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Abstract: Management of congenital heart disease (CHD) in adults (ACHD) remains an ongoing challenge
due to the presence of residual hemodynamic lesions and development of ventricular dysfunction in a large
number of patients. Echocardiographic imaging plays a central role in clinical decision-making and selection
of patients who will benefit most from catheter interventions or cardiac surgery.. Recent advances in both
strain imaging and three-dimensional (3D)-echocardiography have significantly contributed to a greater
understanding of the complex pathophysiological mechanisms involved in CHD. The aim of this paper is to
provide an overview of emerging clinical applications of speckle-tracking imaging and 3D-echocardiography
in ACHD with focus on functional assessment, ventriculo-ventricular interdependency, mechanisms of
electromechanical delay, and twist abnormalities in adults with tetralogy of Fallot (T'OF), a systemic RV after

atrial switch repair or in double discordance ventricles, and in those with a Fontan circulation.
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Introduction

Two-dimensional (2D) transthoracic echocardiography
(TTE) is the most widely used imaging modality for the
assessment of cardiac anatomy and ventricular performance
in patients with congenital heart disease (CHD) (1-6). It not
only provides the clinician with the essential information to

assure optimal patient management and planning for cardiac
surgery and interventions, but it is also a widely available,
feasible, safe and cost-effective modality for gathering
details on the cardiovascular system (1-6). Moreover, 2D
echocardiography combined with Doppler techniques and
eventually contrast results in CHD to be diagnosed with a
high degree of accuracy and reproducibility (1,7,8).
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An important development in the standardization of
multimodality imaging application in adult patients with
CHD (ACHD) is the publication of several imaging
guidelines from national and international organizations
(9-12). Most of these guidelines provide an in-depth
overview of the hemodynamic consequences of simple and
complex CHD. Moreover, they discuss the strengths and
weaknesses of different imaging modalities in a specific type
of CHD, and describe useful recommendations on how
serial monitoring for late complications is best provided
for these patients (9-12). Thus, these guidelines help
the cardiac team to assure that sufficient information on
anatomic considerations and function is gathered to guide
patient management and to provide the best possible care
for these patients.

Heart failure due to myocardial dysfunction is frequently
encountered in ACHD patients (13). It is a leading cause
of death in ACHD, and is associated with high morbidity
and decreased quality of life (14,15). Particularly patients
with tetralogy of Fallot (TOF), a systemic RV [congenitally
corrected transposition of the great arteries (ccTGA),
D-TGA following atrial switch operation], or a Fontan
circulation are at increased risk for developing HF (13-15).
Therefore, long-term serial assessment of ventricular
function is mandatory in the ACHD population. However,
functional assessment of the right ventricle (RV) or left
ventricle (LV) using conventional echocardiographic
techniques may be challenging due to the complex cardiac
geometry and presence of wall motion abnormalities (1-6).
Standard echocardiographic functional parameters obtained
with M-mode or volumetric methods rely on specific
geometrical assumptions, which do not apply to volume and
pressure overloaded (single) ventricles in CHD (1-6). As a
result, qualitative echocardiographic grading of ventricular
size and function is frequently being used in daily practice.
The interobserver agreement for qualitative grading
of ventricular function by echocardiography has been
found to be modest for LV morphology and weak for RV
morphology. Whereas, volume measurements of functional
single ventricles by 2D-echocardiography underestimate
cardiac magnetic resonance (CMR) measurements of
volume (16).

Newer techniques, such as speckle tracking
echocardiography (STE) and three-dimensional (3D)
echocardiography may allow for detection of early
myocardial dysfunction, before overt heart failure develops,
and for better surveillance and risk stratification of ACHD
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patients at high risk for adverse events (4,17-20). Indeed,
recent studies have demonstrated that these imaging
modalities obtain reproducible and accurate quantitative
measures of systolic function, ventricular size, and volume
in CHD (4,17-20). The clinical applications of these
imaging modalities are expanding quickly.

Therefore, in this review we discuss recent advances
in the clinical application of deformation imaging and
3D-echocardiography in ACHD. We will focus on novel
pathophysiological cardiac mechanisms in CHD, and the
potential role of these newer echocardiographic techniques
in clinical decision-making and patient care. The advances
are highlighted in complex CHD, including TOF, systemic
RV and Fontan.

Strain and strain rate

The physics and technical background of strain imaging
and 3D echocardiography have been reviewed in detail
elsewhere (12,20-22), and we will only summarize key
concepts relevant for clinical application of these techniques.
In brief, strain and strain rate can be obtained by tissue
Doppler imaging (TDI) and STE (23). STE has largely
replaced TDI as the preferred technique for measuring
parameters of myocardial deformation because of the angle-
independency and better reproducibility of STE obtained
measurements (17,18). STE is based on the frame-by-frame
tracking of specific gray-scaled areas in the myocardial
tissue, commonly referred to as ‘speckles’, in all directions
of the imaging plane using dedicated commercially
available software (17,18,21,22). It is a validated and feasible
echocardiographic method for the assessment of diastolic
and systolic function in both children and adults with CHD.

Myocardial deformation is expressed as strain, which
represents the fractional or percent change of a region
of interest from its original dimension (change in length
between two points) (21,22). Strain can be obtained
in all 3 different directions (longitudinal, radial, and
circumferential), and is physiologically linked to the
complex myocardial fiber architecture of the human heart
(24,25). Of importance, strain is considered a relative load-
independent measure of myocardial function (contraction
and relaxation), whereas strain rate represents the velocity
of deformation (17,18). It should be noted, however, that
our current physiological understanding on the meaning
of strain and strain rate measurements in the complexity of

CHD hemodynamics is still limited (26).
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Left ventricular rotational mechanics

In addition to strain and strain rate measurements, STE is a
well-studied tool to assess the rotational mechanisms of the
LV (24,25). The oblique orientation of the subendocardial
(right-handed) and subepicardial (left-handed) myofibers
results in a wringing motion or ‘twist’ of the LV around
its long-axis during systole (24,25). When viewed from the
apex, the LV performs a clockwise rotation at the base and a
counterclockwise rotation at the apex (24,25).

LV twist has an important role in normal systolic and
diastolic cardiac function (24,25). Reduced LV twist is
commonly observed in patients with myocardial disease
and LV dysfunction (27-31). LV apical or basal rotation
may even be reversed with subsequent loss of LV twist,
a so-called rigid body rotation (RBR) pattern (27). The
importance of reversed apical rotation in adult patients
with dilated cardiomyopathy (DCM) was demonstrated
in a recent study by Popescu and co-workers (28). Adult
patients with reversed apical rotation had more pronounced
LV remodeling, ventricular dyssynchrony, and more severe
cardiac dysfunction compared to DCM patients with
reduced LV twist. A RBR pattern of LV rotation has been
found not only in cardiomyopathies, but also in patients
with CHD as well (29-31).

Abnormal myocardial fiber architecture in CHD

It should be noted that the basic myocardial fiber
architecture in CHD seems different from that seen in
normal hearts (13,32,33). These alterations have been
observed in both morphologically right and left ventricles
(32,33). The normal RV has only a small epicardial layer
of circumferentially oriented fibers; the majority of the RV
consists of deep longitudinal layers of myocardial fibers (13).
In contrast, an additional middle layer of circular fibers
has been shown in the myocardium of the RV in patients
with TOF, suggesting that the alterations in the basic
myocardial fiber architecture of the RV contributed to
the differences in RV shape, frequently seen in these
patients (32). Changes in myofiber and connective tissue
architecture have also been demonstrated in patients with
tricuspid atresia (33). Although the exact consequences of
the alterations in myofiber architecture on deformation
parameters are not known, it is speculated that this may
contribute to the development of ventricular dysfunction
in CHD.
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3D-TTE: clinical applications

Real-time 3D-TTE provides more accurate volumetric
data sets and better delineation of spatial relationships,
which seems essential in understanding adult CHD and
complementing 2D echocardiographic findings (12,34-36).
Studies have shown that 3D-TTE measurements of
ventricular volume and mass are comparable with those
obtained by CMR (34-36). Furthermore, 3D-TTE has
allowed a real-time visualization of the heart from a single
volume acquisition, without the need for offline processing
or reconstruction (34-36). The ease of data acquisition and
decreased emphasis on expertise-driven interpretation has
laid the foundation for the use of 3D echocardiography in
clinical practice (34-36). However, 3D echocardiography is
(still) limited by its less-than-optimal frame rates.

Clinical applications of strain and 3D
echocardiography in congenital heart disease

TOF

TOF is the most common cyanotic heart defect, affecting
nearly 10% of children with CHD (37). Advances in surgical
strategies and perioperative management have dramatically
improved outcome, with more than 90% of patients
reaching adulthood (37,38). Nevertheless, long-term
survival remains lower than in the general population. The
difference in survival is commonly attributed to RV or LV
dysfunction and sudden cardiac death caused by sustained
ventricular tachyarrhythmias commonly arising from the
right ventricular outflow tract (38). The overall incidence
of sudden death has been estimated to be 1.2% at 10 years
of follow-up (39). Although the arrhythmogenic burden is
substantial, heart failure and exercise intolerance also have
an important impact on morbidity and mortality (40-42).
Therefore, identifying adult TOF patients at highest risk
for major adverse events is a high priority research topic
(40,41,43). Deformation imaging may provide additional
information on myocardial function, which can be used for
risk stratifying purposes in TOF (44,45).

Global and segmental RV dysfunction in TOF

RV dysfunction is significantly associated with adverse events
and clinical outcome (40-45). Consequently, most effort
has been put on unraveling the mechanisms contributing to
RV remodeling and dysfunction in TOF (40-45). Impaired
RV longitudinal strain (Figure I) has been suggested
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Figure 1 Apical four-chamber view of a patient with repaired TOF. Peak systolic longitudinal strain of the RV free wall was reduced in this

patient (-16.9%). Note the postsystolic contraction of the midventricular (turquoise arrow) and apical (yellow arrow) segments of the RV

free wall. The white dotted curve shows the average strain of all 6 segments, including the strain values of the interventricular segments.

TOFE, tetralogy of Fallot; RV, right ventricle.

as an early surrogate marker of RV dysfunction (4).
Moreover, severity of pulmonary regurgitation, which is
currently considered a major cause of RV dysfunction,
may negatively impact RV strain measurements (4,46).
Hence, an increasing number of studies used STE to
assess RV function, demonstrating that global and regional
longitudinal RV strain is decreased in both children and
adults with repaired TOF (4,31,46-49). The impact of
pulmonary valve replacement on RV longitudinal strain in
repaired TOF has been studied as well (4). Although initial
studies observed an increase in RV longitudinal strain after
pulmonary valve replacement, no change in RV longitudinal
strain was found in other studies (4,50-52).

A specific strain pattern of reduced RV longitudinal strain
has been identified, showing a progressive decrease in RV
longitudinal strain from the base to the apex of the RV, with
apical myocardial segments being most affected (4,46,47).

Normally, there is a progressive increase in RV longitudinal
strain from the base to the apex of the RV (46,47). The
clinical implication of this latter finding is somewhat unclear.
A similar strain pattern has been recognized in other
cardiovascular disease with compromised RV function as
well, suggesting that impaired apical RV longitudinal strain
might precede more global RV dysfunction (53,54). Thus,
segmental apical RV function may be a promising marker
for early RV dysfunction (46).

© Cardiovascular Diagnosis and Therapy. All rights reserved.

Although strain and strain rate measures are relatively
load-independent in comparison to more conventional
parameters of myocardial function, RV geometry and
loading should be taken into account when interpreting RV
strain parameters in repaired TOF (26,46). Indeed, a strong
correlation between RV longitudinal strain and RV length
was recently demonstrated in TOF patients (46).

LV function in TOF

A landmark study on the predictive value of LV systolic
function in TOF patients revealed that moderate to severe
LV systolic dysfunction is an important predictor of sudden
cardiac death in adult patients late after TOF repair (55).
Although the etiology of LV systolic dysfunction remains
unclear, and is likely multifactorial, the authors identified
older age at repair as a risk factor for LV systolic dysfunction
and speculated that longer periods of volume overload
and chronic hypoxemia, may, in part, explain the degree
in LV dysfunction found in these patients (55). Moreover,
they also hypothesized that, while adverse RV remodeling
and dysfunction provide the substrate for ventricular
arrhythmias, it is the severity of LV systolic dysfunction
that ultimately may dictate the prognosis of ventricular
arrhythmias in TOF patients. Other risk factors associated
with poor LV systolic function were shunt duration,
presence of RV dysfunction and recurrent arrhythmias (56).
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Peak Systolic Strain

Figure 2 Bulls eye presentation of global LV longitudinal strain in the same TOF patient (GLS: -12.1%). The LV systolic function was also

impaired in this patient. TOE, tetralogy of Fallot; GLS/GLPS, global LV peak longitudinal strain; LV, left ventricle.

In addition, LV diastolic dysfunction also seems a risk factor
for worse clinical outcome (57). Taken together, LV systolic
and diastolic function may represent promising additional
parameters to predict the development of adverse events in
this challenging patient group (55,57).

However, although LV dysfunction is relatively common
in TOF patients, only few patients will present with
more than mildly reduced LV systolic function (56,58).
Therefore, more sensitive echocardiographic measures are
needed to identify early LV myocardial dysfunction, before
a significant decline in LV ejection fraction is noted in these
patients (Figure 2). Diller e al. used global LV longitudinal
strain (GLS) as an early and sensitive measure of LV systolic
dysfunction in a multicenter study on TOF outcome (58).
The authors demonstrated that systolic LV dysfunction,
measured as lower GLS values, in addition to other
echocardiographic variables, was associated with a greater
risk of major adverse events (58). Global LV longitudinal
strain is a novel and powerful predictive strain parameter
and seems feasible for use in daily practice.

Electromechanical delay in TOF
Electromechanical dyssynchrony of the RV (and LV) is

common after repair of TOF and is associated with the
postoperative right bundle branch block (RBBB) (43,59-63).
Ventricular dyssynchrony increases over time in most
patients. Although ventricular dyssynchrony has been
largely ignored as an important contributor to clinical
outcome of TOF patients in earlier studies, it is nowadays a
well-recognized contributor to the pathophysiology of RV
dysfunction (59-63). Moreover, cardiac resynchronization
therapy (CRT) has been applied to right-sided disease
in CHD (60,64,65). Before discussing this exciting
topic, some background information on ventricular
dyssynchrony is required to fully appreciate the importance
of electromechanical delay in TOF patients, and patients
with other types of CHD.

The findings of the multicenter PROSPECT trial
from 2008 resulted in a fierce debate on the role of
echocardiography in the assessment of ventricular
dyssynchrony in patients with heart failure and reduced
LV ejection fraction (66). This landmark study failed to
demonstrate a benefit of echocardiographic assessment of
mechanical dyssynchrony in predicting clinical response
after CRT. Particularly the reproducibility of tissue Doppler
imaging-derived dyssynchrony indices was of concern in
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Figure 3 Right ventricular electromechanical dyssynchrony in a patient following TOF repair. The basal (yellow curve) and mid-ventricular

segments (turquoise curve) of the RV free wall show early systolic activation with prestretch (lengthening instead of shortening) with

subsequent postsystolic shortening (yellow and turquoise arrows). The prestretch amplitude (yellow bracket) is a simple measure to quantify

the severity of RV dyssynchrony. In contrast, the mid-septal segment (blue curve) shows a normal time-to-peak shortening before pulmonary

valve closure (blue arrow). There was a basal RV—midseptal delay of 101 ms (white arrow). The dotted white curve represents the average

strain of the six RV segments, and is automatically provided by the speckle tracking software. AVC, pulmonary valve closure; TOF, tetralogy

of Fallot; RV, right ventricle.

this prospective study (66). It should be noted that there is
an important distinction between mechanical dyssynchrony
and electrical dyssynchrony (67-70). New insights in the
pathophysiologic mechanics of ventricular dyssynchrony
showed that the ‘classical’ assessment of LV mechanical
delay between ventricular walls by echocardiography is
not only dependent on LV electrical depolarization delay
(electrical dyssynchrony), but also on abnormalities in
regional contractility and loading condition of the failing
ventricle (67-70). Recent work from the group of Lumens
et al., who used a well-established computer-based model
(Circ-Adapt), clearly showed the conceptual distinction
between mechanical discoordination and electrical
dyssynchrony in patients with heart failure (68). Only
patients with patterns of LV mechanical discoordination
caused by electromechanical substrates, and not regional
differences in contractility or scar tissue, responded
favorably to CRT (68). Additional reports have been
published, including electroanatomical mapping studies,
to further define and broaden these electromechanical
concepts not only in patients with heart failure, but also in

patients with CHD (67-71).

The concepts mentioned earlier highlighted the need for
the development of novel electromechanical dyssynchrony
indices, responsive to CRT. In recent years, cardiac imaging
has been very helpful to identify dyssynchrony patterns
that are related to an electromechanical delay (67). Most of
these indices are based on speckle tracking techniques and
all have been validated in large clinical cohort studies (67).

A recent study in TOF demonstrated that RV prestretch
amplitude and duration, postsystolic strain, and RV lateral-
septal delay quantify the severity of RV electromechanical
dyssynchrony (Figure 3) (61). The RV basal wall was
the latest and the mid and apical interventricular
septal segments the earliest contracting myocardial
segments, reflecting the underlying electromechanical
pathophysiology. Because it is not feasible to use the
response to CRT as a clinical outcome measure, the authors
studied the relationship between these novel dyssynchrony
indices and clinical parameters such as RV function,
arrhythmias and exercise capacity (61). It was shown that
all dyssynchrony markers correlated to some degree with
RV EF and RV global longitudinal strain. Moreover, the
prestretch amplitude and duration were found to be simple
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Figure 4 LV torsion abnormalities in TOF. Abnormal LV twist (white arrow) in this patient was caused by impaired counterclockwise

rotation of the LV apex (turquoise curve) and reduced clockwise rotation (purple curve) of the base of the heart. TOEF, tetralogy of Fallot;

LV, left ventricle.

measures of RV dyssynchrony in TOF patients, with good
reliability and reproducibility (61). Taken together, studying
electromechanical delay of the RV in repaired TOF patients
seems important to understand the pathophysiological
mechanisms driving RV dysfunction. This information may
be used to select those TOF patients with RV failure who
may potentially benefit from CRT. However, larger studies
are needed to confirm these preliminary findings (60,64,72).

Rotational mechanics of the LV in TOF

LV rotational abnormalities are common after TOF repair
(31,48,50,73,74). Reduced twist of the LV has repeatedly
been observed in TOF patients following repair (Figure 4)
(31,48,50,73,74). Of importance, several groups identified
an RBR pattern consisting of reversed basal clockwise
(= counterclockwise) rotation, with subsequent loss of
normal LV twist, in up to 38% of patients with TOF
(31,50,73). This RBR pattern of reversed basal rotation
was associated with lower global RV longitudinal strain
and GLS (31,50). On multivariate regression analysis,
the only significant predictor of counterclockwise basal
rotation was RV longitudinal strain (31). The authors
suggested that RV function, more than RV dilatation
influences abnormal LV twist. However, the mechanisms

© Cardiovascular Diagnosis and Therapy. All rights reserved.

involved may be multifactorial and are largely unclear
(31,50,73). Furthermore, the same group studied the
LV mechanics of a cohort of TOF patients undergoing
pulmonary valve replacement (50). Those with a pre-
operative reversed basal rotation pattern had significantly
lower global RV longitudinal strain values early post-
operative, and decreased GLS at mid-term follow-up.
In 42% of patients with reversed basal rotation, this
RBR pattern reverted to normal clockwise basal rotation
during follow-up. Nonetheless, there were no significant
differences in conventional echocardiographic and
longitudinal strain parameters of the RV and LV between
patients in whom normalization of basal rotation was
noted compared to those who had persistently abnormal
basal rotation (50). Thus, the impact of LV rotational
mechanics on RV function and remodeling highlights the
presence of ventriculo-ventricular interaction. Changes
in the geometry of the RV, due to remodeling and volume
overload, may induce alterations in the delicate myofiber
architecture of the interventricular septum and other
parts of the heart, that could lead to a distortion of the LV
performance and vice versa (48). More recently, Yim ez al.
demonstrated a strong correlation between the severity

of RV and LV diffuse myocardial fibrosis in TOF patients
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Figure 5 An echocardiographic image of a patient with congenitally
corrected transposition of the great arteries (atrioventricular and
ventriculoarterial discordance or double discordance). This results
in a morphological right ventricle in the subaortic position, which is
shown here. RV, right ventricle; LV, left ventricle.

on CMR imaging, using native T'1 mapping (75). These
findings support the concept that ventriculo-ventricular
interactions also occur at the (myocardial) tissue level.

Real-time 3D echocardiography of the RV in TOF
Assessing RV remodeling and function using 3D
echocardiography in TOF patients has been a specific area
of interest (4,12). The feasibility of 3D echocardiography
in TOF is largely determined by having a good
echocardiographic window, which can be challenging in
patients with severe dilation of the RV. In essence, it is very
important to include the whole RV in a single acquisition,
otherwise 3D echo evaluation results in an underestimation
of RV volumes, thereby limiting its clinical applicability
(4,12). New developments in this field may overcome these
limitations.

The systemic RV after atrial switch vepair and double
discordance

Simple transposition of the great arteries (I'GA, or D-TGA)
palliated with an atrial switch type operation (Mustard
or Senning) and congenitally corrected TGA (double
discordance, Figure 5) are the most common examples of
CHD with a biventricular physiology in which the RV
supports the systemic circulation (76,77). These patients
are commonly encountered in adult CHD clinics, and
management of these patients remains challenging due
to development of progressive systemic RV dysfunction,
heart failure, life-threatening arrhythmias, and sudden

S333

cardiac death (76,77). Systemic RV failure is associated with
increased morbidity and poor prognosis (76,77). Several
palliative therapies, such as pulmonary artery banding,
CRT implantation, or tricuspid valve replacement in
those with RV failure and severe regurgitation, have been
adopted to improve functional status (76-78). However,
heart transplantation currently remains the only long-term
lifesaving treatment in adults with end-stage systemic RV
failure (76,77).

Subaortic and subpulmonic global ventricular function
Clinical overt systemic RV dysfunction is frequently
encountered in adult patients, indicating that the RV is
unable to support the systemic circulation during long-
term follow-up. In most patients’ subclinical RV systolic
dysfunction is already present at a much younger age,
underscoring the need for close echocardiographic follow-
up (77).

STE has been used in a relatively small number of
studies to investigate RV and LV myocardial deformation
and mechanics (Figure 6) (79-82). These studies have
confirmed that global RV peak systolic longitudinal strain is
significantly reduced in patients with a systemic RV (atrial
switch, ccTGA) (79-82). Moreover, there seems a shift from
a predominantly longitudinal to a more circumferential
myocardial contraction pattern in the systemic RV of these
patients (83,84). Because myofibers are predominantly
longitudinally arranged in the normal RV, and long-axis
shortening is the main contributor to RV performance,
this finding suggests that the change in contraction pattern
seems an adaptive response to the increased afterload of
a RV in a subaortic position (80,83,84). Furthermore,
the subpulmonic ventricle also seems affected; global LV
longitudinal strain is impaired in patients with TGA after
atrial switch operation, whereas, preserved GLS was found
in most patients with c¢TGA (80).

Ventriculo-ventricular interaction in TGA

Strain assessment of the systemic RV and the subpulmonic
LV suggests that these functions are interrelated (80,85).
This correlation was confirmed by measuring RV and LV
ejection fractions on CMR (80), and is a well-recognized
hemodynamic feature in patients after repaired TOF. This
ventriculo-ventricular interaction is more pronounced
in patients with ccTGA compared to those after atrial
switch. Notably, the relationship between RV and LV
global longitudinal strain is much stronger in ccTGA
with a significant pulmonary stenosis than in ccTGA
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Figure 6 Showing a four-chamber view of a patient with simple transposition of the great arteries who underwent an atrial switch operation
(Senning) during childhood. Note the severely dilated right ventricle. Global RV longitudinal peak systolic strain was reduced in this patient
(A). Moreover, his global LV longitudinal peak systolic strain was relatively preserved (B), showing a high mean strain value of the lateral LV
walls. This is probably an adaptive mechanism of the LV to compensate for the RV dysfunction; RV, right ventricle; LV, left ventricle.
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Figure 7 Early diastolic strain rate of the systemic RV, a measure of diastolic function, is shown in this image. RV, right ventricle.

patients without a relevant pulmonary stenosis (80).
The physiological mechanism behind this observation is
probably that a higher LV afterload (pulmonary stenosis)
decreases the leftward shift of the interventricular septum,
thereby improving RV geometry and function (80). A
similar phenomenon has been observed in TGA patients
undergoing pulmonary artery banding in preparation for
an arterial switch operation who developed systemic RV
failure following their arterial switch, in TOF patients with
a residual outflow tract obstruction or pulmonary stenosis
after repair, and more recently, in patients with dilated
cardiomyopathy and end-stage heart failure undergoing
pulmonary arterial banding to improve LV function

(80,86,87).

Diastolic systemic RV function

Diastolic function of the systemic RV has also been studied
by measuring global RV early diastolic strain rate (Figure 7)
(79,85). Although impaired diastolic function of the systemic
RV is present in most T'GA patients after atrial switch, the
clinical importance of diastolic function remains unclear at
this point (79,85). Part of this uncertainty is probably the
result of the poor reproducibility of early diastolic strain

rate compared to global RV strain in patients with TGA
after atrial switch, despite the theoretical advantage of strain
rate being more load independent (79).

Clinical applications of strain imaging in systemic RV
disease

In addition to these important findings, there have been
several potential clinical implications in the routine use of
deformation imaging in these patients. In a recent CMR
study of patients with a systemic RV, global RV longitudinal
strain was the best echocardiographic parameter of
identifying patients with a RV EF of <45%, with a
sensitivity and specificity of 77.3% and 72.7%, respectively,
when using a cutoff strain value of <-16.3% (88). Other
investigators have shown that global RV longitudinal strain
correlated moderately well with exercise capacity, which
is an important predictor of clinical outcome in patients
with CHD (89). Interestingly, global RV longitudinal
strain has been identified as a prognostic marker of adverse
events during follow-up in patients with a systemic RV,
independently of a history of arrhythmias and advanced
NYHA functional class, which are important established
clinical predictors of late-mortality (79,80).
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CRT and electromechanical dyssynchrony in systemic RV
Systemic RVs demonstrate increased electromechanical
dyssynchrony (90,91). The ventricular dyssynchrony
is related to the ventricular conduction abnormalities
frequently observed in these patients, such as intrinsic
RBBB or pacing induced RBBB for complete heart block
(90,91). Notably, RBBB often results in progressive RV
dyssynchrony and subsequent RV dysfunction (76-78).
Moreover, there is a strong inverse correlation between
the severity of electromechanical delay and the degree of
RV dysfunction in patients with a systemic RV (90,91).
Consequently, studies have shown that a subgroup of
patients with a systemic RV and biventricular physiology
may benefit from CRT. However, there is a high non-
response rate of patients undergoing CRT, highlighting
the need for specific predictive markers for CRT response
in systemic RVs (90,91). This major clinical problem has
also been recognized in patients with other types of CHD
(76-78,90,91).

A ‘classic’ pattern of electromechanical delay has been
identified using strain imaging, which has been covered in
part in the previous section on TOEF. The presence of this
typical strain pattern seems predictive of both short- and
long-term CRT response in various patient populations
(67,91). The echocardiographic characteristics of this
electromechanical pattern consists of early septal activation,
opposed by early stretch in the activation-delayed RV
free wall, followed by a late RV free wall contraction
with early termination of septal contraction (59,67,91).
Although electrical abnormalities can be observed in most
TGA patients with a systemic RV, the classic-pattern of
electromechanical delay was present in nearly half of the
patients investigated with STE in a recent study (91).
Of importance, this typical strain pattern was highly
reproducible between readers, was associated with moderate
to severe RV systolic dysfunction, and indicates a potential
benefit from CRT in these patients (91). However, this
approach should be tested in a prospective study.

3D echocardiography in simple T'GA following atrial
switch and ccTGA

3D echocardiography has been applied to comprehensively
analyze the shape, volume, global and regional function
of the systemic RV in these patients. Not surprisingly, the
RV is more dilated, rounded, and impaired in function
compared to healthy controls (92,93). Kutty et 4/l. used
a new imaging tool based on the piecewise smooth
subdivision surface technology to quantify the systemic RV
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in T'GA patients (94). This technique creates a ‘knowledge-
based’ reconstruction of the RV after identifying key
anatomic landmarks (93,94). A 3D surface is then created
using a big database that contains knowledge of the
shapes of normal and abnormal human RVs (93,94).
An advantage of knowledge-based reconstruction is
that identification of entire endocardial borders is not
necessary for reconstruction of the RV. Excellent feasibility
and reproducibility was recently demonstrated for the
assessment of systemic RV size and function in adult
patients with TGA (94). This technique holds promise for
serial follow-up assessments of RV size and function (93,94).

Fontan palliation of the single ventricle

The total cavo-pulmonary connection (TCPC) is a
staged surgical palliation used to treat patients with single
ventricle physiology (95-97). Creating the TCPC using an
extracardiac conduit is currently the most preferred surgical
strategy to establish the Fontan circulation (95-97). This
final surgical stage is often accomplished several years after
a bidirectional Glenn connection, in which the bloodflow
from the superior vena cava is re-routed to the pulmonary
arteries (6,95). After this procedure, the systemic venous
return flows directly to the pulmonary arteries (e.g., Fontan
circulation) (6,96).

Despite improved surgical techniques and patient
care, Fontan patients continue to have high long-term
morbidity and mortality (96-100). It has become clear
that the Fontan circulation affects most of the organs in
the human body, with low cardiac output and chronically
elevated systemic venous pressure likely being the
substrates for the development of adverse effects (98-101).
Significant complications include the development of
progressive ventricular dysfunction, exercise intolerance,
liver fibrosis, arrhythmias, protein-losing enteropathy, and
plastic bronchitis (97-101). Therefore, close monitoring
of these patients and serial assessment of the morphology
and functional capacity of the single ventricle is warranted
(5,6). Moreover, TTE, particularly when emphasizing the
potential of deformation imaging and 3D-echocardiography,
plays a major role in the identification of patients at highest
risk for major adverse events (5,6).

Ventricular dysfunction in Fontan patients

Progressive ventricular dysfunction is relatively common in
adult Fontan patients, and is associated with poor patient
outcome (102-104). Because a proper ventricular pump on
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the pulmonary site of the circulation is missing, the Fontan
circulation is particularly vulnerable to low cardiac output
when the systemic ventricle fails (5,6). Although recent
data from several long-term outcome studies suggest that
ventricular systolic function seems preserved in the majority
of Fontan patients with single left or right ventricles, most
Fontan patients will have echocardiographic evidence of
diastolic dysfunction (5,6,102-104). It should be noted that
even mild diastolic dysfunction may cause a significant
elevation of the ventricular filling pressures, limiting the
capacity of the single ventricle to maintain a sufficient
cardiac output. Indeed, several studies have demonstrated
a contractility-afterload mismatch in Fontan patients,
suggesting that diastolic function may play a key role in
the development of a failing Fontan circulation (105-107).
Furthermore, the etiology of ventricular dysfunction in
Fontan patients is not well understood and is probably
multifactorial (5,6,13,33). Abnormal myofiber architecture,
myocardial fibrosis, pre-Fontan cyanosis, volume overload,
endocardial fibroelastosis, electromechanical dyssynchrony,
multiple surgical procedures, activation of the renin-
angiotensin-aldosterone system, systemic inflammation, and
end-organ damage may all contribute to the development of
(subclinical) ventricular dysfunction (5,6,13,33,100,108).

Deformation imaging in Fontan

The assessment of the systolic function of single ventricles
is challenging due to the heterogeneity in intracardiac
morphology and loading conditions (5,6). Notably, the
evaluation of RV function is particularly difficult due to
the non-geometric shape of this ventricle. Consequently,
ventricular function is routinely assessed using a
subjective evaluation (e.g., ‘eyeballing’) or application of
the biplane Simpson’s methodology and fractional area
of change (FAC) technique in case of a morphologic
left or right/indeterminate single ventricle, respectively
(5,6,109). Therefore, deformation imaging may aid in the
identification and quantification of myocardial dysfunction
and electromechanical delay, which may have therapeutic
implications for the management of progressive ventricular
systolic dysfunction and heart failure in this group of
patients (5,6,109).

Circumferential and longitudinal strain is reduced in
most Fontan patients with preserved LV EF, indicating
the presence of subclinical or early myocardial dysfunction
(110,111). In addition, global strain of the systemic RV
in single ventricle physiology is also impaired (Figure 8)
(107,112). Strain-derived parameters are highly reproducible

© Cardiovascular Diagnosis and Therapy. All rights reserved.

S§337

and have been validated against CMR obtained measures
of cardiac function in several different cohorts of patients
with single ventricle physiology (111,113). However, global
strain parameters, such as GLS and GRS, are more robust
measures of ventricular performance than regional strain
parameters. Moreover, the reliability of strain measurements
seems affected by frame rate, the nature of strain
(longitudinal, circumferential, radial), and even ventricular
geometry, suggesting that a dedicated echocardiographic
protocol is recommended for strain analysis of the single
ventricle in a clinical setting (111).

Another promising clinical application of deformation
imaging is the use of strain measures to predict the
postoperative course of patients undergoing a TCPC
operation (114). Park ez /. showed in a cohort of 135 single
ventricle patients that preoperative circumferential strain
rate was independently associated with length of hospital
stay (LOS) >14 days (114). Patients with a preoperative
circumferential strain rate of < -1.5 s™' were at very low risk
for a prolonged LOS, and patients with a circumferential
strain rate of > -1.0 s™ were considered high-risk candidates
(114). Whether optimization of preoperative heart failure
treatment may contribute to better postoperative outcomes
remains to be investigated. Current findings suggest that
deformation imaging has the potential to allow the clinician
to reliably assess the contribution of myocardial function to
short-term and long-term outcome in Fontan survivors.

Ventricular dyssynchrony in single ventricles

Significant electromechanical dyssynchrony with early
activation of a myocardial segment or segments and
subsequent pre-stretch of the opposing myocardial segment
has been identified in Fontan patients, particularly in
those with permanent pacing therapy and intraventricular
conduction delays (115,116). In this regard, the hypoplastic
left heart syndrome (HLHS) population is relatively
well studied using various echocardiographic modalities,
including STE (71,115-117). Several studies have
demonstrated the presence of mechanical dyssynchrony
in the majority patients with HLHS (71,115-117). This
finding has led to increased interest in CRT to improve RV
function in these patients (71,118,119). Conflicting results
of CRT-response have been reported, suggesting that only
a certain subgroup of HLHS patients have an electrical
substrate amenable to CRT. A recent study by Motonaga
et al. confirmed the presence of mechanical dyssynchrony
in HLHS patients with preserved systolic RV function
using invasive electroanatomic mapping (71). Nevertheless,
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Figure 8 A Fontan patient with HLHS with reduced systemic RV (A) and LV function (B). HLHS, hypoplastic left heart syndrome; RV,

right ventricle; LV, left ventricle.

the authors found no intrinsic substrate for electrical
dyssynchrony in these patients. Interestingly, classic-pattern
dyssynchrony, which is a strong predictor of CRT-response,
could be demonstrated by STE in a small proportion of
investigated Fontan patients (116). The presence of classic-
pattern dyssynchrony was associated with impaired systolic
and diastolic function, including reduced circumferential
strain, longitudinal strain and early diastolic strain rate,
compared with Fontan patients without this pattern of
electromechanical delay (116). The QRS duration was also
increased in these patients. Because the presence of classic-
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pattern dyssynchrony seems a very promising marker for
CRT-response, further work is needed to confirm these
preliminary findings (116).

3D-echocardiography in single ventricle physiology

Only a small number of studies have used real-time 3D
echocardiography to evaluate systemic function and
anatomic considerations of atrioventricular valves in patients
with single ventricle physiology. Most of the studied
patients were infants and children (120-122). Mechanisms
of tricuspid valve regurgitation in children with HLHS
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have extensively been studied using 3D echocardiography
(121,122). However, 3D echocardiography is not routinely
being used in adult Fontan patients.

Future directions
Machine learning techniques

Recently, machine learning techniques have been
introduced to the field of cardiac imaging (123-125).
Although echocardiography is widely used in daily
practice, it is highly operator-dependent and requires
extensive training for correct interpretation of the
acquired data (124). A key feature of machine learning is
that the algorithm recognizes patterns within large data
sets and is able to learn from input of additional variables
in time to make better predictions on, for example, patient
outcome and development of adverse events (123-125).
Samad et 4/. applied machine learning to a baseline data set
of clinical and CMR variables obtained from adult patients
with repaired TOF (123). They were able to identify
adult TOF patients at risk for clinical deterioration
during follow-up. Thus, incorporating machine learning
methodologies in cardiac imaging may have important
implications for clinical-decision making and management

of patients with CHD.

Ultrafast cardiac ultrasound imaging

Technical advances in ultrasound techniques allow
images to be acquired at a very high frame rate (126,127).
This so-called ultrafast, or high frame-rate imaging, has
the potential to provide more insight into myocardium
contractility, particularly during the very short-lived
isovolumetric and relaxation periods, and cardiac blood flow
properties (126). Furthermore, myocardial stiffness can be
evaluated by assessing the propagation characteristics of
shear waves through the myocardial tissue (126). Notably,
STE has successfully been applied to images obtained
with high frame-rate echocardiography (127). To the best
of our knowledge, there are no studies using these novel
techniques in the field of adult CHD vyet.

Conclusions

Although several issues need further investigation before
strain imaging and 3D echocardiography can become
mainstream modalities for the quantitative assessment of
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ventricular function and morphology, respectively, both
techniques seem very promising additional tools in our
extending armamentarium for adult CHD. Moreover,
strain imaging provides a more sensitive method for
detecting subclinical alterations in ventricular systolic
and diastolic function that may otherwise be missed with
conventional echocardiographic measurements. Global
longitudinal strain is the deformation parameter of choice,
because it is reproducible, feasible to obtain in a clinical
setting, and has a good predictive value in CHD. Real-
time 3D echocardiography seems very useful to assess
ventricular volumes, ejection fraction, valvular morphology
and intracardiac anatomy. Development and validation of
dedicated echocardiographic protocols for each specific
CHD lesion incorporating the use of deformation imaging
and 3D-echocardiography is strongly recommended.
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