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Abstract

Cardiac imaging is central to today’s pediatric cardiology practice not only to diagnose
structural congenital defects and delineate cardiac and extracardiac anatomy but also for
determining the hemodynamic impact of the structural defects and acquired pediatric
diseases. Not so long ago, clinicians had to heavily rely on angiography as the main
cardiac imaging modality to visualize the heart. Particularly, the development of echo-
cardiography in the 1970s and 1980s together with the development of magnetic reso-
nance imaging (MRI) and computed tomography (CT) resulted in a non-invasive diagnostic
revolution with diagnostic catheterization becoming obsolete apart for very specific
indications. The continuous improvements in non-invasive imaging modalities allow an
unprecedented level of understanding of cardiac morphology and function. Over the last
few years, the specific roles of the three imaging modalities and their complementary roles
in diagnosis and treatment have become well established resulting in a multimodality
approach to specific congenital lesions. Recently, multimodality guidelines were pub-
lished for postoperative tetralogy of Fallot and patients with transposition of the great
arteries (Cohen et al. J Am Soc Echocardiogr. 2016;29(7):571-621, Valente et al. J Am Soc
Echocardiogr. 2014;27(2):111-41). In this paper, we aim to highlight some of the most
significant advances and highlight some emerging trends in pediatric cardiac imaging.

Introduction

Brief historical perspective of echocardiography decades to be realized successfully. It was the Austrian
Inspired by its use to determine ocean depths as sug- neurologist Karl Dussik, in 1947, who successfully im-
gested by Behm in 1921, the idea to use ultrasound as a  aged the ventricles of the brain using ultrasound [1]. The
means of imaging organs and structures within the body  pioneering work of Elder and Hertz in the 1950s, moti-
was first entertained in the early 1940s and required vated by the need to diagnose mitral valve disease in the
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setting of highly prevalent rheumatic fever, brought
forth the first echocardiographic images of the heart
using M-mode. The advent of B-mode and Doppler
echocardiography deeply changed the face of structural
cardiology. Currently for many forms of congenital heart
disease, echocardiography is the first-line imaging mo-
dality and adequately provides all anatomical and he-
modynamic information allowing for surgical or inter-
ventional treatment planning for many lesions. After
demonstrating a close relationship between the images
and pathologic specimens, an increasing number of
surgeries are performed based on echocardiographic im-
ages only, especially in infants and children. For specific
indications, additional imaging using MRI and CT may
be needed and more rarely invasive diagnostic catheter-
ization is required pre-operatively. The addition of trans-
esophageal (TEE) and later intracardiac [2] echocardiog-
raphy (ICE) further impacted the field as TEE allowed
immediate post-bypass assessment in the operating
room impacting peri-operative management and signif-
icantly reducing the number of reoperations [3]. TEE
and ICE have become important techniques for moni-
toring interventional procedures in the catheterization
laboratory such as ASD closure. As the heart is a three-
dimensional structure, the utilization of two-
dimensional imaging for visualizing structural defects
is challenging and requires extensive training. With the
development of matrix array probes as well as increasing
computational processing power, real-time 3D echocar-
diography (3DE) became possible. For pediatric heart
disease, currently only transthoracic 3D echocardiogra-
phy is available. The introduction of 3D TEE was a major
breakthrough in the diagnosis and treatment of adult
structural disease but is not available for use in children
<20-25 kg [4]. Other more recent technological evolu-
tions in echocardiography include myocardial deforma-
tion imaging based on speckle-tracking echocardiogra-
phy, high-frequency ultrasound, and more recently high
frame-rate echocardiography.

3D echocardiography (3DE) in congenital heart
disease

While 2D echocardiography still plays a dominant role
in congenital echocardiography, the development of 3D
echocardiography allowed for real-time 3D visualiza-
tion of cardiac structures providing additional diagnos-
tic information on valves and spatial relationship of
specific cardiac structures [5, 6]. Especially for transtho-
racic 3D imaging, the lower spatial and temporal reso-
lution still limits the diagnostic value of the technique,

and the post-processing of the acquired 3D images re-
quires a good understanding of the morphology by the
operator. Presenting the images in a surgical orientation
is useful in peri-operative imaging as it facilitates com-
munication between the echocardiographer and the
surgeon.

Current 3DE acquisitions can be obtained by four
modes: real-time 3DE, ECG-gated multi-beat acquisi-
tion, multiplane mode, and 3DE color-Doppler mode.
Each mode had its advantages and disadvantages, and
the selected mode of acquisition should aim to obtain
the required clinical information. The American Society
of Echocardiography has recently published a consensus
document on the use of 3DE in congenital heart disease
[7ee]. This document highlighted the added value of
3DE in the assessment of complex morphologic struc-
tures which can be difficult to image adequately using
2D echocardiography, including structures like atrioven-
tricular valves, outflow tracts, aortic valve, and the atrial
and ventricular septa.

A specific area of interest in recent years has been the
use of 3DE of the right ventricle in the assessment of RV
function. Despite its importance in different types of
congenital heart defects, imaging the right ventricle by
transthoracic echocardiography remains challenging.
The retrosternal anterior position and more complex
variable geometry contribute to the difficulty of 2D
imaging. Given adequate acoustic windows, 3DE acqui-
sition allows volumetric and functional RV analysis.
After full volumetric acquisition, RV volumes and ejec-
tion fraction can be calculated using semi-automated
post-processing softwares. Initially, post-processing was
based on the summation of disk method, which uses the
same principle used in MRI, and is the only method
devoid of geometrical assumptions. However, it suffers
from poor feasibility, particularly in older patients and is
labor-intensive, limiting the clinical applicability [8].
This method has largely been replaced by semi-
automated border detection method. From a full 3D
dataset, the RV is segmented and reconstructed in three
dimensions. This has proven a more user-friendly meth-
od although the feasibility is variable and the method
results in systematic underestimation of RV volumes
when compared to MRI measurements which limits its
clinical utility [9, 10]. This likely explains why the clin-
ical utilization of this technology has been relatively
slow. Feasibility is largely determined by echocardio-
graphic windows, which can be problematic in post-
operative patients, and in some patients with severe RV
dilatation, it can be extremely challenging to include the
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entire RV in one single acquisition. Because of these
limitations, our group explored the 2D-based 3D recon-
struction method that uses 2D images localized in 3D
space by attaching a magnetic tracker to the probe and
using knowledge-based 3D reconstruction based on a
reference database of lesion-specific right ventricular ge-
ometries. This method is more feasible and reproducible
and results in RV volumes more closely related to MRI
data. It, however, requires specific equipment and sig-
nificant post-processing time and expertise [11]. Com-
bining speckle-tracking techniques and 3DE [12, 13¢], a
promising new and more automated technique has re-
cently become available that allows to obtain RV vol-
umes which are much more closely correlated to those
of CMR. While this automated method seems to work
well for normal-sized ventricles, manual correction was
needed in dilated RVs making post-processing semi-au-
tomated. Echocardiographic RV volumetric assessment
still is an emerging field. Widespread clinical application
is limited by vendor-specific differences and the lack of
normal reference values. Intrinsic limitations like limit-
ed sector width and lower volume rates are additional
problems that still should be resolved. Finally, 3D image
resolution may be a limiting factor in smaller RVs espe-
cially in infants with borderline RVs.

3DE for valve assessment, especially for atrioventric-
ular valves, remains the main area of interest where this
technology can influence patient care and surgical deci-
sion-making. Automated software for detailed mitral
valve analysis has been developed and is commercially
available. These softwares are not applicable to the tri-
cuspid valve and not for atrioventricular valve in the
context of atrioventricular septal defects where mecha-
nisms for valve dysfunction are different from the mitral
valve.

One of the limitations of 3DE is that visualization of
the 3D-datasets still is based on 2D rendering with some
added depth perspective. Novel 3D rendering tech-
niques like holography and 3D printing techniques
based on echocardiographic images are likely to highly
impact the field and future development of 3DE in CHD
(see below).

Deformation imaging in CHD

Historically, assessment of ventricular function has been
based on evaluating pump function by measuring di-
mensional or volumetric changes during ventricular sys-
tole. As changes in cardiac dimensions are based on
myocardial thickening and shortening, it seems logical
to directly investigate these changes within the

myocardium. The first attempt at direct measures of
myocardial function was the introduction of tissue
Doppler which uses pulsed or color-Doppler techniques
to measure myocardial velocities during the cardiac cy-
cle. For the assessment of patients with CHD, this meth-
od has the advantage of being independent from ven-
tricular morphology. Tissue Doppler velocities have
been shown to be influenced by ventricular size and
loading conditions and more importantly also by over-
all cardiac translational motion and myocardial tether-
ing (segment-segment interactions). Tissue Doppler is
currently mainly used for the assessment of ventricular
longitudinal function especially in the assessment of
diastolic function. To overcome the effect of translation
and tethering, myocardial strain imaging was developed.
This measures myocardial deformation studying longi-
tudinal and circumferential shortening (longitudinal
strain) and radial thickening (radial strain). Speckle-
tracking echocardiography (STE) largely replaced the
initial, tissue-Doppler-based strain measurements [14]
which were angle-dependent and required extensive
post-processing. Strain imaging has harbored much in-
terest in the past decade to measure regional and global
myocardial function and has been suggested to detect
abnormalities at a subclinical stage in pediatric and
congenital heart disease [15]. Semi-automated strain
analysis software packages allow for smooth application
into clinical practice. Especially in the adult population,
measurement of global LV longitudinal strain was prov-
en to be a highly reliable technique adding prognostic
value to measurement of ejection. Normative values
have been reported and validated in adult populations
[16-18]. Different studies focused on establishing pedi-
atric normative values [19, 20], but their methodologi-
cal limitations were recently highlighted [21ee], includ-
ing relatively small sample sizes, heterogeneous
methods of normalization, and the mixed use of TDI
and STE-derived strain techniques. Normative values
using Z-scores, which is the generally preferable way to
express normative data in pediatrics, has been recently
published for the left ventricle [22e0].

Strain measurements rely on vendor-specific soft-
ware packages that use different algorithms that are not
standardized, proprietary and result in variability in
strain values between the different vendors [23]. Differ-
ent professional organizations are collaborating with the
vendors to develop industry standards that reduce the
variability. While the intervendor variability for global
LV longitudinal strain is lower compared to other strain
measurements, it seems cautious to use the same
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equipment for longitudinal follow-up of patients. An-
other limitation is that most softwares were developed
specifically for assessing LV strain measurements with
still limited availability of RV-specific strain packages.
RV deformation is mainly longitudinal with limited
contribution of a circumferential and radial components
in the normal RV. RV strain analysis still has not been
well standardized, and there still is a lack of well-
standardized normal reference data both in adults as
well as in children. Different studies have demonstrated
that reduced RV longitudinal strain measurements could
have important predictive values in diseases affecting the
RV like pulmonary hypertension. Even less data are
available on the utility of strain imaging in patients with
single ventricular anatomy.

While current clinical applications are mainly devel-
oped using 2D strain imaging, 3DE-derived strain is a
more recently developed emerging technique potential-
ly superior to 2D-STE as it avoids in-plane loss of track-
ing. The lower temporal resolution and the more limited
feasibility have been flagged as important limitations.
Normal 3D strain values have been proposed [24], but
so far, the technique has not been widely clinically
implemented as 2D strain has been better validated
and is more easily accessible with better research data
supporting its clinical utility.

Strain imaging for assessment of LV function has
become a routine part of a clinical functional protocol
that is used in the follow-up of patients with cardiomy-
opathy, chemotherapy-related cardiotoxicity, post-trans-
plant, and many other indications for functional assess-
ment of the heart. Global longitudinal strain is calculat-
ed based on a 18-segment LV model. For the RV, we
clinically use RV strain imaging for patients after tetral-
ogy of Fallot repair (> 7 years) and pulmonary hyper-
tension follow-up. RV free-wall lateral strain is calculat-
ed from an RV-centric 4-chamber view. Tissue Doppler
and strain imaging have also been applied to study the
myocardial response to exercise using exercise stress
echocardiography (ESE) in children. While ESE has a
clearly defined role in the adult population with specific
guidelines, its role in children is less well defined. As in
the adult population, the main indication for pediatric
ESE has been in patients at risk of ischemic heart disease,
including heart transplant recipients, post-coronary ar-
tery surgery (arterial switch, Ross procedure, ALCAPA
correction), and Kawasaki disease [25, 26]. In addition,
ESE can unmask dynamic outflow tract obstruction,
particularly in aortic stenosis (AS) and hypertrophic
cardiomyopathy (HCM) [27]. Studying myocardial

reserve by applying tissue Doppler and strain echocardi-
ography is hoped to be helpful for detecting early chang-
es in myocardial function. Reference values have been
recently published with regards to TDI and 2D-STE pa-
rameters during exercise and the LV and RV response to
exercise in pediatric transplant patients was recently
studied [28].

Recent developments in ultrasound

Two new technical developments will influence the fu-
ture development of pediatric echocardiography. The
first one is high-frame rate echocardiography. While
conventional beam forming allows to acquire data up
to around 200-250 frames per second the use of tech-
niques like plane-wave imaging allows data acquisition
at up to 10,000 frames per second. This technology can
be used for different purposes, and two novel applica-
tions have recently been developed that still require
further validation. The first one is shear-wave imaging
for assessing myocardial stiffness. Shear waves are gen-
erated when an ultra-sound generated energy pulse is
applied to the tissue. The speed of shear wave propaga-
tion is proportional to the stiffness of the tissue, and this
technology has been proposed as a novel way to char-
acterize mechanical tissue properties. Pernot et al. re-
cently described that the technology can be useful in
distinguishing between stunned and infarcted myocar-
dial tissue properties [29¢]. We recently investigated the
shear-wave physics in pediatric myocardium though
in vitro experiments and finite element simulations
demonstrating some of the challenges associated with
the anisotropic myocardial properties [30]. Another ap-
plication related to the development of high-frame rate
technology is the development of speckle-tracking tech-
niques to visualize blood flow velocities and vectors [31,
32]. The visualization of blood flow vortices allows
better characterization of physiologic flow properties
and can help in understanding the hemodynamic con-
sequences of congenital defects and their treatments. A
second technological development with potential im-
pact for pediatric imaging is high-frequency imaging.
This was initially developed as techniques for small
animal scanning but has recently become available clin-
ically. This technique has very high spatial resolution
but limited penetration. This technique has been proven
to result in better spatial resolution for pediatric vascular
imaging [33] and allowed the study of changes in the
arterial walls during growth in children. Further clinical
applications in very small infants are expected in the
near future.
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Brief historical perspective of cardiac magnetic
resonance imaging

Nuclear magnetic resonance (NMR) imaging as it is
known today is the result of brilliant contributions of
scientists from the fields of mathematics, engineering,
physics, and chemistry, spanning more than a century
[34]. In 1974, Paul Lauterbur and Peter Mansfield, in-
cognizant of each other’'s work, described the use of
magnetic field gradients to locate the NMR signal in
space [35, 36]. They were awarded the 2003 Nobel Prize
in Physiology in recognition of this major discovery. In
1975, Ernst described the application of the Fourier

transform to the NMR signal to reconstruct 2D images,
which is still to this day, the principle behind CMR. This
heralded a period of continued advances in the field,
with the enticing prospect of cross-sectional imaging
while avoiding ionizing radiation. Its use in congenital
heart disease has evolved from static images in the 1980s
[37], to moving, ECG-gated “cine” imaging [38], blood
flow quantification [39, 40], and tissue characterization
[41] in the 1990s and a substitute for fluoroscopy during
catheter intervention in the early 2000s [42].

Most recent advances in cardiac MR

Improvements in image acquisition techniques

Apart from its more limited availability, one of the major drawbacks of
CMR in the pediatric population is the relatively lengthy acquisition times
when compared to echocardiography. Obtaining the volumetric, hemody-
namic, and anatomic information from a pediatric CMR usually requires
multiple specific sequences, breath-holding, or signal averaging over a few
cardiac cycles to reduce cardiac motion related to respiration. In younger
children, this requires general anesthesia. Accelerating image acquisition
and reconstruction without sacrificing valuable anatomic and hemody-
namic information could potentially transform the utilization of CMR in
clinical practice. Multidimensional CMR is a potential game changer in the
field which, in addition to 4D-flow imaging, solves the MR signal to
dimensions of cardiac phase, respiratory phase, and contrast enhancement
[43ee] with scan times of about 10 min compared to 60 min using
conventional acquisition methods. The fast acquisition results in very large
CMR datasets which are challenging to post-process and require specific
computational capacity. Cloud computing [44e]| promises to accelerate the
analysis of the datasets. Although this is promising, its widespread use in
clinical practice is still limited.

Tissue characterization

A specific strength of CMR is its ability to characterize myocardial tissue
using T1, T2, and T2* signals. Identification of localized or diffuse myo-
cardial fibrosis has become feasible and has been demonstrated to have
prognostic importance for specific lesions [45, 46]. Late gadolinium en-
hancement has been well established as a non-invasive technique to detect
myocardial scar of localized fibrosis. Diffuse myocardial fibrosis can be
identified by T1 mapping and is used as a promising marker of diffuse
myocardial fibrosis. Extracellular volume (ECV) can be estimated when
contrast (gadolinium) is used. The role of ECV in congenital heart disease
is being actively pursued and studies have already shown a correlation of
ECV with echocardiographic parameters of diastolic dysfunction in aortic
stenosis [47] as well as arrhythmic risk in repaired TOF [48].
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Lymphatic imaging

Abnormalities in the lymphatic system are recognized to play an important role
in the pathogenesis of protein-losing enteropathy and plastic bronchitis after
the Fontan operation and have become targets for intervention on the lym-
phatic system [49, 50]. Dynamic contrast-enhanced magnetic resonance lymph-
angiography is based on contrast injection into an inguinal lymph node follow-
ed by acquisition of time-resolved “key-hole” images where the MR signal from
the contrast medium is over-sampled compared to the peripheral tissue. Par-
ticularly for patients with plastic bronchitis, this lymphatic imaging technique
has been used to identify interventional targets [51]. Also, non-contrast T2-
weighted MR lymphangiography can be used to image the lymphatic system.
This is based on the high T2 signal produced by slow-moving lymph in
comparison to low intensity signal of fast moving blood and adjacent tissues.
It allows imaging the central and peripheral lymphatic systems with good
spatial resolution [52].

Brief historical perspective of cardiac computed tomography imaging

Computed tomography (CT) first emerged in the 1970s, thanks to the Nobel-
prize-winning work of Hounsfield and Cormak [53]. Initial cardiac applications
suffered from the lack of spatial and temporal resolution. The introduction of
helical CT scanning in the 1990s was a real turning point in cardiac CT imaging
significantly improving temporal and spatial resolution. Continued accelera-
tion of gantry rotation speed, multi-detector, and multi-slice technologies now
result in excellent imaging quality of anatomy and function.

Most recent advances in cardiac CT

Lower radiation dose

Cardiac CT offers excellent spatial resolution for anatomic imaging of the heart,
extracardiac vessels, and airway. Its broad availability combined with its ever-
faster acquisition times makes it a powerful imaging modality in pediatric
congenital heart disease. Its drawback has always been its use of ionizing
radiation, which is related to lifetime cancer risk, especially when the exposure
is in the pediatric age [54, 55]. The additional challenge specific to cardiac
imaging is the necessity to account for cardiac motion, which requires ECG-
gating and consequently more radiation depending on the type of acquisition
(prospective, retrospective, ECG-triggered). The use of “As low as reasonably
achievable” principle usually dictates the type of cardiac CT done to focus on
limiting the radiation dose maximally while answering the clinical question.
For example, coronary imaging, which is one of the most frequent indications
for cardiac CT, requires ECG-triggering which increases radiation exposure
while imaging extra-cardiac vessels usually does not require ECG-triggering.
With the appearance of the newest generation of scanners with higher gantry
rotation speeds, helical scanning, and multiple detectors, faster scan times are
achieved with lower radiation dose [56]. Radiation dose depends on many
factors [57], and many strategies exist to minimize it including reduced tube
voltage, automated current modulation, minimizing coverage as well as pro-
spective ECG-triggering and iterative reconstruction [58]. The current effective
radiation related to a cardiac CT ranges from 1.6 to 3.5 mSv, compared to
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approximately 0.1 mSv per chest x-ray. With better control of the radiation dose,
cardiac CT is increasingly used in patients with CHD. It is the preferred tech-
nique in patients with contraindications to MRI related to devices or non-MRI
compatible implants. It is increasingly used for visualization of extracardiac
vessels especially after stent implantation.

Newest imaging approaches

3D printing/holography

The first reported cardiac experience with 3D printing dates to the year
2000 where echocardiographic datasets were used to produce “real” 3D
printed models [59]. Today, any 3D dataset can be printed in theory.
However, the imaging quality at the outset determines the quality of the
segmentation and the subsequent printed model. Usually, contrast-
enhanced CMR or cardiac CT are the modalities of choice for 3D printing.
The datasets are segmented, and selected images are exported to be printed
into a 3D model using different materials [60e, 61]. Especially for complex
surgical lesions, 3D printing is increasingly applied to guide surgical man-
agement and facilitate communication between imagers and surgeons.
Holding a 3D model in your hands allows intuitive understanding of
complex cardiac anatomy without the need for mental reconstruction.
3D models improve the surgeons’ pre-operative understanding of the
cardiac anatomy and facilitates surgical planning. It also is useful in
training cardiac surgeons and cardiologists improving their understanding
of congenital heart lesions [62]. Using softer materials, surgical trainees
can practice congenital surgeries as they can cut, sew, patch in the models
as they would in real situations thus acquiring these skills faster. [63]. The
models can also be used in the planning of complex percutaneous inter-
ventions [64, 65]. Limitations include the current temporal and spatial
resolution of CMR and cardiac CT images which are insufficient to allow
adequate printing of valvar and sub-valvar apparatus. 3D printing these
structures based on 3D echocardiographic datasets is increasingly used in
adults for mitral valve interventions [66]. 3D printing is still is very costly
process requiring expensive printers and extensive post-processing by an
experienced operator. Direct 3D visualization using holography is another
emerging imaging tool. Holographic representation of 3D volumetric
datasets with intuitive post-processing tools have the potential to signifi-
cantly impact planning of interventions and surgeries [67].

Fusion imaging cross-registers imaging obtained from two imaging modal-
ities into a single, spatially oriented display. This approach is useful for
catheter interventions as integration of 3D TEE echocardiographic images
with fluoroscopic images can be helpful for guidance of complex interven-
tions. Application of overlay technology has been shown to result in lower
fluoroscopy time and radiation dose in adults and children [68]. The size
of the 3D TEE probe has precluded smaller children and infants from the
application of this technology. Also, imaging more anterior structures such
as the pulmonary valve remains challenging using 3D TEE.



9 Page 8 of 14

Curr Treat Options Cardio Med (2018) 20: 9

Table 1. Summary of imaging modalities

Availability and
portability

Radiation risk

Technical
limitations

Requirement for
sedation
Spatial resolution

Temporal
resolution

Intracardiac
anatomy
Extracardiac
vessels
Coronary imaging
Volumetric
ventricular
function

Pressure gradient

Segmental
function
Diastolic function

Flow quantification

Tissue
characterization

Myocardial
viability

Airway imaging

Multiplane
reconstruction

Suitability for 3D
printing

Echocardiography

++++

e Dependent on acoustic windows
e Operator dependent

e Contrast not approved for use in
children

+

2D: ++++

3DE: +++

2D: ++++

3DE: +++ (depending on imaging
mode)

++++

++

++
2D: ++

3D: +++ (underestimates CMR values,

more limited for RV)
++++

++++

++++

2DE: -
3DE: ++

CMR

++

e Contraindicated in the presence of
ferromagnetic devices

e (Claustrophobia

® Gadolinium reactions

++++

+++

+++

+H++
++++

+++

++++

+H++

+++
+H++

+H++
++++

+++

+H++

++++

Cardiac CT

+++

++++

® Radiation risk
e Todine reactions

+H++

+++

+H++
++++

+H++

+++ gated with more
radiation dose

+HH+

+H++

+H++

-+

Artificial intelligence and deep learning

Automation has already been part of most modalities, being applied in semi-
automated segmentation and calculation of ejection fraction or strain data [69].
With advancing artificial intelligence and the ability for machine learning,
extracting these quantitative data will become faster and more reproducible.
Automated segmentation of coronary arteries from coronary CT has been
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Axial [mm]
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Double outlet right ventricle
with remote VSD

Tetralogy of Falott
Complete transposition
of the great arteries

LeCompte
anastomosis

Fig. 1. Examples of advances in cardiac imaging. a Vortical diastolic flow imaged by high frame rate echocardiography and blood
speckle tracking. b Comparison of shear wave propagation in the LV apical zone (reproduced with permissions from Elsevier Caenen
et al. Investigating shear wave physics in a generic pediatric left ventricular model via in vitro experiments and finite element
simulations. IEEE Trans Ultrason Ferroelectr Freq Control. 2017;64(2):349-361). c Printed 3D cardiac models from MRI or CT datasets.
d Surgical practice with 3D model from flexible material (reproduced with permissions from Elsevier from Yoo et al. GS. Hands-on
surgical training of congenital heart surgery using 3-dimensional print models. J Thorac Cardiovasc Surg. 2017;153(6):1530-1540).

shown to better predict ischemic risk by estimating fractional flow reserve [70].
While relatively advanced in echocardiography, automated segmentation in
CMR is an area where progress is needed and expected, as this is one of the
most time-consuming stages of the CMR workflow. However, there are many
obstacles such as difficult endocardial definition related to artifacts, volume-
averaging, complex geometries, and the presence of trabeculations. In echocar-
diography, machine learning is evolving quickly and has produced some en-
couraging results such as in the discrimination between HCM and athlete’s
heart based on speckle tracking data [71]. As large datasets are required for
machine learning, this may prove to be challenging for CHD given the higher
variability in congenital defects. As clinical information and imaging become
increasingly connected through electronic medical records, machine learning
and artificial intelligence could be used to make predictions and recommenda-
tions for optimal management using real-time data.

Beyond the heart

As cardiac surgical results have improved dramatically in the past decade, the
focus has shifted from maximizing survival to also optimizing other aspects of
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Summary

long-term outcome such as the impact of CHD on neurocognitive develop-
ment. Children with congenital heart disease are known to be at a higher risk for
neuro-developmental abnormalities. The mechanisms are actively being inves-
tigated as early as during fetal life. The use of fetal cardiac and brain MRI has
shown reduced cerebral oxygen consumption and reduced brain size and
growth in fetuses with congenital heart disease [72]. Pre- and post-operative
brain MRI are aimed to investigate the effects of congenital heart disease and its
management on brain structure and function.

Cardiac imaging has known exceptional advances (Fig. 1), which parallel those
of miniaturization of electronic components and computational power. While
echocardiography remains the main modality in pediatric cardiac imaging, no
single imaging modality is perfect and all have complementary roles to play in
the understanding of anatomy and physiology (Table 1). The broader scope of
cardiac imaging now includes the brain, as there is a need to address the heart-
brain connection in our patients who are at particularly high risk of neuro-
developmental problems. The wealth of data which can now be extracted from
the different modalities is exceeding the processing power of conventional
computers, which has brought on the emergence of cloud computing as well
as artificial intelligence in our field. These will undoubtable play major roles in
the near future but there remains value in the experienced imaging specialist to
choose the most appropriate modality, and to choose and reformat the imaging
in a way that connects with all involved in the patient care. The future of
imaging specialist will likely require them to have detailed knowledge of the
different modalities, which will likely affect the structure and length of their
training.
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