the program gen-
erated and rendered a 3D RV surface model.

Decomposition of the RV motion

Figure 1 shows a brief representation of the workflow used for the decom-
position of RV contraction into its three major components.

First, the 3D RV models (formulated as a series of polygon meshes)
were exported throughout the cardiac cycle from the TOMTEC software
into ReVISION software (Right Ventrlcular Separate wall motlon
quantificatiON; Argus Cognitive, Lebanon, New Hampshire).®

To standardize the orientation and decomposition of the RV contraction,
the 3D RV models were aligned to a reference mesh by methodology
described elsewhere'! aiming to define three anatomically relevant,
orthogonal axes of the right ventricle as follows: longitudinal, radial, and
anteroposterior.

Initially, RV end-diastolic volume indexed (EDVi) to body surface area
(BSA) and global RVEF were calculated. Once the relevant axes were

defined, the wall motion of the RV model was decomposed in a vertex-
based manner. This step transformed the original 3D polygon mesh model
into several series of meshes, each corresponding to a decomposition type,
allowing the isolation and independent assessment of the magnitude of lon-
gitudinal, radial, or anteroposterior motions.

By decomposing the model’'s motion along the predefined orthogonal
axes, the software was capable to separately quantify RV volume changes
along each direction using the signed tetrahedron method.® The corre-
sponding EF value for each axis was defined as longitudinal, radial, and
anteroposterior EF (LEF, REF, and AEF, respectively). The relative and indi-
vidual contributions of LEF, REF, and AEF to the global RV performance
were calculated as ratios, dividing each axis EF by the global RVEF (LEF/
RVEF, REF/RVEF, and AEF/RVEF, respectively).

Importantly, the absolute volume change corresponds to the aggregated
contribution of the three motion components. This composition is not
additive, and consequently, the sum of the decomposed volume changes
is not equal to the global RV volume change.'

Finally, 3D RV global longitudinal and circumferential strains (GLS, GCS)
were calculated by the changes in predefined longitudinal and circumferen-
tial contour lengths referenced to the corresponding end-diastolic length.
Briefly, to obtain 3D RV GLS, 45 longitudinally oriented contours were gen-
erated by connecting the apex and predefined vertices of the base through
specific equidistant vertices at the middle section by fitting geodesic lines
(the shortest path between two points on a curved surface). This method
ensures that the longitudes are evenly distributed on the mesh surface.
Ultimately, the quantification of the change in the length of each longitudinal
contour throughout the cardiac cycle allowed the calculation of 3D RV GLS.
For the calculation of 3D RV GCS, the pulmonary and tricuspid annular
planes were excluded. Then, 15 circumferential contours were created
by slicing horizontally the RV mesh model at equal distances along the lon-
gitudinal axis. After generating a set of circumferential contours, the change
in their positions was quantified at later time instants to provide 3D RV
GCS values.

Additionally, 3D RV GAS was defined as the percentage change in the
endocardial area of the 3D models. Figure 2 (Graphical abstract) illustrates
the pathophysiological value of the 3D analysis of the multiple components
of RV contraction.

Statistical analysis

All data are presented as mean + SD. Group differences were evaluated
using ANOVA and unpaired two-tailed Student’s t-tests. Statistical signifi-
cance was defined as P < 0.05. Normal ranges for each parameter were de-
fined as upper and lower limits of normal (ULN and LLN, respectively) using
2.5th and 97.5th percentiles from the relevant group. This is in accordance
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Figure 1 Schematic representation of the workflow used for the decomposition of RV contraction into its three major components.
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Figure 2 Pathophysiological advantages of 3D RV decomposition into longitudinal and non-longitudinal contractile components.

Table 1 Basic anthropometric and demographic data in the total study population and separately in men and women

All subjects

n=1043

Age (years) 468 +16.6
Heart rate (bpm) 64.6 +10.5
Systolic blood pressure (mmHg) 121+74
Diastolic blood pressure (mmHg) 74+9
BSA (m?) 1.78 +0.21
Left ventricular function parameters

LVEF (%) 61+5

LV GLS =212+ 31

LV GCs -31.5+40
Race

Asian 375 (36%)

Black 142 (14%)

White 488 (47%)

Other (mixed and other) 38 (4%)

Men Women P-value
n=>533 n=>510
462 +16.4 474+£16.8 0.245
63.5+103 65.7+10.5 0.001
123 +12 118 +13 0.001
75+8 72+9 0.001
1.89+0.19 1.66+0.17 <0.001
60+5 62+5 0.000
—20.7 + 3.1 -21.8+29 0.000
-31.0+40 -321+39 0.000
206 (39%) 169 (33%) 0.064
69 (13%) 73 (14%) 0.519
235 (44%) 253 (50%) 0.074
23 (4%) 15 (3%) 0.236

Statistically significant P-values are shown in bold characters.

Y, years; bpm, beats per minute; BSA, body surface area; LVEF, left ventricular ejection fraction; LV GLS, left ventricular global longitudinal strain; LV GCS, left ventricular global

circumferential strain.

with the definition of ‘normal’ as falling within 95% of the normal popula-
tion, with the remaining 5% being distributed equally between the two tails,
irrespective of whether the distribution is Gaussian. Pearson or Spearman
correlation tests were applied, as appropriate. In addition, multivariable

linear regression analyses were performed to identify independent associa-
tions with demographic, anthropometric, basic haemodynamic, and left
ventricular (LV) functional parameters. The corresponding values of LV
functional parameters were obtained from a prior WASE publication on
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3D LV function and then matched to each patient included in our study. The
details regarding the acquisition and analysis of 3D LV function were previ-
ously described.” To add race, we dichotomized our cohort accordingly,
analysing white (yes/no), black (yes/no), and Asian (yes/no) races as separate
variables in each model to avoid collinearity.

Results

Out of the initial cohort of 2262 subjects from the WASE study, 2007
had 3D RV datasets in the format suitable for measurement. Of these,
1043 (52%) had adequate image quality. Exclusion criteria were as fol-
lows: (i) low frame rates (<15 volumes/s), (ii) stitch artefact, (iii) exces-
sive drop-out of the anterior RV free wall, and (iv) incomplete data
capture with the lateral free wall or the RV apex being cut-off from
the pyramidal volume. Table 1 shows the basic anthropometric and
demographic data of the study population. Most of the population
was white (47%) followed by Asians (36%). Subjects were divided
into six subgroups according to age and sex as follows: 18—40 years
(234 men, 199 women), 41-65 years (194 men, 197 women), and
>65 years (105 men, 114 women). Corresponding parameters of LV
function were also included in this table. ULN and LLN for global and
direction-specific RV functional parameters are reported in Table 2.

Table 3 shows the 3D RV morphological and functional parameters
of the study population and separated by sex. RVEDVi was significantly
higher in men (P < 0.001). Global RVEF and absolute REF, AEF, and LEF
values were higher in women (P < 0.001). However, the relative contri-
bution of each of the individual components to the global RVEF was
similar in both sexes. While GLS and GAS were significantly higher in
women, GCS showed no differences between sexes.

Table 4 shows the age-related differences in the components of 3D
RV systolic function in both sexes. There were no significant differences
in RVEDVi between age groups. Both sexes exhibited a decline in lon-
gitudinal shortening (i.e. LEF, LEF/RVEF, and GLS, P < 0.001) with in-
creasing age. In women, this reduction in LEF/RVEF led to a lower
global RVEF (P < 0.001), which was incompletely compensated by an in-
crease in REF/RVEF.

BSA and RVEDVi were significantly smaller in Asian compared with
black and white subjects (Table 5). Both black men and women showed
lower RVEF, and GAS values compared with white and Asian subjects
of the same sex (P < 0.001). Black men showed a distinctive RV mech-
anical pattern, consistent of significantly higher REF/RVEF and lower
LEF/RVEF values, when compared with Asian and white men. White
men showed higher LEF/RVEF than both black and Asian men (P <
0.001). These differences in RV contraction patterns across races
were not significant in women.

Correlations between LEF, REF, and AEF and basic demographic,
anthropometric, haemodynamic, and LV functional parameters are
summarized in Supplementary data online, Table S1. 3DE-derived
LVEF correlated weakly with 3D RVEF (r=0.161, P<0.001), LEF
(r=0.112, P=0.001), and AEF (r=0.126, P<0.001). 3D LV GLS
also correlated weakly with 3D RVEF (r=—0.158, P < 0.001), 3D RV
GLS (r=0.166, P<0.001), and LEF (r=-0.238, P <0.001). Results
of multivariable analyses are shown in Supplementary data online,
Tables S2-S4. Beyond age, sex, and LVEF, white and black races were
independent predictors of LEF, whereas sex, LVEF, and white and black
races were independent predictors of AEF.

Discussion

The main findings of this study are as follows: (i) smaller RVEDVi and
higher RVEF values, with significantly higher GLS and GAS contributions
in women compared with men; (i) significant decrease in global RVEF in
older subjects of both sexes, mainly driven by a reduction in the longi-
tudinal component of contraction; (iii) only in women, this reduction of

Table 2 Upper and lower limits of normality for the novel RV

parameters in men and women

All subjects
n=1043

Men
n=533

Women
n=510

RVEDVi (ml)
RVEF (%)
RV GCS
RV GLS
RV GAS
REF (%)
REF/RVEF
AEF (%)
AEF/RVEF
LEF (%)
LEF/RVEF

LLN to ULN
43.7 to 123.1
44.7 to 67.1
—-134to =313
—-13.2to -27.4
—28.4 to —48.9
15.3 to 42.7
0.30t0 0.73
14.1 to 37.2
0.28 to 0.61
11.1t0 334
0.22 to 0.56

LLN to ULN
479 to 1325
44.1 to 65.7
-13.9to -30.9
—13.4to —26.9
—28.5to —47.6
15.0to 41.8
0.29 t0 0.73
13.7 to 353
0.28 to 0.60
11.7 to 317
0.23 to 0.55

LLN to ULN
41.7 to 110.6
45.8 to 68.6
—128to =316
—-12.5to =279
—28.4 to —49.6
15.7 to 431
0.30t0 0.73
142to 378
0.28 to 0.61
11.0 to 35.0
0.22 to 0.57

M, millilitres; LLN, lower limit normal (2.5th percentile); ULN, upper limit normal
(97.5th percentile); RVEDVi, right ventricular end-diastolic volume index; RVEF, right
ventricular ejection fraction; RV GCS, right ventricular global circumferential strain;
RV GLS, right ventricular global longitudinal strain; RV GAS, right ventricular global
area strain; REF, radial ejection fraction; AEF, anteroposterior ejection fraction; LEF,
longitudinal ejection fraction.

Table 3 Sex-related differences in 3D RV morphological and
functional parameters

All subjects Men Women P- value
n=1043 n=>533 n=>510
RVEDVi 764+202 822+214 705+169 <0.001
(ml)
RVEF (%) 555+58 545+54 565+60 <0.001
RV GCS -221+45 -219+43 -223+48 0.175
RV GLS -19.7+37 -194+35 -201+39 0.008
RV GAS -38.0+52 -373+48 -386+56 <0.001
REF (%) 290+70 283+6.7 297 +7.1 0.001
REF/RVEF 0.52+0.11 052+0.11 0.53+0.11 0.284
AEF (%) 254+59 247 +£57 261+61  <0.001
AEF/RVEF 0.45+0.08 045+008 046+0.08 0.188
LEF (%) 216 £57 21.0+52 223+60 <0.001
LEF/RVEF 0.39 +0.09 038+008  0.39+0.09 0.144

Statistically significant P-values are shown in bold characters.

MI, millilitres; RVEDVi, right ventricular end-diastolic volume index; RVEF, right
ventricular ejection fraction; RV GCS, right ventricular global circumferential strain;
RV GLS, right ventricular global longitudinal strain; RV GAS, right ventricular global
area strain; REF, radial ejection fraction; AEF, anteroposterior ejection fraction; LEF,
longitudinal ejection fraction.

RVEF with increasing age is partially compensated by an increase in REF;
and (iv) while black subjects have significantly higher radial and lower
longitudinal contributions to global RVEF, white men have higher values
of longitudinal and anteroposterior components.
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Table 4 Age-related differences in 3D RV morphological and functional parameters

18-40 years
n=234

P-ANOVA

18-40 years
n=199

Women (n=510)

41-65 years
n=197

>65 years
n=114

RVEDVi (ml)
RVEF (%)
RV GCS
RV GLS
RV GAS
REF (%)
REF/RVEF
AEF (%)
AEF/RVEF
LEF (%)
LEF/RVEF

834+194
54755
-220x+44
—20.0 + 3.4%%*
—37.7 £ 4.8%%*
281+68
051+0.11
246+56
0.45+0.1
21.8 & 5.1%%*
0.40 + 0.1%**

*

Men (n=533)

41-65 years >65 years
n=194 n=105
80.6 +21.9 82.3+243

547 +54 53.5+5.1
-220+46 -218+35
—195+£36% _182+34""
—37.6+4.9%% 360442

285+70 286+63
0.52+0.11 0.53+0.10
250+58 244+56

0.45 +0.09 0.45+ 0.1

212£53% 18949

039 +£0.1%*  035+01""

711 +17.0
56.9 + 5.9%k*
-224+50
-209+39
—39.4 4 5.6%%*
287727
0.50 +0.11
263+62
0.46 +0.09
23.5 4 6.1%k%
041+ 0.09™™

HoK Kokok

ok kK

700165
57.1 4 5.9%%x
-225+47
-20.1+38
—38.9 + 5.4%K%
305 +7.2%
053+0.11%
265+59
046 +0.1
22.5 & 5.5%%x
039+0.1"""

* Hokok

700+17.3
550+ 61"
-218+46

* fok

-186+37"
—-368+55"
304 + 6.6*
0.55 +0.1%
250+ 6.2
0.45+0.1
19.8+6.1

036+0.1

* ok

* ok

Statistically significant P-values are shown in bold characters.
Y ,years; ml, millilitres; ANOVA, analysis of variance; RVEDVi, right ventricular end-diastolic volume index; RVEF, right ventricular ejection fraction; RV GCS, right ventricular global
circumferential strain; RV GLS, right ventricular global longitudinal strain; RV GAS, right ventricular global area strain; REF, radial ejection fraction; AEF, anteroposterior ejection
fraction; LEF, longitudinal ejection fraction.
*P < 0.05 vs. 18—40-year age group.

#4P < 0.05 vs. 41-65-year age group.
P <0.05 vs. >65 years age group.

Table 5 Race-related differences in 3D RV morphological and functional parameters

Men (n=

510)

Women (n

=495)

RVEDVi
(ml)
RVEF (%)

RV GCS
RV GLS
RV GAS
REF (%)
REF/RVEF
AEF (%)
AEF/RVEF
LEF (%)
LEF/RVEF

Hok Hokok

85.7 +21.6
554+ 597"
—22.4 & 44Kk
—202+ 3.5
—383+50
281+71
0.50 + 0.11%*
25.5 + 5.8%*
0.46 + 0.08%*
223+ 527
0.40 +0.08

Kok ok

HoK Kokok

* Fokok

95.5+23.7
524+ 455
—214+ 41
—182 +3.3%
—-352+£42°"
29.1+57
0.55 +0.09
225 +49%
0.43 + 0.08*
180 + 4.8
0.34+0.08

* Hokok

* Hkok

S Kk

744 17"

542+50
-21.5+42
-191+35
-370+45
283+67

0.52 +£0.11%*

246 +£57
045+0.9
206 £4.9
0.38+0.1

* Kok

*
*

* ok

*%

* Kk

* KK

<0.001
0.034
<0.001
<0.001
0.598
0.004
0.001
0.046
<0.001
<0.001

S Kk

709 +16.7"

572 + 6.1%*
—225+47
-20.1+4.0
—38.7 £ 5.6%*

303+75

0.53+0.11
263+6.1

0.46 +0.08

22.8 + 6.1%*

0.40 +0.09

* Kook

812+168

549 + 5.1%
-221+46
-192+38
—371+50

293+ 64

0.53+0.10

249+48

0.45 + 0.07

203 +57°"

0.37 £0.09

* Kokok

* Ho

657 +16"

56.2+6.1
-221+541
-203+39
—39.0 £ 5.8%*
293+70
0.52+0.11
262+67
0.46 +0.09
223 + 6.1%%
0.39 +£0.09

0.010
0.627
0.119
0.036
0.261

0.656
0.221

0.706
0.011
0.087

Statistically significant P-values are shown in bold characters.
MI, millilitres; ANOVA, analysis of variance; RVEDVi, right ventricular end-diastolic volume index; RVEF, right ventricular ejection fraction; RV GCS, right ventricular global circumferential
strain; RV GLS, right ventricular global longitudinal strain; RV GAS, right ventricular global area strain; REF, radial ejection fraction; AEF, anteroposterior ejection fraction; LEF, longitudinal

ejection fraction.

*P < 0.05 vs. 18—40-year age group.
**P < 0.05 vs. 41-65-year age group.
P < 0.05 vs. >65 years age group.
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Normal values of longitudinal and non-longitudinal RV deformation

Rationale for the evaluation of
non-longitudinal components of

RV contraction

The RV myo-architecture and contraction are extremely complex.
While the septum is characterized by oblique longitudinal and spiral fi-
bres, the RV free wall contains predominantly transversal myofibres.'*
Due to this unique spatial anatomical disposition of myofibres, RV con-
traction is the result of the combination of three distinctive contractile
patterns i.e. shortening along the longitudinal axis, radial contraction of
the free wall (‘bellows effect’), and anteroposterior shortening as a re-
sult of LV contraction.

However, all 2DE techniques used for the evaluation of RV contrac-
tion provide information on regional, rather than global RV function.
2DE RV FWS has the advantage of being a more sensitive indicator
of subclinical impairment of RV contraction than conventional 2DE
measurements.” ' >1® Nevertheless, it has been reported that in situa-
tions where RV function is not predominantly affected by reduced lon-
gitudinal contraction or where global RV function remains preserved
despite decreased longitudinal motion, the sole use of 2DE RV FWS
might be insufficient to characterize RV systolic function.'”®

3DE assessment of RV volumes, EF, and GLS are feasible and repro-
ducible' and provide additional prognostic information in diverse car-
diac conditions.?®?’ Moreover, constant advances and development of
matrix-array transducers with higher spatial and temporal resolutions
made possible the development of dedicated software for 3DE decon-
struction of RV contraction into its motion components. The software
used in our study has previously shown excellent intra- and inter-
observer reproducibility as well as a robust correlation with currently
available echocardiographic software and a modest correlation with
CMR,""2 mainly explained by the single centre, and observational char-
acteristics of the studies where these correlations were evaluated.

Evidence about the clinical utility of
the different components of RV

systolic function

The prognostic value of the parameters included in our study has been
described by Kitano et al.??, who showed that 3D RV GCS, GLS, and
GAS were associated with cardiac death, ventricular tachyarrhythmia,
or heart failure hospitalization in patients with diverse cardiac diseases.
Moreover, these findings persisted after adjusting for factors like age,
renal function, LVEF, and average mitral E/e’. Kaplan—Meier analysis
showed that median values of 3D RV GCS, GLS, and GAS accurately
stratified these patients by survival rates.?? Interestingly, 3D RV GAS
was shown to be a better prognosticator than RV GLS or GCS, most
likely due to the fact that the information provided by GAS corre-
sponds to a multiplanar evaluation of RV contraction and is not limited
to either longitudinal or circumferential motion.”> Tolvaj et al.*® have
described the association between reduced RV GCS and increased
risk of all-cause mortality, even in scenarios where LV GLS is preserved.
Importantly, it is paramount to understand that the RV adaptive
mechanisms vary according to the underlying pathophysiological
process, and therefore, such detailed assessment has allowed the
identification of distinctive RV mechanical adaptations in different
populations,”??*2¢ including heart transplant recipients,®” congenital
cardiomyopathies,”® and elite athletes.*’

In patients with mildly and moderately reduced LVEF, Surkova et al.
demonstrated that despite initially reduced LEF and AEF, REF increased,
thus maintaining global RV performance. Once the contribution of REF
decreased, global RVEF became severely reduced.*® In patients with
preserved RVEF (>45%), the AEF component has shown to be a signifi-
cant and independent predictor of outcome after a median of 6.7 years
follow-up.>® Moreover, in a meta-analysis of more than 1900 patients,

Sayour et al.>" have demonstrated that 3D RVEF has a stronger associ-
ation with adverse cardiopulmonary outcomes than conventional 2DE
RV functional indices, namely TAPSE, FAC, and RV FWS. These findings
question the clinical usefulness of those conventional RV functional
parameters that refer exclusively to longitudinal shortening and high-
light the importance of a multiparametric or 3D-based assessment.
Detecting the functional decrease at other motion directions could
aid to identify early dysfunction markers in specific disease states and
may support a better monitoring and therapeutic decision making.

Timely diagnosis and appropriate risk stratification of patients with
severe mitral regurgitation (MR) represent a major clinical need.>
Interestingly, Tokodi et al. reported that in patients with severe primary
MR and RVEF > 45%, there was an initial reduction in REF and a
predominant contribution of LEF to the global RV contraction.
However, in the immediate post-operative period, this contractile RV
pattern inverted, and REF prevailed over LEF. Interestingly, after 6
months, the contribution of both components had equalized.?®

These reports reinforce the notion that the impact of ventricular
interdependence and the different haemodynamic conditions on RV
systolic function might be overlooked, if the evaluation of RV contrac-
tion is only performed using conventional parameters of longitudinal
shortening. The question whether these changes in RV contraction
patterns might be useful as surrogates of early RV dysfunction and
represent additional criteria for intervention will require further pro-
spective research in patients with specific pathologies.

Contributions of the current study

Although Lakatos et al. have previously described the contribution of
non-longitudinal components of RV contraction,"” our study broadens
this analysis to the larger, multicentric, and multiethnic WASE cohort,
yielding a more statistically sound assessment of the influence of sex,
age, and race on these parameters. The LLN and ULN values for 3D
RVEDVi and RVEF provided by our study are similar to those reported
by the two largest studies of 3DE normative values of this chamber. 3334

Current clinical practice lacks RV functional parameters that re-
present the non-longitudinal shortening of this chamber. The results
of our study expand the evidence provided by previous reports, show-
ing that REF and AEF have similar contributions to that of LEF to global
RV contraction, and that these components should not be neglected
when evaluating RV function.'” We showed that RV contraction pat-
tern is independently associated with age, sex, and race, highlighting
that the established changes across the different subgroups are not
just due to anthropometric or basic haemodynamic differences. The
magnitudes of longitudinal and anteroposterior shortening are coupled
with LV function; however, radial shortening is not. This observation is
in line with the findings of Surkova et al*° who showed that these
mechanical directions deteriorate in parallel with LV systolic
dysfunction.

Our findings agree with those reported in the 2D RV systolic func-
tion analysis on the WASE population, which have shown that RV di-
mensions were larger in men and 2D RV functional parameters were
larger in women.*> Age-related changes in these 2D parameters
were not uniform,* and previous studies using 3DE assessment of
RV systolic function have also noted that age is weakly correlated
with RVEF.*? Notably, we were able to identify an age-related reduc-
tion in the longitudinal components of RV contraction in both sexes
and a characteristic increase in radial RV contraction in women with
age. These observations might be related to an age-related increase
in pulmonary pressures and consequent changes in RV myofibre archi-
tecture. A preserved RVEF does not preclude changes in individual RV
contractile components, and the role of REF as an early marker of ele-
vated pulmonary pressures has already been proposed.'”” Muraru
et al.>® have identified LV GLS and pulmonary pressures as independent
predictors of RV longitudinal performance, suggesting that the
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assessment of the RV adaptation to increased afterload should not be
limited to the RV free wall. Accordingly, our findings emphasize that the
evaluation of RV systolic function in individuals > 65 years should not be
restricted to its longitudinal motion.

Although noticeable differences in 3D RV volumes and EF across eth-
nic groups have been recently identified,>* to our knowledge, this is the
first study describing distinctive RV contractile patterns in black and
white men, which had been previously overlooked when only using
2DE parameters.®®

Limitations

The feasibility of 3D RV analysis in the WASE cohort was slightly above
50%.3* It must be acknowledged that 3DE acquisitions of the right ven-
tricle are technically demanding, requiring a high level of expertise. Low
accuracy of automated measurements in right ventricles of different
geometry and image quality should also be considered.*”>®
Furthermore, in our study, there was a relative under-representation
of black subjects and individuals from the older age group.

Conclusion

Mechanical adaptations of the right ventricle are complex and are often
not restricted to its longitudinal motion. The clinical and prognostic util-
ity of the different components of 3DE RV function has been previously
reported. Our results expand the evidence on physiological contribu-
tions of longitudinal and non-longitudinal RV contraction and the pres-
ence of sex-, age-, and race-related differences in these components.
These findings might be useful in considering both physiological and
pathological states involving the right ventricle.

Supplementary data

Supplementary data are available at European Heart Journal -
Cardiovascular Imaging online.
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