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Abstract
Although the Cone procedure has improved outcomes for patients with Ebstein´s anomaly (EA), neither RV systolic func-
tion recovery in long-term follow-up nor the best echocardiographic parameters to assess RV function are well established. 
Thus, we evaluated RV performance after the Cone procedure comparing two-dimensional (2DEcho) and three-dimensional 
(3DEcho) echocardiography to cardiac magnetic resonance (CMR). We assessed 27 EA patients after the Cone procedure 
(53% female, median age of 20 years at the procedure, median post-operative follow-up duration of 8 years). Echocardiog-
raphy was performed 4 h apart from the CMR. RV global longitudinal strain (GLS), fractional area change (FAC), tricuspid 
annular plane systolic excursion (TAPSE), myocardial performance index and tissue Doppler S’ velocity were assessed using 
2DEcho, whereas 3DEcho was used to evaluate RV volumes and ejection fraction (RVEF). Echocardiographic variables were 
compared to CMR-RVEF. All patients were in the NYHA functional class I. Median TAPSE was 15.9 mm, FAC 30.2%, and 
RV-GLS -15%; median RVEF by 3DEcho was 31.9% and 43% by CMR. Among 2DEcho parameters, RV-GLS and FAC had 
a substantial correlation with CMR-RVEF (r =  − 0.63 and r = 0.55, respectively); from 3DEcho, the indexed RV volumes and 
RVEF were closely correlated with CMR (RV-EDVi, r = 0.60, RV-ESVi, r = 0.72; and RVEF r = 0.60). RV systolic function is 
impaired years after the Cone procedure, despite a good clinical status. FAC and RV-GLS are useful 2DEcho tools to assess 
RV function in these patients; however, 3DEcho measurements appear to provide a better RV assessment.

Keywords  Ebstein · Cone procedure · Three-dimensional echocardiography · Two-dimensional echocardiography · Cardiac 
magnetic resonance

Abbreviations
EA	� Ebstein’s anomaly
RV	� Right ventricle
2DEcho	� Two-dimensional echocardiography
3DEcho	� Three-dimensional echocardiography
RVEF	� Right ventricle ejection fraction
CMR	� Cardiac magnetic resonance
TR	� Tricuspid regurgitation
RV-GLS	� Right ventricular global longitudinal strain
RV-FLS	� Right ventricular free wall longitudinal strain
FAC	� Fractional area change
TAPSE	� Tricuspid annular plane systolic excursion

MPI	� Myocardial performance index
RV-EDV	� Right ventricle end-diastolic volume
RV-EDVi	� Indexed right ventricle end-diastolic volume
RV-ESV	� Right ventricle end-systolic volume
RV-ESVi	� Indexed right ventricle end-systolic volume
NYHA	� New York Heart Association

Introduction

Ebstein’s anomaly (EA) is characterized by a failure in 
the delamination of the tricuspid valve leaflets from the 
adjacent myocardium, resulting in various degrees of tri-
cuspid valve abnormalities. The myocardium is invariably 
abnormal in EA, characterized by the so-called myopa-
thy of the right ventricle (RV) [1–3]. There is evidence 
to support that RV dysfunction is present in EA patients 
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before and after surgery, mainly using cardiac magnetic 
resonance imaging (CMR) [4, 5]. Two-dimensional echo-
cardiography (2DEcho) is the most useful tool to assess 
RV performance in EA patients pre-operatively, [6] but 
there is paucity of data on long-term post-operative evalu-
ation. Three-dimensional echocardiography (3DEcho) is 
mainly used to evaluate anatomical features in EA patients 
[7], and there are few studies that have used this method 
for functional RV evaluation [8]. However, surgical pro-
cedures for EA have largely evolved in the last two dec-
ades. Currently, the most frequently performed procedure 
is the Da Silva’s Cone procedure [9], in which the ante-
rior and posterior/inferior tricuspid leaflets are detached 
and mobilized in a clockwise rotation in about 360° at the 
annular level, with longitudinal plication of the atrialized 
RV. Despite encouraging surgical results [10–12], some 
concern has been raised regarding recovery of RV systolic 
function and also about the patient’s clinical improvement. 
However, reports are contradictory regarding these con-
cerns [13, 14], mainly due to the small number of patients 
studied and short duration of follow-up. Therefore, we 
sought to: (1) assess RV systolic function after the Cone 
procedure in long-term follow-up, and (2) establish the 
best 2DEcho and 3DEcho parameters to evaluate RV sys-
tolic function compared to CMR-EF.

Methods

Patient Population

We performed a prospective single center cross-sectional 
study of EA patients who underwent the Cone procedure 
between 1995 and 2014. Subjects underwent echo and 
CMR for the purposes of the research study from 10/2015 
to 11/2016. Indications for operation included symptoms, 
or deteriorating exercise capacity, cyanosis (oxygen satura-
tion < 90%), paradoxical embolism, progressive cardiomeg-
aly (cardiothoracic ratio > 0.6 on chest X-ray), progressive 
RV enlargement (on echocardiography), and the onset or 
progression of atrial or ventricular arrhythmias.

We included EA patients operated on by two surgeons 
(JPS and LFS), aged ≥ 8 years old (in order to avoid sedation 
for CMR), all in regular cardiac rhythm. Exclusion criteria 
included permanent pacemaker, poor echocardiographic 
windows and inability to perform the CMR exam, such as 
extreme obesity or lack of cooperation.

NYHA functional class was assessed for all patients.
The study was approved by the Ethics Committee at Hos-

pital Israelita Albert Einstein. Written informed consent was 
obtained from all patients or from parents when patients 
were under 18 years old.

Surgical Technique

The Cone procedure technique was performed as previ-
ously published [9]. Briefly, the anterior leaflet was par-
tially detached from the tricuspid annulus. The incision 
was prolonged posteriorly, detaching the anterior and infe-
rior tricuspid leaflets from their anomalous attachments in 
the RV as a single piece. The septal leaflet, whenever pre-
sent, was detached and incorporated to the cone. The thin 
and atrialized RV free wall was plicated in a longitudinal 
fashion. The cone was completed by longitudinal fenestra-
tions of the leaflets towards the apex of the RV. The true 
tricuspid annulus was plicated in a horizontal fashion to 
allow a tension-free re-attachment of the leaflets.

Usually, the atrial septal defect (ASD or PFO) was 
closed in a valved fashion. None of the patients received 
a prosthetic ring. If present, abnormal atrioventricular 
conduction tissues were treated surgically or by radio fre-
quency after TV detachment.

Two‑Dimensional Echocardiography

A comprehensive 2DEcho was obtained using a Philips 
iE33 or Epic 7 (Philips Medical Systems, Andover, MA) 
ultrasound system with a X5 matrix array transducer. 
Echocardiographic assessment was undertaken following a 
standardized protocol. Image acquisition started with sub-
costal views for the assessment of the atrial septum, fol-
lowed by lateral decubitus for apical and parasternal views. 
ECG monitoring was used in all patients. The same expe-
rienced echocardiographer (ACL), performed all exams 
blinded to the CMR results. Following left ventricular 
(LV) functional and structural measurements, a complete 
assessment of the RV was performed, and the following 
measurements were obtained from the 4- chamber view: 
(1) tricuspid annular plane systolic excursion (TAPSE) 
measured by placing the M-mode cursor at the lateral tri-
cuspid valve annulus, (2) S wave velocity with pulsed-
wave tissue Doppler interrogation of the tricuspid lateral 
wall annulus, (3) fractional area change (FAC), calculated 
as: FAC (%) = 100 × (end-diastolic area –end-systolic 
area)/end-diastolic area, (4) myocardial performance index 
(MPI) using pulsed-wave tissue Doppler with a frame 
rate > 100 frames/s, calculated as: (isovolumic contraction 
time+isovolumic relaxation time)/ ejection time (Fig. 1), 
and (5) RV global longitudinal strain (RV-GLS), given as 
the average of six segments by speckle tracking echocar-
diography, including the RV free wall and the ventricular 
septum, keeping a minimum of 60 frames/s using a semi-
automatic contour by selecting three landmarks (one at the 
lateral tricuspid annulus, another at the medial tricuspid 
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annulus and the last one in the apex). All 2DEcho param-
eters were subsequently measured in the equipment, and 
the average of three measurements was used for analysis. 
RV free wall longitudinal strain (RV-FLS) was obtained 
off-line using 2D data set in the TomTec Image-Arena® 
software (version 5.5, Unterschleissheim, Germany). Nor-
mal values were obtained from the American and Euro-
pean Societies recommendations for cardiac chamber 
quantification [15, 16], as follows: TAPSE > 17 mm; S 
wave > 9.5 cm/s; FAC > 35%; Tissue Doppler MPI > 0.54; 
RV-FLS >- 20%; RV-GLS >- 17%.

Tricuspid valve anatomy and function were evaluated, 
including residual regurgitation (TR) and tricuspid valve 
stenosis (TS). TR was graded qualitatively from color flow 
mapping as none, trivial, moderate, or severe, using the 
width of the regurgitant jet and the extent of the jet into the 
right atrium [17].

Three‑Dimensional Echocardiography

A Philips iE33 or Epic 7 ultrasound system (Philips Medical 
Systems, Andover, MA, USA) with a matrix X5 transtho-
racic transducer were used for image acquisition. Images 
were acquired during expiratory breath-holds (whenever 
possible) in the 4-chamber view, and we attempted to 
include the entire RV free wall throughout the cardiac cycle 
with frame rates optimized to > 20 frames/s. Multiple sets of 
full-volume data (four beats) were acquired from the apical 
4-chamber view to maximize volume rate. The acquired raw 

datasets were transferred to TomTec Image-Arena® soft-
ware for RV volumetric and functional off-line analysis by 
the same echocardiographer (ACL). The best dataset was 
chosen for each patient and 10 anatomical landmarks where 
manually defined as follows: the LV and RV long axes in 
4 and 2-chamber views, followed by measurement of the 
LV outflow tract in the apical 3-chamber view, and finally, 
anterior and posterior junction points of the RV free wall 
with the ventricular septum and the longest RV cavity, both 
in a short-axis view. After the landmarks were defined, the 
software performed an automatic contour of the RV endocar-
dial surface, which is tracked throughout the cardiac cycle, 
furnishing tridimensional models (Fig. 2) with end-diastolic 
volume (RV-EDV), end-systolic volume (RV-ESV) and ejec-
tion fraction (RVEF). Due to the patient’s wide age range, 
RV diastolic and systolic volumes were also indexed to body 
surface area. We considered 3D RVEF normal values > 45% 
[15].

Cardiac Magnetic Resonance (CMR)

All patients underwent CMR examination in a 1.5 T MRI 
scanner (General Electric Healthcare, Waukesha, USA) 
within 4 h of the echocardiogram.

The parameters included a repetition time of 2.7 ms, 
an echo time (TE) of 1.5 ms, a field of view (FOV) of 
300–350 mm. A stack of 8 mm thick short-axis images with 
2 mm gaps covered the LV and RV from the apex to the base. 
Also, a stack of 4-chambers view that covered the entire 

Fig. 1   Tissue Doppler analysis 
demonstrating the isovolumetric 
relaxation time (IVRT), isovolu-
metric contraction time (ICT) 
and the ejection time (ET). 
Myocardial performance index 
is a global parameter (including 
diastole and systole) calculated 
by the formula: IVRT+ICT/ET
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RV was acquired. Three long-axis images were obtained (2, 
3, and 4-chamber views). Ventricular function and cardiac 
volumes were imaged using the steady state free procession 
sequence (SSFP) and were evaluated using the Simpson’s 
method on short-axis images.

All analyses were performed using a dedicated worksta-
tion (AW Server, GE healthcare). Inversion time was opti-
mized to null normal myocardial signal.

Statistical Analysis

Continuous variables are described as medians and ranges. 
Categorical variables are presented as frequency distribu-
tions or proportions.

Pearson’s correlation coefficient was used to examine the 
association between 2DEcho, 3DEcho and CMR variables.

Intra-observer and inter-observer variability was per-
formed by the same reader and another experienced echo-
cardiographer (ACTR) in 12 patients. Intraclass correlation 
coefficients (ICC) was used to test the variability among 
the 2DEcho (TAPSE, FAC, S wave, MPI, RV-GLS and RV-
FLS) and 3DEcho (RV diastolic and systolic volumes, and 
RVEF) parameters. Bland–Altman plots were generated for 
3D parameters. We classified ICC as poor (0–0.19), weak 
(0.20–0.30), moderate (0.30–0.59), substantial (0.60–0.79) 
and strong (> 0.80). A p value < 0.05 was considered to be 

statistically significant. All analyses were performed using 
SPSS for Windows (version 22).

Results

There were 30 eligible subjects, of whom, 27 had CMR, 
2DEcho and 3DEcho. Three patients were excluded due to 
inadequate 3DEcho images. Median age during testing was 
20 years (range 8–54), and 14 patients were female (51.8%). 
Median post-operative time was 8 years (range 1–21); all 
patients were categorized in the New York Heart Associa-
tion (NYHA) as functional class I for heart failure. Addi-
tional demographic and hemodynamic data are described 
in Table 1.

Two‑Dimensional Echocardiography

TR was present in all patients: it was trivial in 81.5%, mod-
erate in 14.8% and severe in only one patient (3.7%). No 
patient had TS. RV systolic function was overall impaired 
according to all 2DEcho parameters: median TAPSE was 
15.9 mm (range: 6.8–30.0 mm), median FAC was 30.2% 
(range: 20.0–50.0%) and median RV-GLS was − 15.0% 
(range: − 24.0 to − 6.0%). Median RV-FLS was − 12.7% 

Fig. 2   Three dimensional echocardiography analysis from a full volume right ventricular three dimensional dataset in a patient after the Cone 
procedure showing measurements of the right ventricular end-diastolic and end-systolic volumes and the resulting ejection fraction
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(range: − 20.7 to − 2.5%). Additional 2DEcho parameters 
are shown in Table 2.

Three‑Dimensional Echocardiography

RV volumes were overall increased, with median 3DEcho 
RV-EDV of 130.4 ml (range: 58.7–323.5 ml), indexed RV-
EDV (RV-EDVi) of 77.8 ml (range: 35.9–154 ml). RV-ESV 
was 90.6 ml (range: 33.2–264.9 ml), with indexed RV-ESV 
(RV-ESVi) of 49.7 ml (range: 21.3–125.3 ml); median RVEF 
was decreased (31.9%, range: 18.6–54.8%) (Table 2).

Cardiac Magnetic Resonance

Similarly to 3DEcho, RV volumes were overall increased, 
with a median CMR RV-EDV of 176.9  ml (range: 

76.0–423.3 ml) and a median RV-EDVi of 112.1 ml (range: 
46.7–197.7 ml). The median RV-ESV was 101.3 ml (range: 
41.0–334.3  ml) and the median RV-ESVi was 65.0  ml 
(range: 24.2–158.1 ml). The median CMR-RVEF was 43.0% 
(range: 21.0–53.0%) (Table 3). When we grouped patients 
into better or worse RV systolic function according to the 
median CMR-RVEF (43%), there was no difference in age 
at Cone procedure, time from surgery, or any other demo-
graphic or operative characteristics.

Comparison Between 2DEcho Parameters 
and CMR‑EF

RV-GLS and FAC correlated substantially with CMR-RVEF 
(r =  − 0.63; p < 0.001 and r = 0.55; p = 0.003, respectively). 
(Figs. 3 and 4); RV-FLS correlated moderately with CMR-
RVEF (r =  − 0.4; p = 0.016); neither TAPSE, tissue Doppler 
S’ velocity, nor MPI had significant correlations with CMR-
RVEF. (Table 4).

Table 1   Demographic and hemodynamic data expressed in median 
and range (n = 27)

y.o years old, y years, Kg kilogram, cm centimeter, bpm beats per 
minute

Parameter Median (range)

Age (y.o) 20 e (8–54)
Time after surgery (y) 8 (1–21)
Weight (kg) 61 (135–37)
Height (cm) 165.5 (185–126)
Heart rate (bpm) 73 (50–100)
Systolic blood pressure (mm Hg) 120 (70–140)
Diastolic blood pressure (mm Hg) 80 (40–90)
Pulse oximetry (%) 96 (89–100)

Table 2   Two and three-
dimensional echocardiography 
parameters expressed as median 
and range (n = 27)

2DEcho two-dimensional echocardiography, 3DEcho three-dimensional echocardiography, TAPSE tri-
cuspid annular plane systolic excursion, FAC fractional area change, S wave tissue Doppler systolic wave 
velocity at the lateral tricuspid annulus; MPI Right ventricular myocardial performance index, RV-GLS 
right ventricle global longitudinal strain, RV-FLS, right ventricular free wall longitudinal strain, RV-EDV 
right ventricle end-diastolic volume, RV-ESV right ventricle end-systolic volume, RVEF right ventricle 
ejection fraction

2DEcho parameters Median (range)

 TAPSE (mm) 15.9 (6.8–30)
 FAC (%) 30.2 (20–0)
 S wave (cm/s) 8.8 (6.1–14.7)
 MPI 0.8 (0.47–1.5)
 RV-GLS (%)  − 15 (− 24 to − 6)
 RV-FLS (%)  − 12.7 (− 20.7 to − 2.5)

3DEcho parameters Median (range)

 RV-EDV(ml) 130.4 (58.7–325.5)
 Indexed RV-EDV (ml/m2) 77.8 (35.9–154)
 RV-ESV (ml) 90.6 (33.2–264.9)

Indexed RV-ESV (ml/m2) 49.7 (21.3–125.3)
 RVEF (%) 31.9 (18.6–54.8)

Table 3   CMR parameters (n = 27) expressed as median and range

CMR cardiac magnetic resonance, RV-EDV right ventricle end-dias-
tolic volume, RV-ESV right ventricle end-systolic volume, RV-EDVI 
indexed right ventricle end-diastolic volume, RV-ESVi indexed right 
ventricle end-systolic volume, RVEF right ventricle ejection fraction

CMR parameters Median (range)

RV-EDV (ml) 176.9 (76–423.3)
RV-EDVI (ml/m2) 112.1 (46.7–197.7)
RV-ESV (ml) 101.3 (41–334.3)
RV-ESVI (ml/m2) 65.0 (24.2–158.1)
RVEF (%) 43 (21–53)
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Comparison Between 3DEcho Parameters and CMR

We found a substantial correlation between 3DEcho RV 
volumes and CMR (RV-ESVi: r = 0.60; p < 0.01, RV-EDVi: 
r = 0.72; p < 0.01), as well as 3DEcho RVEF and CMR-
RVEF (r = 0.60; p = 0.01) (Table 5, Figs. 5, 6 and 7).

Intra‑ and Inter‑Observer Results

We found excellent intra-observer (ICC = 0.99, 95% CI 
0.97; 0.99) and inter-observer (ICC = 0.92, 95% CI 0.71; 
0.97) reproducibility for 3DEcho en-diastolic volumes; 
similarly, end-systolic volumes had excellent intra-observer 
(ICC = 0.95, 95% CI 0.86; 0.98) and inter-observer 
(ICC = 0.93, 95% CI 0.75; 0.98) reproducibility. Greater 
variability was observed for 3DEcho RVEF analysis [intra-
observer ICC = 0.61 (95% CI 0.17; 0.85), and inter-observer 
ICC = 0.43 (95% CI − 0.15; 0.79)]. Bland–Altman plots are 
shown in Fig. 8.

We also found excellent intra-observer variability for 
TAPSE (ICC 0.99, 95% CI 0.97; 0.99); S wave (ICC 0.99, 
95% CI 0.98–0.99), FAC (ICC 0.93, 95% CI 0.78—0.98); 
MPI (ICC 0.93, 95% CI 0.78; 0.98), RV- GLS (ICC 0.97, 
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Fig. 3   Scatterplot showing correlation between RV-GLS and CMR-
RVEF. CMR-RVEF right ventricle ejection fraction by cardiac mag-
netic resonance, RV-GLS right ventricle global longitudinal strain
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Fig. 4   Scatterplot showing correlation between FAC and CMR-
RVEF. FAC: fractional area change, CMR-RVEF right entricular ejec-
tion fraction by cardiac magnetic resonance

Table 4   Correlation between 2DEcho and CMR parameters. (n = 27)

2DEcho Two-dimensional echocardiography, CMR cardiac magnetic 
resonance, CMR-RVEF right ventricle ejection fraction by cardiac 
magnetic resonance, TAPSE tricuspid annular plane systolic excur-
sion, FAC fractional area change, S wave Tissue Doppler systolic 
wave velocity at the lateral tricuspid annulus, MPI myocardial perfor-
mance index, RV-GLS right ventricle global longitudinal strain, RV-
FLS right ventricular free wall longitudinal strain

2D ECHO parameter CMR-RVEF

r p

TAPSE (mm) 0.07 0.716
FAC (%) 0.55 0.003
S WAVE velocity (cm/s) 0.23 0.248
MPI 0.25 0.194
RV–GLS (%)  − 0.63  < 0.001
RV-FLS (%)  − 0.4 0.016

Table 5   Correlation between 3DEcho and CMR parameters. (n = 27)

3DEcho tridimensional echocardiography, CMR cardiac magnetic 
resonance, RV-EDVi indexed right ventricle end-diastolic volume, 
RV-ESVi indexed right ventricle end- systolic volume, RVEF right 
ventricle ejection fraction

Parameters 3DECHO CMR r p

RV-EDVi (ml) 77.8 (35.9–154.0) 112.1 (46.7–197.7) 0.60  < 0.01
RV-ESVi (ml) 49.7 (21.3–125.3) 65.0 (24.2–158.1) 0.72  < 0.01
RVEF (%) 31.9 (18.6–54.8%) 42 (21–53) 0.60 0.01
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Fig. 5   Scatterplot showing correlation between 3DEcho RV-EDVi 
and CMR-RVEDVi. 3DEcho RVEDVi indexed right ventricle end-
diastolic volume by three-dimensional echocardiography in millim-
eters, CMR-RVEDVi indexed right ventricle end-diastolic volume by 
cardiac magnetic resonance in millimeters
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95% CI 0.91; 0.99) and RV-FLS (ICC 0.99, 95% CI 0.97; 
0.99). Excellent inter-observer variability was achieved for 
all the previous parameters (TAPSE: ICC 0.99, 95% CI 0.98; 
0.99. S wave: ICC 0.94, 95% CI 0.80; 0.98 and RV-GLS: 
ICC 0.97, 95% CI 0.91; 0.99). An adequate inter-observer 
variability was present in FAC (ICC 0.89, 95% CI 0.62, 
0.97) and RV-FLS analysis (ICC 0.73, 95% CI 0.6, 0.92).

Discussion

Although CMR is the gold standard for evaluating global 
and regional RV function, echocardiography is the most 
frequently used method, primarily because of its wide 
availability, lower cost, and the possibility of conducting a 
real-time evaluation with high temporal and spatial resolu-
tion. To our knowledge, this is the first study to use multiple 

echocardiographic parameters, including 2D strain with 
speckle tracking echocardiography and 3DEcho parameters 
to compare with CMR parameters for functional evaluation 
of the RV years after the Cone procedure in EA patients. 
The main findings of this study are: (1) Systolic RV func-
tion is below reference values after the Cone procedure, 
which is indicated both by 2DECHO, 3DECHO and CMR, 
despite the mild degree of tricuspid regurgitation and the few 
clinical complaints of heart failure. (2) Among the 2DEcho 
parameters, RV-GLS and FAC had the best correlation to 
CMR-RVEF and (3) among 3DEcho parameters, volumes 
and EF were found to have a strong correlation with CMR 
RV EF.

A few previous studies have reported RV systolic dys-
function after the Cone procedure [13, 14], mostly with a 
shorter follow-up. In our study, CMR-RVEF was below the 
normal range in almost all (96%) patients, a finding also 
observed for 3DEcho EF and 2D-based parameters. EA 
patients without the Cone procedure were found to present 
signs and symptoms of heart failure and atrial arrhythmias, 
usually as a consequence of the extent of apical displace-
ment of the TV and the resulting TR and RV dysfunction. By 
placing the tricuspid valve back into the anatomic annulus 
position and rotating the leaflets to give the valve a conical 
shape, the Cone repair allows for greater valvular coaptation, 
dramatically decreasing the degree of regurgitation [9]. Pre-
vious studies mentioned that RV systolic dysfunction could 
be a result of a decrease in TR, as well as due to myocardial 
stunning after cardiac bypass [13, 14]. A recent study retro-
spectively assessed EA patients before and after the Cone 
procedure and demonstrated that RV function was qualita-
tively reduced after a median follow-up of 6 months, with 
decreased FAC and TAPSE values in most patients [18]. In 
our study, RV dysfunction was present years after the Cone 
procedure, which leads us to hypothesize that the under-
lying EA myopathy is the main reason for persistent RV 
dysfunction, despite the excellent resolution of TR.[1–3], 
This phenomenon is possibly due to the atrialization of the 
entire RV inlet, preventing RV reverse remodeling following 
surgical correction [3].

RV-GLS and FAC showed the best 2DECHO correla-
tion with CMR-RVEF. These are important findings because 
2DEcho is used on a daily basis, mostly due to its availabil-
ity, lower cost and the ease of the technique. Additionally, 
speckle tracking derived deformation measurements are less 
load-dependent, are reproducible and possibly reflect a more 
“global” and sensitive assessment of RV systolic function. 
RV-GLS has been shown to detect subclinical RV dysfunc-
tion [19]. Our findings are in agreement with the report by 
Kühn et al. [20], who found significant correlation between 
RV-GLS and CMR-EF in EA patients without operations; 
in that report, correlation was not so good, possibly due to 
different loading conditions (pre-operatively) resulting from 
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significant tricuspid regurgitation. We also a found moderate 
correlation between RV-FLS obtained by TomTec software 
and CMR; however, we acknowledge that there are some 
methodological bias concerning different software and frame 
rate.

Our study did not identify a correlation between TAPSE 
and RV S’ velocity and CMR-RVEF. We believe that these 
two measurements, as opposed to FAC, are less accurate in 
this setting since they only assess longitudinal shortening 
in one segment of the RV. This is in consonance with other 
reports that assessed volume loaded RVs in congenital heart 

disease [20, 21]. Avitabile et al. [21] investigated patients 
with hypoplastic left heart syndrome after the Fontan pro-
cedure and compared TAPSE to CMR-EF, and observed no 
correlation for these examinations, suggesting these RVs 
could have a more radial and circumferential pattern of 
contraction, similar to other congenital heart defects [22, 
23]. Our findings reiterate the concern of using TAPSE and 
RV S’ velocity after cardiac surgery, in particular involving 
tricuspid annular valvuloplasty and plication; although we 
believe TAPSE might be useful for monitoring RV function 
for the individual EA patient follow-up [21]. On the other 

Fig. 8   Bland–Altman graphs showing intra and inter-observer 
3DEcho RVEF, RVEDV and RVESV variability. 3DEcho RVEF right 
ventricular ejection fraction estimated by three-dimensional echocar-
diography, 3DEcho RVEDV right ventricular end-diastolic volume 

estimated by three-dimensional echocardiography, 3DEcho RVESV 
Right ventricular end-systolic volume estimated by three-dimensional 
echocardiography
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hand, by including additional RV segments, FAC offers a 
better comparison to CMR-EF, which is also demonstrated 
in our study. In fact, RV function in operated EA seems to 
rely mainly on radial contraction, with significant participa-
tion of the apical segments in RV output [4]. These findings 
reinforce the importance to use two-dimensional measures 
that include more than one RV segment, such as RV-GLS 
and FAC, especially considering the abnormal pattern of 
myocardial contraction in EA myopathy.

Finally, we did not find a significant correlation between 
MPI and CMR-EF, most likely because MPI incorporates 
both diastolic and systolic function, using time intervals as 
a surrogate of RV function and also relies on RV basal seg-
ments manipulated in the surgical procedure.

We found strong correlations between 3DEcho param-
eters (volumes and EF) and CMR-RVEF. Similarly to our 
findings, other studies have shown excellent accuracy for 
3DEcho-derived volumes [24, 25]. Van der Zwann et al. [24] 
showed a strong correlation between 3DEcho RV volumes 
and CMR RV derived volumes, while only a moderate cor-
relation between RV 2DEcho dimensions and CMR RV-
EDV, both for congenital heart disease patients and healthy 
individuals. Even with 3D echo, the RV remains a challeng-
ing chamber to visualize because it may be obscured by the 
sternum and ribs [26]. In our series, the best correlation was 
found for end-systolic volumes, possibly due to the smaller 
ventricular cavity size and better endocardial definition 
during systole, when the myocardium is thicker. Although 
end-diastolic volumes were also found to strongly correlate 
with volumes from CMR, it is important to mention that the 
lateral wall is relatively difficult to track in these particularly 
dilated RVs; this contributes to underestimating 3DEcho RV 
volumes compared to CMR RV and is likely responsible for 
the lower correlation between the two methods. Concern has 
been raised regarding the use of 3Decho in dilated RVs [27] 
since volumes are frequently underestimated when compared 
to CMR-derived volumes. When assessing dilated RVs, our 
practice has shown that manual adjustment is often neces-
sary after the initial 3D automated analysis to assure that 
the entire chamber can be evaluated. In spite of this, some 
of the RV wall segments could not be adequately included in 
the dataset during diastole; accordingly, we excluded three 
patients from our analysis due to inadequate 3DEcho imag-
ing. We believe this finding could explain the lower values 
for RVEF from 3Decho in this setting.

Finally, despite the long-term RV systolic dysfunction, 
patients had excellent resolution of TR and report very few 
symptoms, with significant improvement in clinical status 
compared to pre-operatively. This finding suggests that 
the use of standard parameters presented in this study and 
comparing them to normal controls might be inadequate to 
evaluate the RV in EA patients. Thus, development of EA-
specific reference values should be needed.

Study Limitations and Strengths

The main strengths of our study are the prospective patient 
enrollment and concurrent acquisition of echocardiograms 
and CMRs, thus reflecting the same hemodynamic status. 
However, we acknowledge there are some limitations in 
this study. The degree of RV dilatation is an important 
limitation for the accuracy of 3DECho analysis, and influ-
ences the comparison of 3DEcho with CMR; however, the 
correlation coefficient between these variables was found 
to be high after the exclusion of technically inadequate 
imaging.

We excluded children under 8 years old due to these 
patients’ poor cooperation in obtaining both 3DEcho and 
CMR imaging without sedation, which limits the ability to 
extrapolate the results to a younger population.

Finally, our study included a small number of patients, 
given that many patients presenting for the Cone procedure 
live in remote Brazilian states, thus limiting our ability to 
enroll more patients in a prospective fashion. Even so, due 
to the rarity of the disease, this is possibly one of the larg-
est follow-up studies after the Cone procedure comparing 
two–dimensional strain, 3Decho and CMR imaging.

Conclusion

RV dysfunction persists after the Cone procedure for EA, 
despite the clinical improvement. 3DEcho appears to offer 
better associations with CMR than 2D parameters. Among 
2DEcho parameters, FAC and RV-GLS correlate better to 
CMR-EF and should be used in daily basis while TAPSE and 
S’ wave should be avoided. Efforts to develop EA-specific 
reference values should be pursued in future studies.
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