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Background: Right ventricular (RV) function is recognized as an important prognostic factor in adult congenital
heart disease (ACHD). The accuracy of established parameters including tricuspid annular plane systolic excur-
sion (TAPSE), RV fractional area change (RVFAC) and tissue Doppler imaging (TDI S′) is limited as only a small
RV region is reflected. We previously introduced a novel four-view approach with different RV walls visualized
from one apical view using electronic plane rotation, also known as iRotate.
Aim: To evaluate the entire RV function using electronic plane rotation echocardiography within the spectrum of
ACHD compared with healthy subjects.
Methods and results:One hundred and forty-two ACHD patients were recruited from the outpatient clinic and 89
healthy subjects. All subjects underwent a transthoracic echocardiogram with evaluation of TAPSE, TDI S′ and
peak systolic longitudinal RV strain (RV-LS) from all RV walls using the four-view electronic plane rotation
model. With exception of TDI S′ in inferior coronal view, all parameters were lower in ACHD vs healthy subjects
(p< 0.001). Within the ACHD patients, RV strain was lower in anterior (−15.9 ± 4.9) and inferior coronal view
(−15.1± 4.5) versus lateral (−17.6± 5.0) and inferior wall (−17.2± 4.7) (p< 0.05). RV-LS values of systemic
RV were lower (p < 0.05), but no difference was observed between subpulmonic RV loading conditions.
Conclusion: The four-view electronic plane rotation model represents a reproducible, easily applicable and com-
plete RV assessment in daily practice. RV function is significantly decreased in the ACHD group using both re-
gional and global assessment parameters. Complete RV strain analysis reveals regional differences.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Life-long evaluation and protection of the right ventricle (RV) has
proven to be a cornerstone in CHD prognosis [1–3]. Preventing RV fail-
ure is now a major goal in congenital heart disease patients, similar to
patients with heart failure with preserved ejection fraction (HFpEF)
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and pulmonary arterial hypertension [4]. Depending on the nature of
the congenital abnormality, the RV may be exposed to severe pressure
and/or volume overload. Echocardiographic imaging and assessment
of RV parameters plays an essential role in the evaluation and manage-
ment of these patients. Arroyo-Rodriguez and colleagues illustrated in
patients with repaired Tetralogy of Fallot that RV strain predicts func-
tional capacity [5]. However, the accuracy of established parameters as
tricuspid annular plane systolic excursion (TAPSE), right ventricular
fractional area change (RVFAC) and tissue Doppler imaging (TDI S′)
are limited as the parameters reflect only a small region of the RV. Re-
cent advances in speckle tracking imaging allows segmental functional
analysis along the long axis. We previously introduced a novel four-
view approach with different RV walls visualized in their long axis
from one apical view using 2D-transthoracic echocardiographic (TTE)
electronic plane rotation (iRotate) mode [6]. In healthy subjects, this
technique has proven to be easily applicable and to allow fast and repro-
ducible assessment of regional and global RV function.
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The aim of this study is to extensive evaluate the entire RV function
using electronic plane rotation echocardiography in a whole spectrum
of ACHD patients in comparison with healthy subjects.

2. Methods

2.1. Study population

One hundred and fifty-eight adult congenital heart disease (ACHD)
patients in New York Heart Association (NYHA) Class I or II were pro-
spectively recruited from the outpatient clinic of a tertiary center be-
tween 2014 and 2017. In total 16 patients were excluded for poor
image quality or inability to visualize the right ventricle. The remaining
142 ACHD patients (Table 1) were included to evaluate RV function
using the novel four-view approach as described before [6].

Eighty-nine healthy subjects (aged 35 years (range 20–49 years),
49%male)were prospectively included based on normal physical exam-
ination and electrocardiography (ECG). Subjects were excluded when
they met any of the following criteria: professional athletes, morbidly
obese subjects (BMI>40 kg/m2), cardiovascular disease, present cardio-
vascular risk factors or presence of systemic disease.

The study was carried out according to the principles of the Declara-
tion of Helsinki and approved by the local medical ethics committee.
Written informed consent was obtained from all subjects.

2.2. Echocardiography acquisition

All echocardiographic exams were executed by the same experi-
enced sonographer (JSM) [6,7]. A standard 2D transthoracic echocardio-
gram was performed in the left lateral decubitus position, with
harmonic imaging using an iE33 or EPIQ7 ultrasound system (Philips
Medical Systems, Best, the Netherlands) equipped with an X5–1
matrix-array transducer (composed of 3040 elements with 1–5 MHz).
In addition, 4 additional RV views were acquired using electronic
plane rotation mode. A focused, non-foreshortened RV view with the
RV apex - interventricular septum (IVS) centered along or as near to
the midline of the imaging sector as possible showing the lateral RV
Table 1
Study population characteristics by loading condition.

Total ACHD
(n = 142)

No pressure or volume
overload
(n = 27)

Pressure
(n = 16)

Characteristics
Age (years) 32.0 ± 11.2 29.1 ± 9.7 33.9 ± 10.0
Gender (male) 87 (61.3) 14 (51.9) 10 (62.5)
Height (m) 174.8

± 10.2
175.9 ± 10.3 174.4 ± 11.4

Weight (kg) 71.9 ± 12.9 73.3 ± 14.3 74.8 ± 17.1
BSA (cm2) 1.9 ± 0.5 2.1 ± 1.1 1.9 ± 0.2
Sinus rhythm 128 (82.1) 25 (96.2) 15 (93.8)
Echo parameters
RV basal dimension (mm) 48.3 ± 9.0 41.3 ± 8.4 49.9 ± 8.9* *

RV length dimension
(mm)

89.9 ± 9.2 84.8 ± 8.2 94.3 ± 11.4*

FAC (%) 32.0 ± 9.7 31.8 ± 8.5* ⱡ 29.5 ± 11.0*
TAPSE (mm) 17.7 ± 5.3 17.1 ± 5.0* 15.7 ± 3.5*
TDI S′ (cm/s) 10.9 ± 3.3 10.6 ± 2.8* 10.3 ± 3.0*
Loading parameters
TR vel. (m/s) 3.1 ± 0.9 2.4 ± 0.2 ⱡ 3.3 ± 0.5 **
Est. RAP (mmHg) 5.9 ± 3.0 5.6 ± 2.1 5.6 ± 2.4
Est. sPAP (mmHg) 46.3 ± 24.5 29.0 ± 4.9 ⱡ 49.1 ± 14.2

ⱡ
≥Mod TR 26 (18.3) 0 (0) 0 (0)
≥Mod PR 48 (33.8) 0 (0) 0 (0)
≥Mod PS 6 (4.2) 0 (0) 1 (6.3)

Data expressed as Mean ± SD or n (%). p < 0.05 vs * Controls; vs ** No pressure or volume ov
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wall (4C, 0°). From this position, the following images were acquired
using electronic plane rotation and identification of anatomic land-
marks: the coronary sinus view (CS ± +40°) showing the anterior RV
wall; the aortic view (Ao ± −40°) showing the RV inferior wall and
lastly the coronal view (CV ± −90°) showing the RV outflow tract
(RVOT) anterior wall and inferior wall of the RV (Fig. 1). All images
were acquired at frame rates of at least 50 frames/s in order for longitu-
dinal strain analysis to be performed.
2.3. Echocardiographic measurements

Right ventricular linear dimensions were measured in the standard
focused RV view according to the 2015 guidelines on chamber quantifi-
cation [8]. RV FAC (calculated as end-diastolic area− end-systolic area/
end-diastolic area × 100) was also measured in this view. TAPSE (mea-
sured with 2D echocardiography-guided M-mode) and TDI-S′were re-
corded in all four RV views. TAPSE and TDI-S′ parameters were deemed
feasible to measure if the respective M-mode or tissue Doppler tracing
was of adequate quality for the measurement to be performed
accurately. In addition to the values from the individual RV walls, a
multi-wall average was calculated when at least three walls from one
individual were feasible to measure.

The four RV datasets were digitally exported to a TomTec server
(TomTec Imaging Systems, Munich, Germany). Data analysis was per-
formed offline by one independent observer (DB), using DICOM
greyscale images.

To assess peak systolic global longitudinal RV strain (RV-LS) an RV
algorithm wall motion tracking software was used (2D CPA, Image-
Arena version 4.6; TomTec Imaging Systems). The endocardial border
of the RV free wall and septum were manually traced at end systole
and adjusted accordingly in enddiastole if required. Thiswas performed
in each of the four electronic plane rotation views, details previously de-
scribed. The software produced a single segment strain value for the RV
free wall, a second for the septum and a global average. Ameasurement
was considered feasible if all portions of the RV free wall tracked accu-
rately throughout the cardiac cycle. In cases where tracking was not ac-
curate, attempts were made to re-adjust the endocardial tracing. RV
Volume
(n = 38)

P + V
(n = 31)

Systemic RV
(n = 30)

Healthy
Controls
(n = 89)

P-Value

30.6 ± 12.6 32.9 ± 13.2 32.8 ± 6.4 34.9 ± 7.8 0.082
19 (50.0) 19 (61.3) 23 (76.7) 44 (49.4) 0.150
172.7 ± 8.5 174.8 ± 12.9 176.4 ± 7.5 175.5 ± 9.5 0.668

70.7 ± 10.4 70.2 ± 14.5 72.4 ± 9.8 72.8 ± 12.7 0.826
1.8 ± 0.2 1.8 ± 0.2 1.9 ± 0.2 1.9 ± 0.2 0.169
35 (92.1) 29 (93.5) 23 (76.7) 89 (100) 0.001

* 48.4 ± 8.3*
**

49.2 ± 8.4* ** 53.0 ± 7.5*
**

38.8 ± 5.5 <0.01

** 89.5 ± 8.3* 92.5 ± 8.0* ** 89.3 ± 8.6 83.7 ± 7.5 <0.02

35.5 ± 9.6* ⱡ 35.5 ± 9.8* ⱡ 24.9 ± 6.1* 42.1 ± 6.9 <0.03
19.3 ± 5.8* ⱡ 19.5 ± 4.8* ⱡ 14.1 ± 3.3* 26.3 ± 3.7 0.000
11.9 ± 3.5 ⱡ 12.1 ± 3.0 ⱡ 8.7 ± 2.2* 12.5 ± 2.0 <0.05

*** ⱡ 2.5 ± 0.2 ⱡ 3.3 ± 0.5 ** *** ⱡ 4.4 ± 0.9 0.000
5.8 ± 3.0 6.9 ± 4.5 5.3 ± 1.3 0.287

** *** 30.1 ± 4.8 ⱡ 52.5 ± 17.5 ** ***
ⱡ

85.7 ± 26.5 0.000

9 (23.7) 8 (25.6) 9 (30.0) 0.009
27 (71.1) 17 (54.8) 3 (10.0) 0.000
0 (0) 2 (6.5) 3 (10.0) 0.001

erload; *** vs Volume; ⱡ vs systemic RV.



Fig. 1. Multiplane imaging of the right ventricle with free wall longitudinal strain assessment. Views obtained by electronic plane rotation from a single right ventricle focused apical
echocardiographic position: 0° rotation: lateral wall; +40°: anterior wall; −40°: inferior wall;−90°: inferior wall coronal view also visualizing the right ventricular outflow tract.
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longitudinal strain (RV-LS) and global longitudinal strain (RV-GLS) in-
clusive of the RV septumwere reported in each of the four views in ad-
dition to the measurement feasibility. (Fig. 1) In addition to the values
from the individual RV walls, a multi-wall average was calculated
when at least three walls from one individual were feasible to measure.

Intra- and inter-observer variability test for RV LSwas not performed
as this has been reported as excellent in our previous article [7].
2.4. Statistical analysis

Data were tested for normal distribution using histograms and Sha-
piro –Wilk test. Continuous data are presented asmean± standard de-
viation (SD). Categorical variables are presented as frequencies and
percentages. For comparison of normally distributed continuous vari-
ables between two groups the Student's t-test was used, whilst vari-
ables were compared within the ACHD population, as defined by
loading status by one-way ANOVA and post hoc Tukey. Within subject
variables were compared by the paired t-test. To quantify correlations,
we used the Pearson correlation test. Intra-observer agreement was
assessed by repeated analysis in a random sample of study subjects at
least 6 months after the initial analysis and blinded to the initial results.
Assessment of inter-observer agreement was performed by a second
observer in the same sample. The agreement between two measure-
ments was determined as the mean of the differences +1.96 SD. Addi-
tionally, the coefficient of variation was provided (SD of the
differences of two measurements divided by their mean).

All statistical analyses were performed using the Statistical Package
for Social Sciences version 25 (SPSS, Inc., Armonk, NY, USA). The statis-
tical tests were two-sided and a P value <0.05 was considered statisti-
cally significant.
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3. Results

3.1. Study population

One hundred and forty-two ACHD patients (aged 32 years (range
17–70 years), 61% male) were included to evaluate RV function. One
hundred and twenty-one patients (85%) had sufficient acousticwindow
to analyze 3 or more RV electronic plane rotation views. One hundred
and fifteen patients (81%) had abnormal loading conditions:

- Thirty-eight (27%) had a volume overload due to either an atrial sep-
tal defect (n=6), Tetralogy of Fallot with ≥moderate pulmonary re-
gurgitation (n = 23) or ≥ moderate tricuspid regurgitation (n = 5,
including2 patientswithmorbus Ebstein). In 4 patients, both ≥mod-
erate pulmonary and tricuspid regurgitation was present.

- Sixteen patients (11%) had a pressure overloaded RV (Doppler tri-
cuspid regurgitation velocity > 2.8 m/s), due to pulmonary hyper-
tension (n = 13, underlying ASD, pulmonary atresia with VSD,
Tetralogy of Fallot and Ebstein), or Tetralogy of Fallot with pulmo-
nary homograft stenosis (n = 3)

- Thirty-one (22%) patients met both pressure and volume overload
criteria (n = 11 (35%) Tetralogy of Fallot patients)

- Thirty (21%) had a systemic RV consequent to an atrial switch oper-
ation for transposition of the great arteries (n = 21), double outlet
right ventricle (n = 7) and congenitally corrected transposition of
the great arteries (n = 2)

Twenty-seven (19%) of ACHD patients did not meet the criteria of
volume or pressure overload and were classified as ‘no pressure or vol-
ume overload’ ACHD patient group. (Tetralogy of Fallot pathology most
prevalent n = 13 (48%)).

ACHD patients were compared with eighty-nine age and gender
matched healthy subjects (aged 35 years (range 20–49 years), 49%



Table 2
RV electronic plane rotation parameter comparison between congenital and normal con-
trol populations.

Measurement
feasibility

Congenital (n - 142) Controls (n - 89) P-value

TAPSE (mm)
Lateral 100.0 17.7 ± 5.3 26.3 ± 3.7 <0.001
Anterior 97.9 16.6 ± 5.8 26.5 ± 3.4 <0.001
Inferior 98.6 17.4 ± 5.4 25.2 ± 3.5 <0.001
Inferior CV 93.7 16.0 ± 4.3 23.7 ± 2.8 <0.001
RV S′ (cm/s)
Lateral 100.0 10.9 ± 3.3 12.5 ± 2.0 <0.001
Anterior 97.9 10.4 ± 3.1 12.3 ± 2.1 <0.001
Inferior 97.9 10.7 ± 3.1 11.5 ± 2.0 0.017
Inferior CV 97.2 9.9 ± 2.7 10.3 ± 1.6 0.13
RV-Free wall LS (%)
Lateral 97.9 −17.6 ± 5.0 −25.4 ± 4.5 <0.001
Anterior 69.0 −15.9 ± 4.9 * ⱡ −24.2 ± 4.5 <0.001
Inferior 88.7 −17.2 ± 4.7 −23.3 ± 4.4 <0.001
Inferior CV 72.5 −15.1 ± 4.5 * ⱡ −20.8 ± 5.2 <0.001
Wall
average

85.9 −16.6 ± 4.1 −23.7 ± 3.3 <0.001

RV-GLS (%)
Lateral 97.9 −16.2 ± 4.9 −24.0 ± 4.5 <0.001
Anterior 69.0 −15.5 ± 4.6 −23.3 ± 3.7 <0.001
Inferior 86.6 −16.7 ± 4.8 −22.3 ± 4.1 <0.001
Inferior CV 26.8 −15.5 ± 3.4 −16.9 ± 4.9 <0.001

Data expressed as Mean ± SD or %. p ≤0.001 for * Lateral vs Anterior and vs Inferior CV; ⱡ
Inferior vs Anterior (p = 0.001) and vs Inferior CV (p ≤0.001).

Table 3
Right ventricular free wall strain by loading condition.

No pressure or volume overload (n = 27) Pressure (n = 16)

RV-LS (%)
Lateral wall −17.9 ± 4.5 −16.7 ± 5.5
Anterior wall −17.2 ± 4.5 −14.3 ± 5.0
Inferior wall −17.7 ± 4.2 −16.1 ± 6.1
Inferior CV wall −14.5 ± 4.4 −16.0 ± 5.1
Wall average −17.2 ± 3.8 −15.9 ± 4.7

Data expressed asMean±SD. p<0.05 *systemic RV vs no pressure or volumeoverload, ** syste

Fig. 2. Electronic plane rotation free wall longit
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male). Baseline characteristics of the study population per loading con-
dition are shown in Table 1.

3.2. Echocardiographic measurements

The feasibility of TAPSE and TDI S′ ranged between 94% and 100%.
The feasibility of RV-LS in CHD was 98%, 69%, 89% and 73% respectively
in the lateral, anterior, inferior and inferior coronal viewwalls (Table 2).
The feasibility of RV-LS in the different CHD was comparable (supple-
mental file).

Basal and longitudinal dimensions of RV were increased in all ACHD
patients vs healthy controls (Table 1).Within ACHD, patients with pres-
sure (P), volume and pressure (V+ P) and volume (V) overload aswell
as systemic RVs had increased RV dimensions versus ACHD patients
with normal (no pressure or volume overload) loading conditions
(Table 1). ACHD patients in the P, and P + V overload groups had re-
spectively TR velocities of 3.3 ± 0.5 m/s and 3.3 ± 0.5 m/s correspond-
ing with estimated systolic pulmonary pressures of 49± 14mmHg and
52 ± 17 mmHg, both significantly higher than the V overload and nor-
mal loading conditions ACHD group (Table 1).

Conventional RV function parameters including TAPSE, TDI S′ and
FACwere analyzable in 94–100% of the study patients and are displayed
in Tables 1 and 2.

Both TAPSE and FAC measurements were significantly lower in all
ACHD subgroups compared with the healthy controls (p < 0,05)
Volume (n = 38) P + V (n = 31) Systemic RV (n = 30) P-value

−19.0 ± 5.7 −18.6 ± 5.3 −14.4 ± 2.3 ** ⱡ 0.002
−18.3 ± 4.9 −16.7 ± 3.9 −12.4 ± 3.4 * ** ⱡ <0.001
−17.5 ± 3.4 −18.5 ± 5.5 −14.3 ± 3.7 ⱡ 0.008
−16.3 ± 3.9 −15.4 ± 4.9 −12.2 ± 2.6 * 0.008
−17.6 ± 3.8 −17.8 ± 4.4 −13.5 ± 2.0* ** ⱡ <0.001

micRV vs volume, ⱡ systemic RV vs P+V. RV-LS – right ventricularwall longitudinal strain.

udinal strain (LS) by RV loading condition.



Table 4
Electronic plane rotation parameter comparison between pulmonic and systemic RV
populations.

Pulmonic RV (n−112) Systemic RV* (n−30) P-value

TAPSE (mm)
Lateral 18.6 ± 5.4 14.1 ± 3.3 <0.001
Anterior 17.8 ± 5.8 12.2 ± 3.0 <0.001
Inferior 18.4 ± 5.2 13.5 ± 3.7 <0.001
Inferior CV 16.9 ± 4.0 12.6 ± 3.4 <0.001
RV S′ (cm/s)
Lateral 11.5 ± 3.4 8.7 ± 2.2 <0.001
Anterior 10.9 ± 3.1 8.5 ± 2.2 <0.001
Inferior 11.2 ± 3.1 8.8 ± 2.1 <0.001
Inferior CV 10.3 ± 2.7 8.3 ± 1.6 <0.001
RV-LS (%)
Lateral −18.5 ± 5.2 −14.4 ± 2.3 <0.001
Anterior −16.9 ± 4.8 −12.4 ± 3.4 <0.001
Inferior −18.0 ± 4.7 −14.3 ± 3.7 <0.001
Inferior CV −16.0 ± 4.5 −12.2 ± 2.6 <0.001
RV-GLS (%)
MV view −17.2 ± 4.9 −12.7 ± 2.5 <0.001
CS view −16.6 ± 4.4 −11.8 ± 2.8 <0.001
AV view −17.6 ± 4.7 −13.3 ± 3.5 <0.001
CV view ⱡ −16.7 ± 3.3 −12.9 ± 1.9 <0.001

ⱡ GLS feasibility CV view: Pulmonic RV – 23%; Systemic RV - 40%. *Sample size not equal.
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(Table 1). TDI S′ did not differ significantly in the V, and V+ P overload
ACHD patients compared with healthy subjects. Within the CHD sub-
groups, V and V + P overload RVs had better RV function (TAPSE, TDI
S′, FAC) compared with systemic RV (Table 1). No significant difference
in function occurred for P overload RV and systemic RV (Table 1).
3.3. Right ventricular longitudinal strain

In addition to decreased TAPSE and TDI S′, RV-LS values of the total
ACHD group were decreased in all four views compared with the
healthy controls (Table 2). Whereas TAPSE and TDI S′were comparable
in all four views, RV-LS showed regional functional differences. RV-LS of
anterior and inferior coronal view were both significantly lower com-
pared with the lateral and inferior wall (P < 0.001, Table 2).
Fig. 3. Electronic plane rotation free wall lon
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3.4. Effect loading condition in ACHD

Within the ACHD group, RV function was significantly worse in sys-
temic RV compared with RV V overload and RV P + V overload
(Table 1). TAPSE, FAC% and TDI S` did not differentiate the systemic RV
from the P overload RV (Table 1).

RV-LSwas significantly lower in patients with ACHD comparedwith
healthy subjects (Table 2).

Table 3 illustrates the RV-LS values by loading condition.Within the
ACHD groups, RV-LS values of systemic RV were lower (p < 0.05), but
no significant difference could be observed between the other
subpulmonic RV loading conditions (Table 3, Fig. 2).
3.5. Comparison sub pulmonic versus systemic right ventricle

Thirty ACHDpatients with systemic RVwere comparedwith the 112
age, gender and BSA matched patients with subpulmonic RV. All echo-
cardiographic parameters were significantly lower in systemic RV com-
pared to the subpulmonic RV cohort (p < 0.001) (Table 4) (Fig. 3).

Within the ACHD subgroups, RV functionmeasuredwith TAPSE, TDI
S′ and FAC aswell as RV-LS did not differ significantly between systemic
RV and P overload subpulmonic RV (Tables 1 and 3).

In the total ACHD cohort, significant negative correlations were
found between tricuspid regurgitation velocity and TDI S′, TAPSE and
RV-LS in all four I Rotate views (all P < 0.01) (Fig. 4), indicating deteri-
oration of RV function with increased RV pressures.
3.6. Intra- and inter-observer variability

Intra- and inter-observer variability for RV longitudinal strain was
evaluated in a random subset of 10 subjects for all four views. Intra-
observer variability was: Lateral wall, −0.5 ± 2.5%; Anterior wall,
0.4 ± 1.6%; Inferior wall, 0.6 ± 1.1%; Inferior CV wall, −1.2 ± 3.0%;
and wall average, −0.2 + 1.5%. Inter-observer variability was: Lateral
wall, 0.6 ± 2.9%; Anterior wall, 0.6 ± 5.0%; Inferior wall, 0.1 ± 4.5%; In-
ferior CV wall, −1.0 ± 3.8% and wall average, 0.1 ± 1.7%.
gitudinal strain (LS) by RV physiology.
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4. Discussion

This study demonstrates for the first time a comprehensive
multiplane analysis of the right ventricle in a spectrumof ACHDpatients
with normal loading, volumeor pressure overload of the RV. The follow-
ing points are of note: first, multiplane imaging using electronic plane
rotation is an easy applicable and feasible approach to evaluate the en-
tire right ventricle, also in ACHD patients. Second, RV function is signif-
icantly decreased in the ACHD group, with a remarkable diminished
function of the systemic RV in patients with transposition of the great
arteries. Third, within the ACHD group, complete RV strain analysis re-
veals regional differences with decreased strain values in the anterior
and inferior coronal view.

Comprehensive RV analysis with complete functional analysis of the
anterior, inferior and lateral RV walls from one single probe position is
an attractive tool for both the research setting as daily clinical practice.
Fig. 4.A Correlation between tricuspid regurgitation velocity and electronic plane rotation
TAPSE B Correlation between tricuspid regurgitation velocity and electronic plane rotation
RV S′ C Correlation between tricuspid regurgitation velocity and electronic plane rotation
free wall longitudinal strain.
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The short learning curve and limited additional acquisition time previ-
ously demonstrated, is very efficient and helpful in a busy echolab [6].
Moreover, in the ACHD population with abnormally loaded RV, the
feasibility even increases. Fast and reliable, both essential criteria in
the work-up of CHD as RV function analysis gains more and more
importance [9].

Patients with a morphological right ventricle supporting the sys-
temic circulation including adults with congenitally corrected transpo-
sition of the great arteries (CCTGA) and transposition of the great
arteries with an atrial repair have an increased risk of developing
ventricular dysfunction and heart failure [10–13]. Moreover, systemic
ventricular dysfunction is a predictor of mortality [12,14]. A recent
meta-analysis could not demonstrate a significant treatment effect of
ACE-inhibitors, ARBs and aldosterone antagonists in patients with sys-
temic RV on ventricular dimensions and function [14]. Most patients in-
cluded in the meta analysis were asymptomatic and had near normal
systemic RV function. However, RV function outcome parameters only
consisted of RV end-diastolic and end-systolic volume measurements.
Despite the fact that all 30 patients included in this study are asymp-
tomatic and in NYHA class I-II, complete RV function strain analysis
revealed decreased RV systemic function in all patients. This subclinical
evaluationmay impact timing of follow-up and evaluation of therapeu-
tic strategies.

In addition to decreased FAC, TAPSE, TDI S′ and RV-LSmeasurements
were significantly reduced compared with ACHD patients with
subpulmonic RV. Interestingly, functional ventricular analysis could
not differentiate systemic RV and subpulmonic RV with pressure over-
load. The negative influence of increased pressure on themorphological
RV is indeed confirmedwith a negative association between TR velocity
and TAPSE, TDI S′ and LS.

The exact mechanism underlying RV dysfunction in ACHD remains
to be fully elucidated. The thin-walled RV is known to be highly sensi-
tive to increases in afterload. Whereas the RV oxygen supply -demand
balance is well preserved in normal conditions, this regulatory mecha-
nism is disturbed in conditions of increased RV afterload and myocyte
hypertrophy and of course also in patients with a systemic RV. Micro-
vascular dysfunction, including decreased coronary vascular endothelial
reactivity, has been attributed an important contributing role and needs
further exploration [15].

4.1. Limitations

First, although the ACHD group is relatively large and represents a
whole range of ACHD spectrum, subgroup analysis is restricted by a lim-
ited number of patients in each group. Further investigation of specific
subpopulations like Tetralogy of Fallot and pulmonary hypertension pa-
tients is warranted.

Second, the feasibility of the anterior coronal viewwas too low to in-
clude in the complete ACHDgroup analysis. This RVOT outflow region is
of particular interest in the Tetralogy of Fallot population and needs fur-
ther optimization.

Third, this study represents analysis of the right ventricular systolic
function without taking into account right atrium and left ventricular
dimensions and function.

Fourth, Volume overload might induce compensative hyperkinetic
motion of the RV, leading to overestimation of RV function. Regional
strain analysis and the effect on LV-RV interdependence needs further
exploration in larger study populations.

5. Conclusions

The feasibility of all RV parameters in the four-axis electronic plane
rotation model is excellent in ACHD and represents a reproducible, eas-
ily applicable and complete RV assessment in daily clinical practice. RV
function is significantly decreased in the ACHD group using both re-
gional and global assessment parameters. Patients with systemic RV
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physiology have worst RV systolic function. A deterioration of RV sys-
tolic function with increasing afterload can also be noticed in the
ACHDgroupwith subpulmonic RV physiology. Complete RV strain anal-
ysis reveals regional differences that needs further exploration in larger
ACHD subgroup investigations.
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