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Background: Accurate risk stratification of patients with Ebstein's anomaly (EA) is crucial. Aim of the study was to
assess the prognostic value of echocardiography, including 2D speckle tracking (STE) derived myocardial
deformation indices, for predicting outcome in pediatric and young adult unrepaired EA patients.

Methods: Fifty consecutive EA patients (1 day-18 years, 52% males) underwent echocardiography and were
followed for a mean follow-up of 60 4+ 41 months for clinical outcome (ventricular tachyarrhythmia, heart
failure, need for surgery and/or death). Clinical and instrumental features of EA patients with stable disease
were compared with those of EA patients with progressive disease.

Results: Twenty-four (48%) EA patients had progressive disease. A more severe grade of tricuspid valve (TV)
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Echocardiography displacement [59.7 mm/m? (IQR 27.5-83) vs 28.4 mm/m? (IQR 17.5-47); p = 0.002], a lower functional right
Speckle tracking echocardiography ventricle (RV) fractional area change (FAC) (29.2 4+ 7.7% vs 36.7 4+ 9.6%; p = 0.004), a higher Celermajer
Outcome index [0.8 (IQR 0.7-0.98) vs 0.55 (IQR 0.4-0.7); p = 0.000], a lower functional RV-longitudinal strain

(—10.2 £ 6.2% vs —16.2 & 7.3%; p = 0.003) and a lower right atrium peak systolic strain (RA-PALS)
(25.2 £ 13.5% vs 36.3 4 12.5%; p = 0.004) were detected in progressive disease group compared to stable
one, respectively. Functional RV-FAC and RA-PALS were independent predictors of progressive disease at
multivariate analysis.
Conclusion: Our study demonstrated for the first time the prognostic role of RV-FAC and RA-PALS in a long-term
follow-up of EA young patients. A complete echocardiographic evaluation should be regular part in the
evaluation and risk-stratification of EA children.

© 2018 Published by Elsevier B.V.

1. Introduction

Ebstein's anomaly (EA) is a rare congenital heart disorder with an
incidence of about 1 per 200,000 live births, representing <1% of all
cases of congenital heart disease [1].

Abbreviations: BSA, Body surface area; CMR, Cardiac magnetic resonance; EA, Ebstein's
anomaly; EF, Ejection fraction; FAC, Fractional area change; GLS, Global longitudinal strain;
LA, Left atrium; LV, Left ventricle, left ventricular; MAPSE, Mitral annular plane systolic
excursion; NYHA, New York Heart Association; PALS, Peak atrial longitudinal strain; RA,
Right atrium; RV, Right ventricle, right ventricular; STE, Speckle tracking
echocardiography; TAPSE, Tricuspid annular plane systolic excursion; TR, Tricuspid
regurgitation; TV, Tricuspid valve.
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It affects primarily the inflow portion of the right ventricle (RV); the
typical displacement of the tricuspid valve (TV) is associated with
altered RV geometry and often significant valvular regurgitation [2].

This complex congenital anomaly has a very variable anatomical and
clinical spectrum, and can present as a severely symptomatic neonate or
sometimes as an asymptomatic adult [3]. Mortality is commonly related
to sustained tachyarrhythmia and congestive heart failure [4,5].

Accurate risk stratification of these patients is crucial; several previ-
ous studies showed conflicting data on the prognostic role of different
clinical and imaging features in EA patients [6-10].

Despite echocardiography being the primary diagnostic tool in the
assessment and care of patients with EA [11,12], studies about the
prognostic value of echocardiography are scarce even more so in the pe-
diatric population [13,14]. Interestingly, a recent paper comparing echo-
cardiographic assessment of the RV with the gold standard cardiac
magnetic resonance (CMR) in EA patients showed that only 2D RV
global longitudinal strain correlates with CMR-derived RV ejection
fraction [15].
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Thus, the aim of the present study was to assess for the first time the
prognostic value of echocardiography, including 2D speckle tracking
(STE) derived myocardial deformation indices, for predicting outcome
in a relatively large cohort of pediatric and young adult (<18 years)
unrepaired EA patients.

2. Methods
2.1. Study population

All pediatric and young adults patients (0-18 years old) with unrepaired Ebstein's
Anomaly (EA) followed up at the Royal Brompton Hospital (London, UK) who had consec-
utively undergone transthoracic echocardiography between January 2005 and December
2017, with adequate digitally stored images available, were retrospectively included in the
study.

The diagnosis of EA was established by the characteristic tethering of the septal and
inferior leaflets with shift of the functional TV orifice away from the anatomic atrioventric-
ular groove [12]. In particular, EA was defined as apical displacement of the septal leaflet of
the TV by at least 8 mm/m? as compared to the mitral valve attachment, seen in an apical
four-chamber view at echocardiography [16].

Patients with other complex associated congenital heart defects such as transposition
of great arteries (1 patient) and congenitally corrected transposition of great arteries asso-
ciated with RV hypoplasia (1) were excluded from this cohort, whereas patients with ad-
ditional patent foramen ovale/secundum atrium septal defect (33), small ventricular
septal defect (4), patent ductus arteriosus (6), additional < mild valve disease (3) were
included in the study.

Demographic and clinical data including sex, age, body surface area (BSA), systolic
and diastolic blood pressure, New York Heart Association (NYHA) functional class, trans-
cutaneous oxygen saturation, QRS complex duration and pre-excitation on ECG and
chest x-ray cardiothoracic ratio were all obtained from medical records at the time of
first echocardiographic investigation.

Cardiac adverse events such as sustained ventricular tachyarrhythmia, hospital
admission due to heart failure (HF), need for surgery and death during the whole
follow-up period were recorded.

Baseline clinical and instrumental features of EA patients with stable disease were
compared with those of patients with progressive disease, experiencing cardiac adverse
events.

The study was approved by the local Ethics Committee.

2.2. Standard echocardiographic analysis

The first transthoracic echocardiogram with good digitally stored images available be-
tween January 2005 and December 2017 for each patient was analyzed for offline assess-
ment by an expert operator blinded to clinical and follow-up data, to extrapolate all
standard and speckle tracking echo cardiac parameters. Three cardiac cycles stored in
cine-loop format were used for off-line analysis and the measurements were averaged.

Right heart chambers were defined as following (all in apical 4-chamber view)
[15,17]:

» Anatomical RV: the portion of functional RV + the atrialized portion of RV (between
septal displaced TV leaflet and TV annulus) (Fig. 1A);

« Functional right ventricle (RV): the portion of RV distal to the attachment points of the
TV leaflets (Fig. 1C);

« Native right atrium (RA): portion of RA above anatomical TV annulus (Fig. 1E).

Mitral annular plane systolic excursion (MAPSE) and tricuspid annular plane systolic
excursion (TAPSE) were measured as described previously [18]. In order to account for dif-
ferences in body size in pediatric patients, both MAPSE and TAPSE were indexed to LV and
RV length, respectively [19].

Left ventricular ejection fraction (LVEF) was calculated using biplane Simpson's rule
from the apical 4- and 2-chamber views; when 2-chamber view was not available, LVEF
from 4-chamber view only was calculated. Fractional area change (FAC) was measured
tracing RV area in diastole and systole in 4-chamber view for both anatomic and functional
RV, defined as previously described [20].

Native RA and left atrium (LA) volumes indexed for BSA were measured [20].

Mitral inflow E- and A-wave peak velocities, E-wave deceleration time, early (e’)
diastolic tissue-Doppler myocardial velocities at the septal and lateral corners of the mitral
annulus were calculated [21].

Peak systolic tissue-Doppler myocardial velocity (s’) at the basal segment of the RV
free wall in correspondence of TV annulus was calculated [22].

Grading of tricuspid regurgitation (TR) (grade 1 = trivial to mild, 2 = mild to
moderate, 3 = moderate, 4 = severe) was based on the width of colour regurgitation
jet at the valve level (vena contracta), the extent of the regurgitation jet in the RA and
its size and volume, as recommended by the American Society of Echocardiography and
European Society of Cardiovascular Imaging [23].

The Celermajer index was calculated as the ratio of the combined area of the RA and
the atrialized portion of RV to that of the functional RV and left heart in a four-chamber
view at end-diastole. This ratio is used to define four grades of increasing severity of

EA: ratio <0.5 = grade 1, ratio 0.5 to 0.99 = grade 2, ratio 1 to 1.49 = grade 3 and
ratio 21.5 = grade 4 [24].

The Carpentier's classification was defined as following: type A, the volume of the true
right ventricle is adequate; type B, a large atrialized component of the right ventricle ex-
ists, but the anterior leaflet of the TV moves freely; type C, the anterior leaflet is severely
restricted in its movement and may cause significant obstruction of the right ventricular
outflow tract; and type D, almost complete atrialization of the ventricle except for a
small infundibular component [25].

2.3. 2D-Speckle tracking echocardiographic analysis

Speckle tracking echocardiographic (STE) analysis was performed using a commer-
cially available vendor independent software package (2D Cardiac Performance Analysis
Software, TomTec, Unterschleissheim, Germany).

The best apical four-chamber view to visualize the segments of each ventricle was se-
lected. Briefly, 3 points (2 annular and 1 apical) were positioned enabling the software to
track the myocardium semi-automatically throughout the heart cycle. The region of inter-
est was adjusted with careful inspection of tracking and manual correction, if needed, was
performed. The automated algorithm allowed global longitudinal strain (GLS) to be
calculated.

Left ventricle longitudinal (LV-GLS) and right ventricle longitudinal (RV-GLS) strain
by speckle tracking were defined as the average peak negative value on the strain curve
during the systole (end of T-wave on the ECG) [26]. Particularly, for RV-GLS, both anatomic
(Fig. 1B) and functional (Fig. 1D) RV strain were acquired.

Native RA strain by speckle tracking was also detected [27]. RA strain was
assessed in the same echocardiographic projections used for RV-GLS quantification;
endocardial border was traced manually and adjusted to the RA wall, resulting in
strain curves from a total of 3 atrial segments and the average was used for the
analysis. Global peak atrial longitudinal strain (PALS) of native RA was defined as
the maximum positive strain value during LV systole (Fig. 1F). Frame rates for speckle
tracking loops ranged from 60 to 85 fps.

2.4. Follow-up

Cardiac adverse events such as death, sustained ventricular tachyarrhythmia, heart
failure, and need for surgery during the follow-up period were recorded:

Sustained ventricular tachyarrhythmia was defined as ventricular tachycardia lasting at
least 30 s, ventricular tachycardia associated with pre-syncope/syncope or ventricular
fibrillation;

Heart failure was defined as admission for diuresis of fluid overload not secondary to
acute arrhythmia presentation [17];

Need for surgery (Cone procedure and/or surgical tricuspid valve replacement and/or
other surgical procedures) was based on symptoms worsening or the presence of severe
tricuspid regurgitation and severe right heart dilatation [28].

Follow-up time was calculated from the time of the first transthoracic echocardiogra-
phy with adequate digitally stored images until last clinical visit or death.

2.5. Statistical analysis

The normal distribution of continuous variables was verified using the Kolmogorov-
Smirnov goodness-of-fit test. Continuous variables with normal distribution were
presented as mean 4+ standard deviation (SD) and those with non-normal distribution
were presented as median (interquartile range, 25th and 75th percentile). Categorical
variables were presented as frequency (percentage).

Continuous variables were then compared by using the unpaired Student's t-test or
the Mann-Whitney U test, as appropriate. Categorical variables were compared with
chi-square statistics or a Fisher exact test, as appropriate.

Ascending stepwise logistic regression was used to determine the echocardiographic
independent risk factors of progressive disease during the whole follow-up period. We
used a parsimonious model including variables with p < 0.01 by univariate test as candi-
dates for the multivariate analysis [29].

Receiver-operating characteristic (ROC) curve analyses were performed to determine
the areas under the curves for independent risk factors detected by ascending stepwise lo-
gistic regression, and optimal cutoffs were selected by optimizing sensitivity plus
specificity.

Cumulative survival curves were performed using the Kaplan-Meier method and the
difference between groups was assessed by log-rank test. Statistical significance was
established at p < 0.05. Statistical analysis was performed using SPSS version 23.0
statistical software (SPSS Inc., Chicago, Illinois).

2.6. Reproducibility study

Inter-observer variability for myocardial deformation properties was assessed in 10
randomly selected studies and was calculated as the ratio (expressed as a percentage) of
the difference between the values obtained by each observer (expressed as an absolute
value) divided by the mean of the two values and as intra-class correlation coefficients.
Intra-observer variability was calculated by a similar approach.
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Fig. 1. Representative right heart chambers evaluation and speckle tracking-derived strain curves in Ebstein's anomaly patients. A) Anatomic right ventricle (RV): the portion of functional
RV + the atrialized portion of RV (between displaced tricuspid valve septal leaflet and annulus); C) Functional RV: the portion of RV distal to the attachment points of the tricuspid valve
leaflets; (E) Native right atrium (RA): portion of RA above tricuspid valve annulus. RV global longitudinal strain (GLS) defined as the average peak negative value on the strain curve during
left ventricular (LV) systole (red dotted lines) was detected for both anatomic (B) and functional (D) RV. Atrial peak longitudinal strain (PALS), as the maximum positive strain value on the
strain curve during LV systole (red dotted line) was detected for native RA (F). White arrows show marker points positioned by operators to enable the software to track the myocardium
semi-automatically throughout the heart cycle in strain detection for both RV ventricle (A and C) and RA (E).
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3. Results
3.1. Patients characteristics

A total of 58 consecutive pediatric and young adult EA patients met
the inclusion criteria. In 8 patients, the image quality was not consid-
ered adequate for speckle tracking analysis and they were excluded
from the study. Thus, 50 patients (age range 1 day-18 years, median
4; 52% males) were included in the study and were followed for a
mean follow-up of 60 4 41 months (range 1-147 months).

During the whole period, 24 (48%) EA patients had progressive
disease, experiencing cardiac adverse events at a median age of
69 months (IQR 2-196.25 months). Particularly, 18 patients (36% of
overall population) underwent surgical intervention, 1 (2%) experi-
enced sustained VT and 5 (10%) needed hospital admission for HF;
two of these HF patients died.

Among patients who underwent surgical intervention, 14 (77.8%)
underwent a Cone repair; three (16.7%) patients had a TV replacement;
one (5.5%) patient underwent a TV repair with a one and a half ventricle
strategy and completed a total cavo-pulmonary connection seven years
later.

At baseline investigation, all EA patients were in NYHA Class I
and had sinus rhythm at ECG; 18 (36%) had a documented past
medical history of supraventricular tachyarrhythmia, among those
11 (22% of overall population) presented with pre-excitation
syndrome. Baseline patients' characteristics are summarized in
Table 1.

Patients with stable and progressive disease were comparable
for all the studied parameters except for resting oxygen saturation,
which was lower in patients experiencing adverse events (oxygen
saturation <90%: 45% vs 0% in stable vs progressive disease group;
p <0.001).

3.2. Standard echocardiographic study

3.2.1. Right chambers

Table 2 summarizes the standard and advanced studied echocardio-
graphic parameters.

Anatomic severity of EA patients was variable in the overall studied
population; grade of displacement of TV septal leaflet ranged from 8.8 to
13.3 mm/m?, with a median of 39.2 mm/m? (IQR 25.8-69.7). A more
severe grade of displacement was detected in progressive disease
group compared to stable patient [59.7 mm/m? (IQR 27.5-83) vs
28.4 mm/m? (IQR 17.5-47); p = 0.002].

No differences were detected in anatomic RV-FAC, in TAPSE/RV
length and in peak systolic tissue-Doppler myocardial velocity (s')
between EA patients with stable disease vs. those with progressive

disease. Patients with progressive disease exhibited a lower functional
RV-FAC mean value (29.2 4+ 7.7% vs 36.7 4+ 9.6%; p = 0.004).

Native RA volumes were increased in both stable and progressive
disease groups [23.8 ml/m2 (IQR 16.3-36.8) vs 35.5 ml/m2
(IQR 19.6-60.1); p = 0.065].

About tricuspid valve regurgitation (TR), no significant differences in
valve disease severity were detected between the two groups except for
grade 2 TR, more frequent in stable disease group compared to the
progressive one (53.8% vs 25%; p = 0.048). Only 4 patients showed a se-
vere grade 4 TR and 3 were in the progressive disease group (12.5% vs
3.8%; p = 0.340).

Patients experiencing adverse cardiac events showed a higher
Celermajer index [0.8 (IQR 0.7-0.98) vs 0.55 (IQR 0.4-0.7); p = 0.000].

No significant differences were detected in Carpentier's classification
between the two groups.

Three patients (6% of overall population) showed functional
pulmonary atresia and they all belonged to stable disease group
(11.5% vs 0%; p = 0.236).

3.2.2. Left chambers
Systolic function of the left ventricle was preserved in the overall
population, showing similar values of LVEF between patients with pro-
gressive and stable disease (55.6 4 9.4% vs 59.7 + 7.5%; p = 0.09).
MAPSE corrected for LV length was similar between the two groups.
No differences were found between groups in the studied LV dia-
stolic parameters as well as in LA volumes indexed for body surface area.

3.3. 2D-speckle tracking echocardiographic study

Functional RV-GLS and anatomic RV-GLS were respectively —13.3
+ 7.3% and — 14.4 4 5.9% in the overall population. Functional RV-
GLS showed a significantly reduced value in EA patients with progres-
sive disease compared with the stable ones (—10.2 + 6.2% vs —16.2
+ 7.3%; p = 0.003).

Native RA-PALS in EA patients experiencing adverse cardiac events
was significantly lower than in patients with stable disease (25.2 +
13.5% vs 36.3 £ 12.5%; p = 0.004).

Despite preserved LVEF, mean value of LV-GLS of overall population
was slightly reduced (—16.1 & 4.2%). Patients with progressive disease
showed lower LV-GLS than patients with stable disease (—14.5 4+ 3.9%
vs —17.5 £+ 4%; p = 0.011).

3.4. Prognostic values of echo parameters
On multivariate analysis, including parameters significantly

different (p < 0.01) at univariate analysis (Celermajer index, TV
displacement/BSA, functional RV FAC, functional RV GLS and native

Table 1
Demographic and clinical characteristics of study population.
All patients (N = 50) Patients with stable disease (n = 26) Patients with progressive disease (n = 24) p-Value

Age, years® 4(0.01-15) 7.5 (1.5-15.25) 1.35 (0.005-13.5) 0.069
Males, n (%) 26 (52) 11 (42.3) 15 (62.5) 0.153
BSA, mm/m?>* 0.67 (0.21-1.7) 0.82 (0.45-1.72) 0.5 (0.21-1.63) 0.115
Sinus rhythm, n (%) 50 (100) 26 (100) 24 (100) /
NYHA class I, n (%) 50 (100) 26 (100) 24 (100) /
SBP, mmHg 107.6 £ 9.2 105.8 £ 11 109.4 4+ 7.8 0.567
DBP, mmHg 61.6 £+ 8.2 62.2 +£ 9.8 61+72 0.832
Sat02 < 90%, n(%) 9(21.4) 0 9 (45) 0.000
QRS duration >110 msec, n (%) 21 (45) 13 (52) 8 (40) 0.423
Cardio-thoracic ratio > 0.6, n (%) 22 (52.4) 8 (40) 14 (63.6) 0.126
Previously documented tachyarrhythmia, n(%) 18 (36) 9(34.6) 9(37.5) 0.832
Pre-excitation syndrome at EP study, n (%) 11 (22) 8(30.8) 3(12.5) 0.119

BSA: body surface area; NYHA: New York Heart Association; SBP = systolic blood pressure; DBP = diastolic blood pressure; SatO2 = oxygen saturation; EP study: electrophysiological

study.
2 Expressed as median (IQR).
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Table 2
Standard and advanced echocardiographic features of study population.
All patients (N = 50) Patients with stable disease Patients with progressive p-Value
(N=126) disease (N = 24)
Right heart chambers
Displacement of TV/BSA, mm/m?? 39.2 (25.8-69.7) 28.4 (17.5-47) 59.7 (27.5-83) 0.002
TAPSE/RV length, % 03+0.1 0.3 £+ 0.08 0.3 +0.11 0.142
FAC functional RV, % 33.14+95 36.7 £ 9.6 292 +77 0.004
FAC anatomic RV, % 352487 331492 375+ 77 0.073
TDI s’ RV, cm/s 128 + 4.6 133+ 24 11.7 £ 8.1 0.639
Native RA vol/BSA, ml/m?* 28.2 (18.3-46.5) 23.8 (16.3-36.8) 35.5(19.6-60.1) 0.065
TR V max, m/s 24404 25+ 04 24+05 0.303
Grading TR:
1, n(%) 1(2) 1(3.8) 0(0) 1
2, n(%) 20 (40) 14 (53.8) 6(25) 0.048
3,n(%) 25 (50) 10 (38.5) 15 (62.5) 0.156
4,n(%) 4(8) 1(3.8) 3(12.5) 0.340
Left heart chambers
LVEF, % 57.7 + 8.6 59.7 £ 7.5 55.6 +£ 9.4 0.089
MAPSE-s/LV length, % 0.19 4+ 0.05 0.18 £ 0.05 0.19 £ 0.06 0.532
MAPSE-I/LV length, % 0.21 4 0.06 0.21 £ 0.05 0.22 £+ 0.07 0.591
LA vol/BSA, ml/m? 171+73 16.6 £ 5.9 17.7 + 8.6 0.602
E/A ratio 125 £ 05 14 £ 06 1.1+04 0.064
E/é ratio 7.9 +338 74+29 89 +52 0514
Celermajer index?® 0.68 (0.53-0.87) 0.55 (0.38-0.69) 0.8 (0.70-0.98) 0.000
Carpentier's classification
A, n(%) 9(18) 7(26.9) 2(8.3) 0,142
B, n(%) 25 (50) 15 (57.7) 10 (41.7) 0,258
C, n(%) 6(12) 1(3.8) 5(20.8) 0,093
D, n(%) 10 (20) 3(11.5) 7(29.2) 0,164
Advanced echo
Anatomic RV GLS, % —144 £59 —155+63 —132+£53 0.165
Functional RV GLS, % —133+£73 —162+72 —102 £ 6.2 0.003
RA-PALS, % 309+ 14 363 + 12.5 252 + 135 0.004
LV-GLS, % —16.1 £ 4.2 —175+ 4 —145+ 3.9 0.011

TV: tricuspid valve; BSA: body surface area; TAPSE: tricuspid annular plane systolic excursion; RV: right ventricle; FAC: fractional area change; TDI s": peak systolic tissue-Doppler
myocardial velocity; RA: right atrium; TR: tricuspid regurgitation; LVEF: left ventricular ejection fraction; MAPSE-s: septal mitral annular plane systolic excursion; MAPSE-I: lateral mitral
annular plane systolic excursion; LA: left atrium; GLS: global longitudinal strain; PALS: peak atrial longitudinal strain.

2 Expressed as median (IQR).

RA-PALS), only functional RV-FAC (OR: 0.886, 95% CI: 0.808-
0.971; p = 0.010) and RA-PALS (OR: 0.926, 95% CI: 0.874-0.980,
p = 0.009) were independent predictors of progressive disease
in EA patients.

The ROC analysis for both functional RV-FAC and RA-PALS were
shown in Fig. 2A.

The optimum cut-off points were: 31.5% for the RV-FAC, with a
sensitivity of 67% and a specificity of 77% and an area under the curve
of 0.730; 27.1% for native RA-PALS, with a sensitivity of 63% and a spec-
ificity of 81% and an area under the curve of 0.749.

Cumulative survival curves were constructed using the Kaplan-
Meier method (Fig. 2B). Patients with both functional RV-FAC > 31.5%
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Fig. 2. ROC curves for functional RV fractional area change (FAC) and native RA-PALS (A). Cumulative survival curves were constructed using the Kaplan-Meier method: patients were
stratified according to functional RV FAC and native RA strain cut-off points which emerged from ROC analysis (B).
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and native RA-PALS >27.1% showed significantly increased event-free
survival compared to patients with both values under the cut-off points
(p = 0.000).

3.5. Reproducibility analysis

Intra- and inter-observer variability expressed as the mean percent-
age error (absolute difference/mean) and the intra-class correlation co-
efficients (ICC) were good for all studied parameters: TAPSE/RV length
(20 £ 17% and 21 4 15%, respectively; ICC: 0.89 and 0.87 respectively);
functional RV-FAC (11 4 7% and 13 4 8%; ICC: 0.89 and 0.87); anatomic
RV-GLS (25 + 23% and 25 + 22%; ICC: 0.84 and 0.83); functional RV-GLS
(22 4+ 15% and 23 + 16%; ICC: 0.89 and 0.88); native RA-PALS (13 +
12% and 14 + 12%; ICC: 0.93 and 0.91); LV-GLS (19 4 15% and 19 +
16%; ICC: 0.83 and 0.82).

4. Discussion

To the best of our knowledge, this is the first study to investigate the
prognostic value of both atrial and ventricular myocardial deformation
properties in pediatric and young patients with unrepaired Ebstein's
anomaly.

Our findings show that the function of both right atrium and right
ventricle are independent predictors of progressive disease in EA
patients.

4.1. Predictors of outcome in Ebstein's anomaly patients

Previous studies focused on the predictive value of several clinical
and instrumental parameters on adverse outcome in EA patients with
rather conflicting results [6-10]. Recently, CMR-derived changes in
biventricular function parameters have been reported to be associated
with adverse cardiac events in adult EA patients [17]. Another recent
CMR study showed that EA patients had significantly impaired right
atrial and ventricular performance, which correlated well with heart
failure parameters [30].

Unfortunately, the use of CMR is limited in the pediatric population.
In children (<10 years) a CMR examination often requires general anes-
thesia; the high cost and limited availability are additional limitations
for this technique [31].

Data focused on echocardiography and its prognostic value in
unrepaired EA patients are still scarce in the literature, even more so
in a pediatric population [13,14].

Our study is the first to investigate the role of standard and advanced
echocardiographic parameters in predicting outcome in pediatric and
young EA patients.

4.2. Right ventricle in EA disease

In EA the anatomic RV includes an atrialized part that functionally
belong to the atrium and doesn't contribute properly to global systolic
function of right heart [32].

In agreement with this, our findings demonstrated that only the
echocardiographic assessment of functional RV-FAC has a prognostic
value in EA patients.

Attenhofer et al. [33] could not measure FAC in any of the 16 adult
studied patients (mean age 41 4 13 years; 3 patients with previous
surgery) because of difficulties in detecting the RV endocardial borders.
On the contrary, in our study it was feasible in all patients, probably due
to the inclusion only of unrepaired children and young adults
(218 years), who usually have a good image quality.

A higher Celermajer index and a more severe TV displacement/BSA
were also detected in patients with progressive disease. However, at
multivariate analysis no statistical significance was reached. This could
confirm the greater importance of function rather than morphology of
RV in prognostic assessment of EA patients.

In a recent study about changes in biventricular function after Cone
repair in children and adult patients, Perdreau et al. concluded that STE
of RV was not feasible due to dilatation and little thickness of myocardial
RV wall [28]. However, longitudinal strain reflects the shortening of
myocardial fibers along the longitudinal axis. To measure the longitudi-
nal deformation, the STE software follows the myocardial speckles along
the longitudinal axes, and not along the transverse axes. Thus, the
myocardial wall thickness on the transverse plane should not affect
the quality of the tracking [26]. Indeed, many studies demonstrated
the feasibility of speckle tracking in assessing the longitudinal deforma-
tion of the extremely thin atrial walls in several heart diseases [27,34].
In our patients, RV-GLS was feasible for the optimal image quality of
unrepaired young patients, showing lower mean value in EA patients
with progressive disease compared to the stable ones. In agreement
with our findings, another recent study in EA children and adult patients
demonstrated that only RV GLS, assessed by echo, was well correlated to
RV ejection fraction detected by CMR [15].

At multivariate analysis functional RV-GLS lost statistical signifi-
cance, probably because FAC is a more powerful parameter. The con-
traction of both obliquely and longitudinally oriented RV myocardial
fibers is responsible for RV systolic function. In cases of abnormal load-
ing conditions, like in EA, circumferential shortening may contribute
more to RV ejection than in normal hearts [35]. We hypothesized that
RV-GLS, expression of shortening of longitudinally oriented myocardial
fibers, is already compromised in all EA young patients, while FAC may
be maintained because of a compensatory increase in circumferential
deformation, expression of the contraction of the obliquely oriented fi-
bers. Thus, a reduced FAC may be the expression of a later stage in the
disease progression, when both longitudinal and circumferential func-
tion are compromised.

In our study we did not assess RV circumferential deformation be-
cause the thin wall may significantly affect the quality of tracking on
the transverse axis.

4.3. Right atrium in EA disease

Quantification of RA function in congenital heart disease is receiving
increasing interest, since RA dysfunction may better reflect diastolic
properties of RV [34,36,37]. As RV dysfunction progresses because of
RV volume overload, the preload reserve responds through compensa-
tion by the atrium; when RA compensation is exhausted, than the car-
diac output decreases [38]. Padeletti et al. reported that RA-PALS was
the strongest predictor of pulmonary hypertension in patients with
heart failure [39]. Similarly, we evaluated RA function in EA patients
by focusing on the reservoir phase, demonstrating for the first time
that RA function detected by STE is an independent predictor of progres-
sive disease at long-term follow-up.

4.4. Left ventricle in EA

It is well known that RV volume overload leads to a reduction of
global systolic LV function through the mechanism of ventricular inter-
dependence [40]. Moreover, LV dysfunction in EA is an independent
predictor of late mortality [41].

Our findings showed that, despite normal LVEF, patients with pro-
gressive disease showed a lower LV-GLS average value compared to pa-
tients with stable disease.

These results are in agreement with a recent paper by Liu et al. [42]
showing CMR-detected LV strain parameters were significantly lower in
EA patients compared to control group even in presence of a normal
LVEF. The abnormal LV longitudinal deformation is probably due to an
early involvement of the sub-endocardial longitudinally oriented fibers,
which are the first to be compromised even in presence of a preserved
LVEF [43,44].
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5. Study limitations

There are several limitations concerning this study.

The first limitation is related to the retrospective design of the
study.

Secondly, the sample size may seem small. However, considering the
incidence of EA, the single-center nature of the study, the inclusion
criteria, and the involvement of only pediatric and young adult patients
(<18 years), the studied cohort can be considered relatively large.
Indeed, our EA sample size is the largest as compared with all previous
studies on this specific topic [13-15,33].

Third, we used two-dimensional strain to assess myocardial
deformation properties in EA patients. However, strain is not a direct
measure of contractility, whereas strain rate is more closely related to
myocardial contractility. Unfortunately, strain rate cannot be fully re-
solved from STE because of its relatively low frame rate. A reliable mea-
sure of myocardial strain rate can be assessed only by colour tissue
Doppler (frame rate > 180 frames/s), but this approach is limited by
poor reproducibility [45].

In addition, in our study the specificity and sensitivity of RV-FAC
and RA-PALS are not very high thus their predictive value should
be confirmed in a larger multicenter study. Similarly, both
“functional” pulmonary atresia and the severity of TR don't reach a
significant value in predicting cardiovascular events but these
results can be partially explained by the relative small number of
patients affected.

6. Conclusion

Our study demonstrates for the first time the prognostic role of func-
tional RV-FAC and native RA-PALS in long-term follow-up of pediatric
and young adult EA patients. We therefore suggest that these two pa-
rameters should be included in the routine clinical evaluation of chil-
dren and young patients with EA.
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