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Abstract: Ebstein’s anomaly is a rare congenital heart disease with malformation of the tricuspid valve and
myopathy of the right ventricle. The septal and inferior leaflets adhere to the endocardium due to failure of
delamination. This leads to apical displacement of their hinge points with a shift of the functional tricuspid
valve annulus towards the right ventricular outflow tract with a possibly restrictive orifice. Frequently, a
coaptation gap yields tricuspid valve regurgitation and over time the “atrialized” portion of the right ventricle
may dilate. The highly variable anatomy determines the clinical presentation ranging from asymptomatic to
very severe with need for early operation. Echocardiography and magnetic resonance imaging are the most
important diagnostic modalities to assess the tricuspid valve as well as ventricular morphology and function.
While medical management of asymptomatic patients can be effective for many years, surgical intervention
is indicated before development of significant right ventricular dilatation or dysfunction. Onset of symptoms
and arrhythmias are further indications for surgery. Modified cone reconstruction of the tricuspid valve is
the state-of-the-art approach yielding the best results for most patients. Alternative procedures for select
cases include tricuspid valve replacement and bidirectional cavopulmonary shunt depending on patient age
and other individual characteristics. Long-term survival after surgery is favorable but rehospitalization and
reoperation remain significant issues. Further studies are warranted to identify the optimal surgical strategy
and timing before adverse right ventricular remodeling occurs. It is this article’s objective to provide a
comprehensive review of current literature and an overview on the management of Ebstein’s Anomaly. It
focuses on imaging, cardiac surgery, and outcome. Additionally, a brief insight into arrhythmias and their

management is given. The “future perspectives” summarize open questions and fields of future research.
Keywords: Ebstein’s anomaly (EA); congenital heart disease; tricuspid valve; cardiac surgery; echocardiography;

magnetic resonance imaging
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Background, anatomical features, and
pathophysiology

Ebstein’s anomaly (EA) accounts for approximately 0.5%
of all congenital heart diseases (CHD) with a prevalence
of approximately 1 in 20,000 (1-3). In EA the leaflets of
the tricuspid valve adhere to the underlying myocardium
of the right ventricle to varying degrees. This is a sequela
of failed delamination during embryonic development.
As a result, predominantly the septal und inferior leaflets’
hinge points are displaced apically causing a shift of
the functional tricuspid valve orifice towards the right
ventricular outflow tract (RVOT) and partial atrialization
of the right ventricle (RV) (4). See Figure 1 for a schematic
drawing of EA. The wall of the “atrialized” right
ventricle (aRV) is usually thinned and right ventricular
contractility reduced. Poor leaflet coaptation causes
tricuspid valve regurgitation. With disease progression
these characteristics usually entail dilatation of the right
atrium (RA), the atrioventricular junction, and the aRV (5).
Morphologic changes of the leatlets may also include
anterior fenestrations, muscularization, abnormal tethering
and—especially regarding the anterior leaflet—tissue
redundancy (6). Therefore, the anterior tricuspid valve
leaflet can appear sail-like and prolapse into the RVOT (7).
All features of EA are highly variable with corresponding
clinical characteristics. Carpentier’s classification (Tuble 1)
can be used to grade the anatomic changes into types A to
D according to the size and function of the aRV and the
mobility of the anterior tricuspid valve leaflet (8). While in
the neonate surgical mortality is high, the outcome in adults
is generally favorable with good long-term results (9-11).

Tricuspid valve regurgitation and reduced right
ventricular contractility result in reduced RV forward flow,
dilatation of RA and aRV, as well as thinning of the RV
myocardium (12). In this vicious cycle, dilatation of the
right heart structures promotes aggravation of tricuspid
valve regurgitation.

The altered morphology and function of the right heart
in EA can also change left ventricular geometry, lead to
fibrosis of the right- and also left-sided myocardium and
finally, compromise left heart function (12-14).

Patent foramen ovale and atrial septal defects are common
concomitant findings that allow for right to left shunting
due to increased right atrial pressure. This leads to varying
degrees of desaturation and also bears a risk of paradoxical
embolism.

In a series of 539 patients from the Mayo Clinic, 83.9%
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Figure 1 Schematic drawing of typical features of Ebstein’s
anomaly. The rudimentary septal and inferior leaflets of the
tricuspid valve are shown. In comparison to the anterior leaflet of
the mitral valve there is marked apical displacement of the leaflets’
hinge points. The leaflets are tethered and unable to move freely.
The right atrium is enlarged and the right ventricle clearly divided

into an atrialized and a functional part.

of patients had atrial septal defects or a patent foramen
ovale, 4.3% had ventricular septal defects and 5.9%
had pulmonary stenosis requiring surgical intervention.
Other associated cardiac defects were less common.
Associated electrophysiologic abnormalities were accessory
conduction pathways in 13.7% and atrioventricular nodal
re-entry tachycardia in 3.3% (11). Other authors report a
similar proportion of ventricular preexcitation/accessory
atrioventricular pathways for patients with EA in 10% to
25% (10,15-20). One of the frequent late complications of
EA are atrial tachycardias (15) predisposing to ventricular
tachyarrhythmias in the context of preexcitation. We
present the following article in accordance with the
Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/cdt-20-771).

Genetic and environmental factors

The role of genetics in EA is incompletely understood.
There is an association with abnormal left ventricular
morphology and function, with left ventricular non-
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Table 1 Carpentier’s Classification

Type Characteristics

Type A Septal and inferior leaflets: moderate displacement
Anterior leaflet: large; moves freely

aRV: small; contractile wall

fRV: adequate

Type B Septal and inferior leaflets: marked displacement;

septal leaflet hypoplastic and adherent
Anterior leaflet: large; moves freely
aRV: large; thin, noncontractile wall
fRV: small

Type C Septal and inferior leaflets: marked displacement;

leaflets may be severely hypoplastic

Anterior leaflet: restricted motion, moderate
attachment (chordae, fibrous bands)

aRV: large; thin, noncontractile wall
fRV: very small

Type D “Tricuspid sac”: leaflet tissue nearly completely

adherent to the ventricle; restrictive

Opening to the infundibulum at the site of the
anteroseptal commissure

Carpentier’s Classification (8); aRV, atrialized right ventricle; fRV,
functional right ventricle; RV, right ventricle.

compaction in about 18% of cases (17). In a case-control
study of 4,390 patients with cardiovascular malformations
including 47 patients with EA and 3,572 controls, the
odds to develop EA was significantly elevated for twins,
positive family history of cardiovascular malformations,
as well as maternal benzodiazepine exposure (2). These
findings suggest genetic and environmental factors in the
development of EA. Sequencing of MYH6 and MYH?7
in a German family with left ventricular non-compaction
revealed a mutation in MYH?7 exclusively present in the
nine affected family members, 4 of which also had EA (21).
In a cohort analysis of 141 unrelated patients with EA,
Postma et al. found 8 MYH7 mutations by next-generation
sequencing and direct DNA sequencing of MYH7. Six
patients with confirmed MYH7 mutations also had left
ventricular non-compaction (22).

In the 1970, retrospective studies suggested a strong
association of maternal lithium use during pregnancy with
the development of EA. This was not confirmed by more
recent studies showing a moderately elevated relative risk
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to develop any type of CHD in maternal lithium use, but
not EA in particular (23). Similarly, a cohort study involving
1,325,563 pregnancies between 2000 and 2010 in the U.S.
found a dose-dependent increased adjusted risk ratio for
cardiac malformations amidst infants exposed to lithium
of 1.65 (95% CI: 1.02 to 2.68). Of note, none of the 663
infants exposed to lithium developed EA but there was an
adjusted risk ratio of 2.66 (95% CI: 1.00 to 7.06) for right
ventricular outflow tract obstruction defects (3).

Clinical presentation

Cyanosis, palpitations and poor exercise tolerance are
key symptoms in EA. Cyanosis has been reported in
approximately 50% of patients (18,24-26) and can lead
to digital clubbing (18). Severe cyanosis was found to be
associated with poor exercise tolerance (18). Palpitations are
very frequent and constantly related to arrhythmias (18).
As such, they can be associated with chest pain, dizziness
and syncope (18,27). Dyspnea and fatigue are also common
symptoms in EA (18,27). Jugular venous distension
is usually not present given the increased right atrial
compliance.

Auscultation

A third and fourth heart sound is regularly present
(18,27,28). Additionally, the first and second heart sounds
are often split as a consequence of the delayed tricuspid and
pulmonary components (18). Crews er /. described a split
first heart sound in 10 of 10 patients with EA. This resulted
from late closure of the abnormally large anterior tricuspid
valve as demonstrated by ultrasound and related to the
degree of right bundle branch block (28).

Patients with EA frequently present with a holosystolic
murmur (18,27,28) which can be regurgitant, ejection type,
or not well defined (27). Some authors describe a precordial
systolic thrill (27). A sternal impulse is rarely found (18,27).

Diagnosis
Electrocardiogram

Normal electrocardiograms are exceptional in EA. The
most common finding is a right bundle branch block
(RBBB) with relatively low voltage (18,27). Preexcitation
is present in up to one-fourth, and first degree AV block
due to prolonged intra-atrial conduction in up to one-
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Figure 2 Transthoracic echocardiographic images of Ebstein’s anomaly. (A) The apical four-chamber view shows marked apical displacement

of the septal tricuspid valve leaflet and tethering of the anterior tricuspid valve leaflet. The atrialized part of the right ventricle, the true

tricuspid annulus, and the right atrium are severely enlarged. There is a secundum-type atrial septal defect. (B) shows in- and outflow of

the right ventricle. In this image atrialization of the right ventricle appears less evident. fRV, functional right ventricle; aRV, atrialized right

ventricle; LV, left ventricle; RA, right atrium; LA, left atrium; arrowhead, anterior leaflet; arrow, septal leaflet; RVOT, right ventricular

outflow tract.

third of EA patients (18). Absence of RBBB is suggestive
for preexcitation. Typically, large P waves reflect RA
enlargement. Less frequently, conduction delay within
the enlarged RA gives rise to a wide P wave that can be
mistaken as a sign of left atrial enlargement (18).

Atrial arrhythmias are frequent. They can develop as
a consequence of right atrial enlargement throughout
the course of the disease. Structural abnormalities of the
atrioventricular conduction system found in EA likely
explain the high incidence of accessory pathways (29). You
will find a more detailed description of arrhythmias in the
treatment section below.

Chest radiography

On chest radiography, the usually enlarged heart has a
round silhouette with a small pedicle similar to pericardial
effusion caused by enlarged RA and aRV (18,27). An
increased cardiothoracic ratio is frequently present
(18,24,25,27). Pulmonary vasculature is usually scarce (27).

Echocardiography

Echocardiography readily demonstrates the characteristic
displacement of the septal and inferior leaflets’ hinge points
and the subsequent apical shift of the functional TV orifice
(see Figure 2). Apical displacement of the septal leaflet in
relation to the anterior mitral valve leaflet by >8 mm/m?
body surface area—the displacement index—is a diagnostic
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key feature (30). While the septal and anterior tricuspid
valve leaflets can be depicted echocardiographically in fair
detail, image quality of the inferior leaflet may be inferior
to cardiac magnetic resonance imaging (CMR) (31).
Echocardiographic quantification of tricuspid valve
regurgitation (TR) is difficult in EA. First of all, the
regurgitation jet can be directed inferiorly as a consequence
of the orientation of the functional tricuspid valve orifice
towards the RV outflow tract. For this reason, the apical
four-chamber view is often suboptimal to visualize the
full extent of the regurgitation jet (compare Figure 3A,B).
Secondly, in case of multiple jets, vena contracta width
cannot accurately be assessed. Additionally, in the context of
RV dysfunction and a large coaptation gap the continuous
wave Doppler profile is changed with lower than usual
velocity, an early peak, and often a high-density signal (32).
Finally, given the increased compliance of the often severely
dilated RA and aRV, hepatic vein systolic flow reversal is
uncommon in severe tricuspid valve regurgitation (32).
Of note, increasing inferior angulation of the plane of
the tricuspid valve and according inferior direction of
the regurgitation jet appears to correlate with increasing
severity of morphologic changes (33). 2D echocardiography
can be complemented by 3D echocardiography to obtain
more detail e.g., of the posterior tricuspid valve leaflet and
tethering of the leaflets which can be important for the
decision towards valve repair vs. replacement (31,34,35).
The assessment of right ventricular function plays
an important role in the timing of surgical intervention.
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Figure 3 Transthoracic echocardiographic images with Color-Doppler (same patient shown as in Figure 2). (A) Marked apical displacement

of the septal tricuspid valve leaflet is noted in the four-chamber view. The Color-Doppler shows only mild to moderate tricuspid

regurgitation in image A whereas the parasternal short axis (B) suggests at least moderate tricuspid regurgitation in the same patient.

However, the morphologic changes in EA hinder the use
of standard indices like tricuspid annular plane systolic
excursion or fractional area change (36). Furthermore, 3D
echocardiography for assessment of ventricular function and
size can be challenging as increased RV volume may impede
complete capture of the whole RV (32). Tissue-Doppler
imaging and strain parameters are useful in the assessment
of RV function in EA (26,37). Kiithn and colleagues
compared 6 echocardiographic indices and qualitative
assessment of RV function with CMR in 49 unoperated
EA patients. They found poor correlation with CMR-
derived RV ejection fraction (EF) in all echocardiographic
parameters but 2D longitudinal strain (36).

Additional cardiac lesions can be well delineated by
echocardiography (31) and it is superior to CMR in the
detection of shunts at atrial level (32).

Cardiac magnetic resonance imaging

CMR is an important adjunct to echocardiography and the
more accurate and arguably preferable modality to quantify
ventricular function and volumes as valuable follow-
up parameters. See Figures 4,54 for examples of CMR
images of EA. CMR has played a central role in showing
the importance of progressive ventricular dilation and
dysfunction in various forms of CHD (38,39). Cine imaging
with steady-state free precession (SSFP) is today the
predominant MR technique to assess ventricular volumes
and function with excellent blood-to-tissue contrast without
need for contrast agents, even when ventricular function
is poor. On new scanners, SSFP cine imaging can be used
in real-time mode, and otherwise requires relatively short,
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approximately 10 sec breath holds. Measurements of
ventricular mass, volume, and ejection fraction are based
on a contiguous stack of short-axis (LV) or axial (RV) cine
sequences (40) and do not require geometrical assumptions
which makes CMR in EA particularly suitable. CMR is now
considered the reference standard in CHD for RV volume
quantification and pulmonary valve function (41-43). Of
note, calculation of the RV volume is not standardized
regarding inclusion or exclusion of the aRV. Inclusion of the
aRV allows for an outlook on expected postoperative RV
function. Neither are there defined cut-off values for RV
function and volumes to prompt surgery. Additionally, blood
flow (velocity) data from CMR phase contrast imaging can
be useful for the quantification of TR by subtraction of
forward stroke volume of the pulmonary artery from total
RV stroke volume. In case of an additional ASD or any
other shunt lesion, pulmonary to systemic blood flow ratio
(Qp:Qs) can be measured using the same technique (32).

In a prospective study of 16 patients with EA by
Attenhofer and colleagues, the inferior tricuspid valve leaflet
and tricuspid valve fenestrations were better visualized by
CMR compared to 2D and 3D echocardiography (31).

With the advent of novel features like tissue
characterization by T1 and T2 mapping (44-46) and 4D
flow imaging (47,48), the importance of CMR for imaging
of patients with EA is likely to increase further.

Late gadolinium enhancement (LGE) in various CHD
revealed important prognostic associations between solid
myocardial fibrosis and adverse clinical outcomes (49-51).
In adults with EA, LGE highlighting myocardial scar
tissue was a frequent finding within the right atrium and
right ventricle (52). However, LGE is less reliable for
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Figure 4 Cardiac magnetic resonance image of Ebstein’s anomaly. (A) The four-chamber view depicts severely dilated right heart structures.

There is compression of the left atrium and left ventricle. A small atrial septal defect is visible. The atrialized right ventricle (aRV) is very
prominent. There is abnormal tethering of the anterior and septal tricuspid valve leaflets. Dotted line, true tricuspid annulus; arrow, hinge
point of the septal leaflet; fRV, functional right ventricle; LV, left ventricle; RA, right atrium; LA, left atrium. (B) The oblique view depicts

inlet, apical trabecular, and outlet of the right ventricle. (C) The short axis view shows severe displacement of the tricuspid valve and right

ventricular dilatation.

detecting diffuse fibrosis, which is common in CHD (53).
Extra cellular volume (ECV) fraction from pre- and post-
contrast T1 mapping is today an established imaging
biomarker for assessing diffuse myocardial fibrosis (54).
Diffuse myocardial fibrosis was found in the left ventricle
(LV) in congenital aortic stenosis (55), the RV in tetralogy
of Fallot (TOF) (56), and the systemic right ventricle after
atrial redirection operation in transposition of the great
arteries (57). An elevated ECV was found to be associated
with adverse clinical parameters such as reduced 6-minute
walk distance and higher B-type natriuretic peptide (58) as
well as arrhythmias and cardiovascular death in TOF (56).
In 44 adolescents and adults with EA assessed by Yang and
colleagues, diffuse myocardial fibrosis as detected by ECV
was a more frequent finding than focal myocardial fibrosis
as detected by LGE (ECV >30% in 45% of patients,
LGE in 22% of patients). Moreover, increased LV ECV
correlated with worse LV function and disease severity (51).
Considering previous studies in CHD, ECV seems to be a
promising prognostic marker in EA.

If CMR is contraindicated or its quality reduced due
to artifacts, computed tomography can be considered as a
reliable alternative imaging modality (Figure 5B,5C).

In summary, contemporary magnetic resonance imaging
scanners offer a comprehensive, multiplane evaluation of
cardiac morphology, function and tissue (viability) status
independent of body habitus and acoustic windows, making

© Cardiovascular Diagnosis and Therapy. All rights reserved.

it particularly attractive for adult patients with CHD.

Cardiac catheterization (CC)

CC is reserved for specific circumstances e.g., for
hemodynamic assessment when bidirectional cavopulmonary
shunt is considered (32) or coronary artery disease is
suspected (59). CC can therefore be omitted in most patients.

Interventional treatment of arrhythmias is described
below (see the according treatment section).

Management
Principles of surgical management

Patients can often be managed medically for many years.
However, the majority requires surgical intervention at
some point, in severe forms even in the newborn period or
early childhood. In these cases, surgical intervention ranges
from tricuspid valve repair to one-and-a-half-ventricle
repair to a univentricular approach. This might include an
initial Starnes procedure to exclude the right ventricle by
tricuspid valve closure with a pericardial patch and creation
of an aortopulmonary shunt (60), thus creating functional
tricuspid atresia.

The scope of this article lies beyond infancy, when
biventricular repair is usually performed and one-and-a-
half-ventricle repair is reserved for cases with very severe
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Figure 5 Cardiac magnetic resonance imaging (CMR) and computed tomography (CT) of Ebstein’s anomaly. (A) Imaging of a bioprosthetic

valve can be routinely carried out with CMR. In this case of a 53-year-old female status post successful tricuspid valve replacement (Hancock
valve), the susceptibility artifacts in these standard steady-state free precession gradient cine images are minimal. (B,C) If in case of epicardial
pacemaker leads or other causes CMR is contraindicated, CT represents a reliable alternative. The depicted images show a 35-year-old

female with Ebstein’s anomaly and severe stenosis of a calcified bioprosthetic valve 11 years after tricuspid valve replacement. The 3D

volume rendering (C) shows a severely dilated right atrium. The epicardial pacemaker leads are well delineated.

disease progression and right ventricular failure (61).

Tricuspid valve repair is generally preferred over
replacement. Additionally, plication of the aRV, right atrial
reduction, (fenestrated) closure of septal defects, and repair
of associated lesions are performed. Arrhythmia surgery e.g.,
intraoperative ablation of accessory pathways and right-sided or
bi-atrial maze procedure can complement the procedure (11).
Tricuspid valve replacement is an alternadve in older patients
(reduction of cross-clamp time), severely dysplastic valves
precluding repair, severe dilatation of the right atrioventricular
junction, and pulmonary hypertension (62).

In failed repair or severe biventricular dysfunction, heart
transplantation may be the only alternative in EA (4).

Timing of surgery

Some authors recommend early intervention in childhood
at experienced centers to facilitate valve repair rather than
replacement before the onset of progressive morphologic
changes (6). More conservative indications for surgery are
(D) the onset of symptoms i.e., decreasing exercise tolerance
preferably as documented by cardiopulmonary exercise
testing or cyanosis, (II) progressive right ventricular
enlargement or dysfunction, (III) onset or progression
of arrhythmias, or (IV) paradoxical embolism (30) (see
Table 2). Hence, careful clinical observation and detection
of arrhythmias, progressive right heart dilatation, or
deterioration of right ventricular function with appropriate

© Cardiovascular Diagnosis and Therapy. All rights reserved.

Table 2 Indications for surgery

* Onset of symptoms
e Deteriorating exercise capacity as measured by CPET
e Cyanosis (oxygen saturation <90%)

e Progressive RV dilation or dysfunction (e.g., progressive
cardiomegaly on chest X-ray)

* Onset or progression of arrhythmias

e Paradoxic embolism

CPET, cardiopulmonary exercise test; RV, right ventricle.

referrals for electrophysiologic study and surgery are
crucial (63).

Tricuspid valve repair

Reconstruction technique for EA has evolved significantly
since Hunter and Lillehei published a case report and
suggestions for tricuspid valve repair in 1958 (64). For many
years the Danielson monocusp reconstruction using the
anterior tricuspid valve leaflet to coapt with the ventricular
septum was favored (65). This technique brought the
functional tricuspid valve annulus up to the level of the true
annulus by horizontal plication of the aRV. In contrast,
Carpentier subsequently suggested TV repair by mobilizing
the anterior and inferior leaflets to form a monocusp with
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Figure 6 Schematic drawing of the cone reconstruction (25). (A) opened right atrium, displacement of the tricuspid valve towards the

right ventricular outflow tract, clearly visible true tricuspid annulus; ASD, atrial septal defect, CS, coronary sinus. (B) mobilization of the

anomalous attached parts of the anterior and the whole of the inferior and diminutive septal leaflets, clockwise rotation of the mobilized

leaflets to form a cone; plication of the true tricuspid annulus. (C) complete attachment of the base of the newly created cone to the true

tricuspid annulus; closure of the atrial septal defect in a valved fashion.

insertion at and enforcement of the true tricuspid valve
annulus with an annuloplasty ring. Additionally, vertical
plication was used to reduce the size of the aRV (8). Several
authors proposed modifications of these or individual other
reconstruction techniques. An example of a modification
is the approximation of the mobilized anterior papillary
muscle to the ventricular septum to improve coaptation of
the anterior leaflet, the “Sebening stitch” (66). Quaegebeur
and colleagues published a paper on 10 patients with EA in
1999, which were operated on using a modified, ring-less
variant of the Carpentier technique (67).

Hetzer and colleagues reduced the size of the valvar
annulus by horizontal plication (similar to an “Alfieri-stich”)
to the extent of the largest developed leaflet according to
the level and size of the true annulus. This technique can be
used in a broad morphologic spectrum including cases with
a small anterior leaflet (68).

The most anatomically correct and nowadays preferred
tricuspid valve repair is the cone reconstruction (CR)
as described by da Silva er 4/. in 2007 (25). It involves
delamination of all available tricuspid valve tissue and
formation of a cone-shaped valve of 360 degrees of valvar
tissue. Figure 6 summarizes the most important steps of
the CR in a schematic drawing. The anterior and inferior
leaflets are detached from their anomalous origin and
attachments as a whole and the inferior leaflet is rotated
clockwise to complete the cone. The apical attachment
remains at the apex of the right ventricle, whereas the
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base of the cone is sutured to the true tricuspid annulus.
Whenever possible, the septal leaflet is incorporated in
the reconstruction depending on the amount of available
tissue. In 22 of 40 patients da Silva ez 4l. were able to utilize
the septal leaflet for reconstruction in their original series.
In most cases, the aRV is longitudinally plicated and the
true tricuspid annulus is plicated to match the proximal
circumference of the reconstructed valve. The foramen
ovale or ostium secundum atrial septal defects are closed in
a valved fashion to allow for a reduced degree of right to left
shunting (25). The CR can be performed in patients with
previous valve surgery if the subvalvar apparatus remained
untouched and previous surgery focused on annular
maneuvers (69).

Surgeons have modified the CR in many ways. The
Mayo Clinic’s experience shows that application of a
partial annuloplasty ring correlates with freedom from
reoperation (70). Further important modifications are
selective leaflet augmentation (71) and the above mentioned
“Sebening stitch” (66), both to improve coaptation.

Tricuspid valve replacement

As described above, tricuspid valve replacement can be a
viable alternative to repair in select patients. Bioprosthetic
valves are generally preferred to mechanical valves as they
exhibit good durability and do not require anticoagulation.
Mechanical valves can be associated with increased risk
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of embolic events because large valve size and reduced
right ventricular contractility can promote disc motion
abnormalities and subsequent thrombus formation.
Especially in poor right ventricular function they should
therefore be avoided.

In infants and young children, the life span of
bioprosthetic valves can be reduced due to calcification (66).

Transcatheter valve-in-valve implantation is feasible
in degraded bioprosthetic valves. However, results from
an international registry study of 81 patients with EA
undergoing transcatheter valve-in-valve implantation
between 2008 and 2016 were not promising. At the latest
follow-up (median follow-up 13 months; 5-27 months),
freedom from reintervention or valve dysfunction was
only 77 percent (62 of 81 patients) (72). Yet, due to the
retrospective nature of this study, a total of 29 different
participating institutions with non-standardized treatment
algorithms and different types of valves used [Melody
(Medtronic, Inc, Minneapolis, Minnesota) or Sapien
(Edwards Lifesciences, Irvine, California)] these results
warrant further research and should be interpreted with
caution.

Bidirectional cavopulmonary shunt

For the one-and-a-half-ventricle repair, tricuspid valve
repair or replacement is combined with a bidirectional
cavopulmonary shunt (BCPS) to offload the right ventricle
in cases of severe right ventricular dilatation and systolic
function impairment. The BCPS significantly decreases
right ventricular volume, hence reducing postoperative
hemodynamic stress while generating sufficient preload for
the left ventricle (6). Despite the many challenges faced in
this patient group, the results of 62 patients who underwent
one-and-a-half-ventricle repair at the Mayo Clinic are
encouraging with low early mortality and good mid-term
results (mean follow-up 3.6£2.6 years). The majority of
patients (88%) were in NYHA FC I or II at follow-up. Of
note, only 3 of 20 patients initially referred for transplant
evaluation were listed following surgery (61). The Stanford
group reported similar favorable results in EA repair with
conjunct BCPS for RV unloading in 31 patients (55%) of an
entire group of 57 nonneonatal EA patients resulting in no
early or late mortality. Criteria for BCPS were inadequate
RV function as demonstrated by preoperative cyanosis and
obstruction of the reconstructed or replaced tricuspid valve
after separation from cardiopulmonary bypass as measured
by transesophageal echocardiography (73).
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Treatment of arrbythmias

As mentioned above, in EA there is a high prevalence of
accessory pathways, both manifest and concealed (74).
Multiple accessory pathways can be observed in
approximately 50% of cases (75,76). Additionally, atrial
flutter and fibrillation are frequent findings (24). In the
presence of ventricular preexcitation, this poses a high
risk for lethal ventricular arrhythmias. Previous tricuspid
valve surgery can complicate catheter ablation of accessory
pathways. Therefore, even if preexcitation is absent on the
surface ECG and there is no history of supraventricular
tachycardias, electrophysiologic study (EPS) and if needed
catheter ablation before intervention on the tricuspid valve
is reasonable (4,59,77). Catheter ablation is the preferred
treatment option for accessory pathways (74,78,79). Even
though 3D mapping (80) and other advances in catheter
technology improve outcomes (78) high recurrence rates
remain an issue in EA (81).

At Boston Children’s Hospital, 42 of 74 consecutive EA
patients underwent EPS prior to cone reconstruction from
2006 to 2012 (median age at the time of CR 12.1 years;
range 0.2-56.2 years) (16). Twenty-nine patients had
significant arrhythmia substrates with Wolff-Parkinson-
White (WPW) syndrome most common and in 3 cases
asymptomatic. Examples of other substrates were atrial
flutter, atrial fibrillation and ventricular tachycardias. Eight
of 19 patients without preoperative evidence of rhythm
disorders had a positive EPS (16). Similarly, Chauvaud ez al.
found arrhythmias in 45 of 98 patients undergoing surgery
for EA from 1980 to 1999 at the hospital Broussais in Paris,
France. In this series the most frequent arrhythmias were
atrial tachycardias. Interestingly, patients presenting with
arrhythmias were significantly older than those without
(mean age 33 vs. 21 years) (24) suggesting secondary
alterations throughout the course of the disease.

Wiackel and colleagues assessed 143 young patients with a
median age of 10 years (0.1-20.9 years) who underwent cone
reconstruction at the Mayo Clinic from 2007 to 2015 (20).
They found preoperative arrhythmias in 31% of patients. In
this young cohort WPW syndrome/ventricular preexcitation
was the predominant finding (20% of cases), followed by
supraventricular tachycardias other than atrial flutter and atrial
fibrillation in 17% of cases. Other arrhythmias were less frequent
(20). This confirms the observation that atrial arrhythmias like
atrial flutter and atrial fibrilladon tend to develop at later stages.
Of note, in this young age group recurrence of arrhythmias was
low (mean follow-up 2.9 years) (20).
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An alternative treatment for accessory pathways (25)
and atrioventricular nodal reentrant tachycardias is surgical
division or ablation (82).

In adults with EA, paroxysmal atrial flutter and atrial
fibrillation are frequent (24,78). They can be treated by right-
sided or bi-atrial maze procedure during corrective surgery.
In persistent or permanent atrial flutter or fibrillation a bi-
atrial maze procedure may be advantageous (83).

Isolated closure of patent foramen ovale or atrial septal
defects

Isolated interventional closure of PFO/ASD is a
controversial topic. It can be considered in case of cyanosis
(oxygen saturation at rest <90%) or paradoxical embolism (4)
whereas for other authors paradoxical embolism represents
an indication for corrective surgery (30). Patients should
undergo careful evaluation before isolated closure of PFO/
ASD for risk of hemodynamic deterioration following
increased right ventricular preload and pressure (4).

Outcome

In experienced centers, early mortality is low in tricuspid
valve repair or replacement. The largest series of EA patients
includes 539 patients with 604 operations from 1972 to 2006
at the Mayo Clinic. Three-hundred-thirty-seven patients
underwent tricuspid valve replacement (approximately
300 bioprosthetic valves; remaining patients received
mechanical valves; exact number not given) and 182 patients
tricuspid valve repair. Tricuspid valve repair was based on
a monocusp reconstruction with according modifications
as required by EA variant. The 30-day mortality fell
from 5.9% for the entire cohort to 2.7% after 2001.
Overall reoperation-free survival (T'V or other) was 95%,
86%, 74%, 62%, and 46% at 1, 5, 10, 15, and 20 years,
respectively. Reoperation-free survival in patients after
tricuspid valve repair was slightly higher with 98%,
93%, 84%, 73%, and 56% at 1, 5, 10, 15, and 20 years,
respectively. Of note, patient characteristics differed in
several aspects between the two groups (11). The results
of 122 patients from the German Heart Center in Munich
from 1976 to 2007 with a higher proportion of valve repair
(90.2% patients underwent valve repair vs. 35.1% at the
Mayo Clinic) from the era before cone reconstruction were
similar with freedom from reoperation of 79.9%, 61.9%,
and 58.0% at 10, 20, and 25 years, respectively. Early
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mortality was also low with 2 hospital deaths (9).

Given the more recent introduction of the cone
reconstruction, long term results for comparison with
these data are lacking. In a series of 235 patients with EA
who underwent cone reconstruction at the Mayo Clinic
from 2007 to 2015, overall survival at 6 years was 98% and
freedom from TV replacement and late reoperation were
97.1% and 97.3%, respectively. Importantly and in the
context of sustained reduction in tricuspid regurgitation,
a progressive decline in right ventricular size and late
improvement of right ventricular function was observed (10).

Open questions and future perspectives

In the majority of patients, RV function improves
postoperatively after an initial decline independent of
surgical strategy (10,26). Additionally, there is a tendency
towards progressive reduction of RV volume (10). However,
even when tricuspid valve repair is carried out early RV
performance cannot be restored to a satisfactory level in
some cases. Structural RV myocardial changes have been
described in EA which may be accountable for reduced RV
performance (12,14,52). In this context, the optimal timing
for surgery remains unclear. Badiu and colleagues found
worse functional status and cardiothoracic ratio of >0.6
to be significant risk factors of poor outcome in a series
of 122 EA patients undergoing surgery suggesting better
results at early stages of the disease (9). Nevertheless, the
question whether early tricuspid valve surgery in patients
with stable and satisfactory RV parameters yields better
long-term results warrants further studies. Especially
further research on RV remodeling is needed to clarify
these observations. As novel CMR techniques become more
widely used some of these questions on EA will unravel.
This can promote better understanding of the disease and
guide tailored treatment to the patient’s individual needs.
Tissue characterization may play an important role and aid
in classification of patients’ characteristics and the choice
of advanced treatment strategies. These include cell-based
regenerative therapies which are already under investigation
as a resort to poor RV function (62).

Ultimately, treatment of arrhythmias requires further
attention. The individual’s risk of arrhythmias needs to be
better defined to establish algorithms for the diagnostic
process. High recurrence rates of all described arrhythmias
in EA regardless of the type of treatment—interventional or
surgical—warrant improved treatment strategies (81,82).
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Summary: key facts

*,

% Ebstein’s anomaly is a malformation not only of the
tricuspid valve, but also the right ventricle with a wide
morphologic variety and a heterogeneous spectrum of
clinical presentation.

% The currently preferred surgical strategy is the cone
reconstruction of the tricuspid valve with promising
short and long-term results.

% Atrial tachyarrhythmias and accessory pathways
are frequent comprising a predisposition to lethal
ventricular tachyarrhythmias.

% This arrhythmogenic susceptibility warrants a low
threshold for electrophysiologic assessment prior to
surgery and percutaneous or surgical treatment if
needed.

% Timing of surgery remains subject of further evaluation

to improve postoperative right ventricular performance.
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