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ABSTRACT: Background: Patients with unrepaired Ebstein’s anomaly experience exercise intolerance,
heart failure and premature mortality. Volumetric assessment of right ventricular function is difficult due
to the complex anatomy of the right ventricle and tricuspid valve. Myocardial deformation indices are an
early marker in other cardiac pathologies of ventricular dysfunction. Objectives: 1. Assess myocardial
deformation in unrepaired Ebstein’s compared to healthy controls. 2. Investigate the relationships between
myocardial deformation and exercise capacity. Methods: Myocardial deformation parameters (strain) were
calculated using feature tracking from standard cardiac magnetic resonance cine images. Cardiopulmonary
exercise results were included where available. Results: 36 patients with unrepaired Ebstein’s and
36 matched controls were included. Right ventricular, right atrial, and left ventricular global longitudinal,
as well as left ventricular circumferential strain were impaired in Ebstein’s patients compared to controls
(p < 0.05). In Ebstein’s patients right atrial peak strain correlated with their percentage predicted VO2 max
(r = −0.448, p = 0.022) and VE/VCO2 slope (r = 0.435, p = 0.026). There were no correlations between right
ventricular ejection fraction and exercise parameters. When Ebstein’s patients were divided by severity into
mild or severe according to the median total right/left index, those with severe demonstrated significantly
impaired right ventricular global longitudinal strain compared to those in the mild category (−17.5 ± 5.4%
vs. −21.4 ± 4.4%, p = 0.0017). Conclusions: Myocardial deformation parameters for both the right and
left ventricle are impaired in patients with unrepaired Ebstein’s compared to healthy controls. Right atrial
peak strain is related to impaired exercise capacity and warrants further investigation as an early prognostic
marker in this patient cohort.
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1 Introduction

Ebstein’s anomaly of the tricuspid valve is a rare congenital cardiac abnormality that accounts
for less than 1% of all congenital heart diseases [1,2]. Ebstein’s anomaly consists of a dysplastic
tricuspid valve, displaced towards the right ventricular apex, resulting in atrialisation of the right
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ventricle, with subsequent significant tricuspid regurgitation, right atrial and right ventricular
volume overload [2]. Consequently many patients with Ebstein’s anomaly experience significant
exercise intolerance, with reduced mean peak oxygen uptake on cardiopulmonary exercise testing,
which has been demonstrated to be an independent predictor of outcome in Ebstein’s anomaly
patients [3]. Additionally, early mortality occurs within these patients, with more than half of
deaths due to heart failure [4,5].

Cardiovascular magnetic resonance (CMR) imaging confers significant advantages in the
assessment of Ebstein’s anomaly that has led to its acceptance as the gold-standard imaging
technique for assessment of right ventricular volumes and ejection fraction [6]. Previous CMR
studies in patients with Ebstein’s anomaly have correlated the atrialised right ventricular
end-diastolic volume, total right ventricular end-diastolic volume, and functional right ventricular
end-diastolic volume/left ventricular end-diastolic volume ratio with exercise capacity. However,
defining these components can be extremely difficult because of variable anatomy of the tricuspid
valve including the degree of offsetting, morphology, and malrotation [7]. More recently, a
simplified ratio of total right/left volume index has been associated with heart failure biomarkers [8]
and in addition to right ventricular ejection fraction, confirmed as a predictor of major adverse
cardiovascular events [9]. These measures are however all volume-based and inevitably are affected
by tricuspid regurgitation severity. Therefore, a recent study by Steinmetz et al. [10] assessed
atrial and ventricular myocardial deformation (strain) in Ebstein’s anomaly patients and found
associations with simple heart failure markers, but did not assess any relationships to exercise
capacity. Strain imaging quantifies myocardial muscle contraction and is an early marker of
ventricular contractile dysfunction in other congenital conditions [11].

2 Material and Methods

2.1 Study Population

Ninety patients with Ebstein’s Anomaly were identified from a local database of the congenital
heart disease patients at the Queen Elizabeth Hospital, Birmingham, United Kingdom. Ebstein’s
anomaly was defined as the apical displacement of the septal leaflet of the tricuspid valve by
>8 mm/m2 relative to the mitral valve leaflet insertion point [12]. Thirty-four of the ninety patients
had not undergone CMR (implantable defibrillator or pacemaker; claustrophobia/intolerance;
other associated congenital pathology), 16 had undergone tricuspid valve surgery, and 4 had
incomplete studies due to problems with breath-holding and arrhythmias. Hence, 36 unoperated
Ebstein’s Anomaly patients were eligible for inclusion in this study. This observational retrospective
study was approved by the local clinical governance committee (RRK6237) and conformed to the
guidelines regarding the principles of Good Clinical Practice. Additionally, 36 age and sex-matched
controls, who were healthy donors studied pre kidney donation, were identified from a prospective,
observational CMR study (NCT01028703) [13].

2.2 Cardiac Magnetic Resonance Imaging Acquisition

A 1.5T scanner (Magnetom Avanto, Siemens, Germany) was used for CMR imaging. Standard
CMR protocols using steady-state free precession cine images to assess cardiac morphology and
function were utilised. as per previously validated methodology [14].
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2.3 Volumetric Imaging Analysis

Offline image analysis was performed using version 5.3.4 cvi42, Circle Vascular Imaging,
Calgary, Canada. Standard contouring of the ventricular short axis stack at end diastole and
end systole, as per recognised published guidance, was performed for calculation of ventricular
volumes, function, and left ventricular mass [14].

Right atrial volumes were measured using the horizontal long axis view that shows all four
cardiac chambers. For the Ebstein’s anomaly patients a smooth endocardial contour encompassing
both the anatomical right atrium and the atrialised right ventricle was drawn to calculate the
volume of the functional right atrium. These contours were drawn to the insertion point of the
displaced tricuspid valve leaflets.

To calculate the total right/left volume index in the patients with Ebstein’s anomaly one
smooth endocardial contour was drawn encompassing the functional right atrium (anatomical
and atrialised right ventricle) and functional right ventricle in the end diastolic timeframe. An
additional smooth endocardial contour was drawn for the left atrium and left ventricle. The total
right/left volume index was calculated using the following equation: (anatomical right atrium
+ atrialised right ventricle + functional right ventricle)/(left atrium + left ventricle) volumes [8].
A similar method was applied to the healthy controls and the total right/left volume index was
calculated as follows: (right atrium + right ventricle)/(left atrium + left ventricle) volume. The
median value of the total right/left volume index in the Ebstein’s anomaly patients was chosen as
a cut-off value to subclassify the Ebstein’s anomaly cohort into mild and severe cases.

2.4 Feature Tracking Image Analysis

Feature tracking analysis was undertaken as per the standard methodology previously
utilized by our group [15,16]. A 2-dimensional technique was used to analyse right atrial and
right ventricular global longitudinal strain analysis. On the horizontal long axis view smooth
end diastolic endocardial and epicardial contours were drawn. In the patients with Ebstein’s
anomaly, the smooth endocardial contour encompassing the functional right atrium was utilized
for quantification of right atrial global longitudinal strain. For the right ventricular analysis,
two datasets were created—one with the inclusion of the septum; free wall plus septum global
longitudinal strain (FW + S GLS), and a second with the exclusion of the septum; free wall global
longitudinal strain (FW GLS), see Fig. 1. These two datasets reflect the different approaches to the
assessment of the septal contribution to right ventricular function.

A 3-dimensional technique for assessment of left ventricular strain was performed based on
previously published methodology by our group [16]. On all short and long axis slices at end
diastole smoothed endocardial and epicardial borders were drawn. The superior right ventricular
insertion points within the left ventricle were then defined. From this analysis left ventricular
global longitudinal strain (LV GLS), global circumferential strain (LV GCS) and global radial strain
(LV GRS) measurements were derived. All strain measurements were taken as the highest strain
value calculated irrespective of the timeframe during systole.
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Figure 1: Example of endocardial and epicardial contouring for calculation of right atrial and right ventricular strain 
parameters. (A) Right ventricular contouring for calculation of RV free wall global longitudinal strain (B) Results for 
RV free wall global longitudinal strain (C) Right ventricular contouring for calculation of RV free wall plus septum 
global longitudinal strain (D) Results for RV free wall plus septum global longitudinal strain (E) Right atrial contouring 
for calculation of right atrial global longitudinal strain (F) Results for right atrial global longitudinal strain Endocardial 
contour yellow, Epicardial contour blue 

A 3-dimensional technique for assessment of left ventricular strain was performed based on previously 
published methodology by our group [16]. On all short and long axis slices at end diastole smoothed endo-
cardial and epicardial borders were drawn. The superior right ventricular insertion points within the left 
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Figure 1: Example of endocardial and epicardial contouring for calculation of right atrial and right ventricular
strain parameters. (A) Right ventricular contouring for calculation of RV free wall global longitudinal strain
(B) Results for RV free wall global longitudinal strain (C) Right ventricular contouring for calculation of RV
free wall plus septum global longitudinal strain (D) Results for RV free wall plus septum global longitudinal
strain (E) Right atrial contouring for calculation of right atrial global longitudinal strain (F) Results for right
atrial global longitudinal strain Endocardial contour yellow, Epicardial contour blue.

2.5 Reproducibility of Myocardial Strain Parameters

To assess intra-observer variability a second analysis of ten randomly selected cases was
performed after a six-month interval.
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2.6 Cardiopulmonary Exercise Testing

Cardiopulmonary exercise tests were performed using GE Healthcare CASE ES Ergospirometry
Testing System combined with a GE treadmill T2100 (GE Healthcare, Kuopio, Finland). Standardized
ramped protocols were utilized aiming for 8–12 min of exertion, until the participant became symptom
limited and stopped exercising [17]. Cardiopulmonary exercise tests in the Ebstein’s anomaly patients
conducted within six months of cardiac magnetic resonance imaging were eligible for inclusion in the
study results.

2.7 Echocardiographic Imaging

Standard transthoracic echocardiography was undertaken in the Ebstein’s anomaly patients
(Philips iE33 Medical Systems, Amsterdam, The Netherlands). Measurements of right ventricular
function were recorded as per standard guidelines. The parameters assessed were tricuspid annular
plane systolic excursion, right ventricular S velocity, and right ventricular systolic pressure [18].
The degree of tricuspid regurgitation was graded as none, mild, moderate, or severe according to
the assessment criteria recommended by Lancellotti et al. [19]. In brief this uses color flow imaging
to diagnose tricuspid regurgitation (TR) and then adopts a quantitative approach to grade the
severity. Possible quantification techniques include proximal isovelocity surface area (PISA), vena
contracta width, systolic hepatic flow reversal, and continuous wave Doppler of the TR jet. Mean
pulmonary artery pressure was derived using the TR peak velocity [20].

The presence of a patent foramen ovale was assessed by echocardiogram, and was defined
as a dynamic deficit of the inter-atrial septum with intermittent right to left color flow seen on
Doppler imaging in the region of the fossa ovalis [21,22]. The presence of an atrial septal defect was
also assessed by echocardiogram, as per standard definitions of atrial septal defects with shunting
detected across the inter-atrial septum [22].

2.8 Statistical Analysis

Statistical analysis was performed using SPSS version 24 (SPSS, Inc., Chicago, IL, USA). Data
are presented as mean ± standard deviations. Normality was assessed using the Shapiro-Wilk
test. Independent t-tests were used to compare results between Ebstein’s anomaly patients
and controls. Correlation was assessed using the Pearson or Spearman method, as appropriate.
Intra-observer agreement was assessed using the intraclass correlation coefficient. p values < 0.05
were considered significant.

3 Results

3.1 Participant Characteristics

36 patients with Ebstein’s Anomaly (age 36 ± 13 years, 44% male) and 36 controls (age
37 ± 11 years, 44% male) were included in the study. The two groups were well matched for age
(p = 0.6 and gender p > 0.99), as well as body mass index (Ebstein’s 25.5 ± 4.2 kg/m2, controls
25.2 ± 6.1 kg/m2, p = 0.8), see Table 1.

3.2 Myocardial Structure and Function

Results for right atrial, right ventricular, and left ventricular volumes and function are
summarized in Table 1. As expected the functional right atrial volume was larger in Ebstein’s
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anomaly patients compared to controls (p < 0.0001). Ebstein’s anomaly patients had dilated right
ventricular volumes, with lower ejection fractions than controls (p < 0.0001). Additionally, Ebstein’s
anomaly patients had smaller left ventricular end diastolic volumes, with lower ejection fraction
than controls (p = 0.0357 and p = 0.0195, respectively). As expected, the total right/left index score
was significantly higher in Ebstein’s anomaly patients compared to controls (2.2 vs. 0.67, p 0.002).

Table 1: Participant characteristics, cardiac magnetic resonance ventricular volumes and function for
Ebstein’s Anomaly patients vs. controls.

Ebstein’s Anomaly
(n = 36)

Controls
(n = 36) p Value

Demographics
Age (years) 36 ± 13 37 ± 11 0.6

Gender (number male, % male) 16 (44%) 16 (44%) >0.99
Body mass index (kg/m2) 25.5 ± 4.2 25.2± 6.1 0.8

Imaging parameters
Functional RA volume (mL/m2) 116 ± 91 41 ± 14 <0.0001

RVEDVi (mL/m2) 112 ± 60 68 ± 15 <0.0001
RVESVi (mL/m2) 49 ± 25 23 ± 9 <0.0001

RVEF (%) 51 ± 11 67 ± 8 <0.0001
LVEDVi (mL/m2) 60 ± 14 66 ± 12 0.0357
LVESVi (mL/m2) 20 ± 7 21 ± 6 0.9392

LVEF (%) 65 ± 8 69 ± 5 0.0195
LV mass index (g/m2) 53 ± 13 60 ± 13 0.0405

Total right/total left index 2.2 ± 2.6 0.67 ± 0.17 0.002
Note: Values are mean ± standard deviations. p values calculated using independent t-tests. RA indicates right atrium;
RVEDVi, right ventricular end diastolic volume indexed; RVESVi, right ventricular end systolic volume indexed; RVEF,
right ventricular ejection fraction; LVEDVi, left ventricular end diastolic volume index; LVESVi, left ventricular end
systolic volume index; LVEF left ventricular ejection fraction; LV left ventricular.

3.3 Reproducibility of Myocardial Strain Parameters

Right atrial, right ventricular and left ventricular strain parameters demonstrated good
intra-observer reproducibility. The intraclass correlation coefficient for the right atrial global
longitudinal strain was 0.8, whilst for both the right ventricular free wall plus septum global
longitudinal strain and right ventricular free wall global longitudinal strain the intraclass correlation
coefficient was 0.84. The intraclass correlation coefficient for the left ventricular strain parameters
were as follows: left ventricular global circumferential strain, 0.86; left ventricular global radial
strain 0.78 and left ventricular global longitudinal strain 0.84.

3.4 Myocardial Strain Differences between Ebstein’s Anomaly and Controls

Results for myocardial strain are summarised in Fig. 2. Patients with Ebstein’s Anomaly
had impaired strain for all strain parameters compared to controls, except for left ventricular
global radial strain. Right ventricular strain was reduced in Ebstein’s Anomaly patients compared
to controls when both the septum was included and excluded in the analysis. However, right
ventricular strain results for Ebstein’s Anomaly patients were not significantly different depending
upon whether the septum was included or not in the analysis (p = 0.0741).
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was included and excluded in the analysis. However, right ventricular strain results for Ebstein’s Anomaly
patients were not significantly different depending upon whether the septum was included or not in the
analysis (p = 0.0741).

Figure 2: Results for myocardial strain parameters in patients with Ebstein’s Anomaly compared to controls. (A) Right
atrial global longitudinal strain, (B) Right ventricular free wall global longitudinal strain, (C) Right ventricular free
wall plus septum global longitudinal strain, (D) Left ventricular global longitudinal strain, (E) Left ventricular global
circumferential strain, (F) Left ventricular global radial strain. p values calculated using independent t-tests

3.5 Association of Myocardial Strain with Cardiopulmonary Exercise Parameters
Cardiopulmonary exercise test results within six months of cardiac magnetic resonance imaging were

available for 27 (75%) of the Ebstein’s Anomaly patients, with these results shown in Table 2. The mean age
of these patients was 36 ± 13 years, with 48% male. Twenty patients (74%) were NYHA Class I, 6 (22%)
NYHA Class II, and 1 patient (4%) NYHA Class III. Patients exercised on average for 9 min, achieving
a mean respiratory exchange ratio of 1.2 ± 0.1. Mean peak VO2 was 26.9 ± 8.5 mL/kg/min, representing
87 ± 20% age and gender predicted peak VO2. Peak VO2 did not correlate with right ventricular (p = 0.290)
or left ventricular ejection fraction (p = 0.302). However, peak VO2 was inversely correlated with the right
atrial global longitudinal strain (r = −0.448, p = 0.022). Additionally, right atrial global longitudinal strain
positively correlated with the VE/VCO2 slope (r = 0.435, p = 0.026), see Fig. 3, whereas ventricular ejection
fraction did not.

Figure 2: Results for myocardial strain parameters in patients with Ebstein’s Anomaly compared to controls.
(A) Right atrial global longitudinal strain, (B) Right ventricular free wall global longitudinal strain, (C) Right
ventricular free wall plus septum global longitudinal strain, (D) Left ventricular global longitudinal strain,
(E) Left ventricular global circumferential strain, (F) Left ventricular global radial strain. p values calculated
using independent t-tests.

3.5 Association of Myocardial Strain with Cardiopulmonary Exercise Parameters

Cardiopulmonary exercise test results within six months of cardiac magnetic resonance imaging
were available for 27 (75%) of the Ebstein’s Anomaly patients, with these results shown in Table 2. The
mean age of these patients was 36 ± 13 years, with 48% male. Twenty patients (74%) were NYHA Class
I, 6 (22%) NYHA Class II, and 1 patient (4%) NYHA Class III. Patients exercised on average for 9 min,
achieving a mean respiratory exchange ratio of 1.2 ± 0.1. Mean peak VO2 was 26.9 ± 8.5 mL/kg/min,
representing 87 ± 20% age and gender predicted peak VO2. Peak VO2 did not correlate with right
ventricular (p = 0.290) or left ventricular ejection fraction (p = 0.302). However, peak VO2 was inversely
correlated with the right atrial global longitudinal strain (r = −0.448, p = 0.022). Additionally, right
atrial global longitudinal strain positively correlated with the VE/VCO2 slope (r = 0.435, p = 0.026),
see Fig. 3, whereas ventricular ejection fraction did not.

Table 2: Clinical, cardiopulmonary and echocardiography parameters for patients with Ebstein’s Anomaly.

Ebstein’s Anomaly
n = 36 (%)

NYHA class, n (%)
I 26 (72)
II 9 (25)
III 1 (3)

Severity of TR by echocardiogram, n (%)
None 0
Mild 9 (25)

Moderate 10 (28)
Severe 17 (47)

PFO present, n (%) 5 (14)
ASD present, n (%) 6 (17)
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Table 2: Cont.

Ebstein’s Anomaly
n = 36 (%)

CPEX results
Duration of exercise, min 9.0 ± 2.2

Maximum workload, RER peak 1.2 ± 0.1
Percentage peak age predicted heart rate, % 90 ± 13

Peak VO2, mL/kg/min 26.9 ± 8.5
Percentage age predicted peak VO2, % 87 ± 20

VE/VCO2 slope 30.7 ± 6.1
Echo results

RV S velocity, m/s 14.5 ± 6.6
TAPSE, mm 26 ± 7

RVSP, mmHg 37.2 ± 10.7
Mean PAP, mmHg 24.7 ± 6.5

Note: Values are mean ± standard deviations, brackets percentage. NYHA indicates New York heart association; TR,
tricuspid regurgitation; PFO, patent foramen ovale; ASD, atrial septal defect; CPEX, cardiopulmonary exercise test; RER,
respiratory exchange ratio; RV, right ventricle; TAPSE, tricuspid annular plane systolic excursion; RVSP, right ventricular
systolic pressure; PAP, pulmonary artery pressure.
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Figure 3: Correlations for patients with Ebstein’s Anomaly between right atrial global longitudinal strain and (A) Peak
VO2 max and (B) VE/VCO2 slope. Correlation assessed using the Spearman method

4 Discussion
This study has demonstrated that myocardial deformation indices for the right atrium, right ventricle

and left ventricle are impaired in patients with Ebstein’s Anomaly. Additionally, we found that neither
right nor left ventricular ejection fraction was associated with peak oxygen uptake during cardiopulmonary
exercise testing. However, the right atrial global longitudinal strain was found to be inversely correlated to the
peak oxygen uptake during exercise and positively correlated with the VE/VCO2 slope. To our knowledge,
this is the first study identifying an association between right atrial function and exercise capacity in patients
with Ebstein’s Anomaly.

4.1 Left Ventricular Strain Parameters and Clinical Implications in Ebstein’s Anomaly Patients
In keeping with the work of Liu et al. [23], we found left ventricular global longitudinal and circumfer-

ential strain parameters to be impaired in patients with Ebstein’s Anomaly. However, unlike Liu et al. [23],
we did not find a statistically significant difference for left ventricular global radial strain, although there was
a trend towards this being lower in the Ebstein’s Anomaly patient group. Previous studies [9] have found
impairment of left ventricular ejection fraction to be associated with adverse cardiovascular outcomes in
patients with Ebstein’s Anomaly. Although our patients had lower left ventricular ejection fractions than
controls, the values were still within the normal range, suggesting that impairment in left ventricular global
longitudinal strain and global circumferential strain may be early prognostic markers that might possibly be
of clinical utility in patients with Ebstein’s Anomaly.

4.2 Right Heart Strain and Clinical Implications in Ebstein’s Anomaly Patients
The study by Steinmetz et al. [10] utilized a different analysis technique for strain analysis which

likely explains the difference in absolute values obtained between that study and our own results. However,
our results are in keeping with this previous work with both studies demonstrating impairment of right
ventricular global longitudinal strain and right atrial global longitudinal strain in patients with Ebstein’s
Anomaly compared to controls. Additionally, Steinmetz et al. [10] found that both right ventricular and right
atrial strain impairment correlated to the patients’ New York Heart Association symptom severity and B-
type natriuretic peptide levels, which are both established markers of heart failure severity. They did not
however assess whether any right heart strain parameters correlated with an objective measure of exercise

Figure 3: Correlations for patients with Ebstein’s Anomaly between right atrial global longitudinal strain
and (A) Peak VO2 max and (B) VE/VCO2 slope. Correlation assessed using the Spearman method.

3.6 Severity of Ebstein’s Anomaly and Relationship to Myocardial Strain, Echocardiography
Results and Exercise Capacity

Patients with Ebstein’s Anomaly were split into two groups based on the median total right/left
index of 1.3 (range 0.6–12). For the patients classified as mild, the mean right atrial global
longitudinal strain was −9.4 ± 3.7%, compared to −9.7 ± 4.8, for the severe patients p = 0.84.
For the 18 patients in the severe Ebstein’s Anomaly category the mean right ventricular global
longitudinal strain (using the mean composite of the two right ventricular strain parameters, with
and without septum) was significantly impaired compared to the Ebstein’s Anomaly patients
classified as mild (right ventricular global longitudinal strain −17.5 ± 5.4% in severe category vs.
−21.4 ± 4.4% in the mild category, p = 0.0017). For all patients, the average right ventricular global
longitudinal strain correlated positively with the total right/left index (r = 0.528, p = 0.001), as well
as the VE/VCO2 slope (r = 0.614, p = 0.026).
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4 Discussion

This study has demonstrated that myocardial deformation indices for the right atrium, right
ventricle and left ventricle are impaired in patients with Ebstein’s Anomaly. Additionally, we found
that neither right nor left ventricular ejection fraction was associated with peak oxygen uptake
during cardiopulmonary exercise testing. However, the right atrial global longitudinal strain
was found to be inversely correlated to the peak oxygen uptake during exercise and positively
correlated with the VE/VCO2 slope. To our knowledge this is the first study identifying an
association between right atrial function and exercise capacity in patients with Ebstein’s Anomaly.

4.1 Left Ventricular Strain Parameters and Clinical Implications in Ebstein’s Anomaly Patients

In keeping with the work of Liu et al. [23], we found left ventricular global longitudinal and
circumferential strain parameters to be impaired in patients with Ebstein’s Anomaly. However,
unlike Liu et al. [23], we did not find a statistically significant difference for left ventricular global
radial strain, although there was a trend towards this being lower in the Ebstein’s Anomaly patient
group. Previous studies [9] have found impairment of left ventricular ejection fraction to be
associated with adverse cardiovascular outcomes in patients with Ebstein’s Anomaly. Although
our patients had lower left ventricular ejection fractions than controls, the values were still within
the normal range, suggesting that impairment in left ventricular global longitudinal strain and
global circumferential strain may be early prognostic markers that might possibly be of clinical
utility in patients with Ebstein’s Anomaly.

4.2 Right Heart Strain and Clinical Implications in Ebstein’s Anomaly Patients

The study by Steinmetz et al. [10] utilized a different analysis technique for strain analysis
which likely explains the difference in absolute values obtained between that study and our
own results. However, our results are in keeping with this previous work with both studies
demonstrating impairment of right ventricular global longitudinal strain and right atrial global
longitudinal strain in patients with Ebstein’s Anomaly compared to controls. Additionally,
Steinmetz et al. [10] found that both right ventricular and right atrial strain impairment correlated
to the patients’ New York Heart Association symptom severity and B-type natriuretic peptide
levels, which are both established markers of heart failure severity. They did not however assess
whether any right heart strain parameters correlated with an objective measure of exercise capacity,
such as we have demonstrated with the association between right atrial global longitudinal strain,
peak oxygen uptake capacity, and the VE/VCO2 slope. Peak oxygen uptake has previously been
established as an independent predictor of outcome in patients with Ebstein’s Anomaly [3], whilst
an increased VE/VCO2 slope was found to be related to a higher risk of death in a noncyanotic
congenital heart disease cohort [24].

The importance of right atrial myocardial deformation indices was also demonstrated in an
echocardiography study by Prota et al. [25] in pediatric patients with Ebstein’s Anomaly. They
found that functional right ventricular fractional area change and right atrium peak systolic strain
were lower in patients with Ebstein’s Anomaly experiencing adverse clinical events, compared
to those who were stable. These imaging parameters were independent predictors of progressive
disease (defined as need for surgery, ventricular tachycardia, heart failure, and/or death) at
multivariant analysis.
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Studies assessing right atrial strain in the context of severe tricuspid regurgitation may also
be pertinent to these patients with unoperated Ebstein’s Anomaly, due to the high prevalence
of significant valvular dysfunction. An echocardiography study by Teixeira et al. found in a
multivariate linear regression model that the volume of tricuspid regurgitation was independently
associated with right atrial strain after adjusting for the RA area, RV longitudinal systolic function
and the estimated pulmonary vascular resistance [26]. A study assessing right atrial performance
in a different group of congenital heart disease patients; Tetralogy of Fallot, found right atrial
longitudinal strain to be abnormal in these patients. However, they did not see any correlation
between right atrial longitudinal strain and the degree of tricuspid regurgitation and/or peak
oxygen uptake [27].

The right atrium is known to function in a triphasic manner; with a reservoir phase, conduit
phase and contractile phase [28]. Impaired atrial function is of increasing interest, both in acquired [29]
and congenital heart diseases such as Tetralogy of Fallot [27] as a potential early marker of ventricular
dysfunction and disease severity [30]. Right atrial function not only reflects changes in myocardial
deformation but is also influenced by right ventricular function, pre-load conditions including tricuspid
regurgitation, and afterload conditions including pulmonary artery pressures. This may explain why
we found right atrial global longitudinal strain to be the myocardial deformation parameter most
closely associated with exercise performance in patients with Ebstein’s Anomaly.

Other MRI parameters including right ventricular/left ventricular end diastolic volume ratio,
total right/left volumes and apical septal leaflet displacement have previously been found to be
associated with first onset of atrial tachycardia in patients with Ebstein’s Anomaly [9]. Further work
is required to identify whether right atrial strain has incremental value to conventional imaging and
clinical parameters in predicting disease severity, the need for surgical intervention and prognosis
in patients with Ebstein’s Anomaly.

5 Limitations

Patients with cardiac devices (pacemakers/defibrillators) were excluded from this study due to
the contra-indication for CMR, which may have introduced a patient selection bias for the severity
of Ebstein’s Anomaly. Contouring the thin right atrial wall, especially when distorted as may be the
case in Ebstein’s anomaly, can be challenging. Our analyses were performed in a single cine plane
and in retrospect, clarifying the validity of the strains from multiple planes of the right atrium
would have further validated our work. The cut-off of 1.3 for right/left index was chosen based on
the median of our results and not any published prognostic value. The clinical utility of thresholds
for right/left index still needs to be determined in future longitudinal studies. Only right atrial
global longitudinal strain was quantified for assessment of atrial performance in these patients as
we felt this was likely to be the parameter that would have the most influence upon a patient’s
exercise capacity and be a robust measure with good reproducibility. However, we did not assess
the reservoir or conduit function of the RA and these parameters may have given additional insight
into the complex mechanics of these abnormally structured right hearts.

This study is a single center and therefore limited to a small cohort size in keeping with the
rare nature of this congenital abnormality. No assessment of the stability of strain parameters
over time has been possible as only a single CMR study has been analyzed for each participant. A
prospective longitudinal study would be of benefit to assess the stability of strain imaging in this
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patient cohort and the correlation of impairment in strain parameters with adverse clinical events,
such as heart failure and arrhythmia.

6 Conclusions

Myocardial strain indices for the right atrium, right ventricle, and left ventricle are impaired in
patients with Ebstein’s Anomaly compared to healthy controls. The right atrial global longitudinal
strain was associated with objective measurements of exercise capacity. Further investigation of
right atrial global longitudinal strain as a prognostic marker in patients with Ebstein’s Anomaly is
warranted in future larger longitudinal studies.
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