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Sallie Gardner at a Gallop, also known as The Horse in Motion, by Eadweard Muybridge, 1878

Looking at “Horse in Motion”, the iconic photograph by E. Muybridge, it is almost possible to
hear the horse galloping. The pounding sound of the hoofs hitting the ground -like a drum-
can also echo the rythmic beating of the human heart. That sound, that visceral rhythm,
reminds us of the link between motion and performance: the perfectly executed stride of the
horse, the incredible coordination of multiscale phenomena behind a heart beat. Furthermore,
the decomposed sequence in Muybridge’s photograph has become a well-known example of
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breaking motion into its components over time, and as such is reminiscent of those images
that are routinely acquired in clinical practice, where the heart appears dilating and shirnking
in a sequence of snapshots. The investigation of this motion and its subtleties is essential for
refining our understanding of cardiac function, and the appreciation of how and when this
motion is no longer perfectly executed can lead us to understand functional impairments and
provide insight into the unfolding of pathology.

In the presence of congenital heart disease (CHD), cardiac mechanics is altered: from single
ventricle physiology to conduction abnormalities to different cardiomyopathies, it is important
to both capture and interpret biomechanical changes that occur in the presence of a congenital
defect. This special issue in Frontiers in Pediatrics, now an e-book, focuses on ‘Ventricular
mechanics in congenital heart disease’ and looks at current knowledge of phenomena such
as systolic/diastolic dysfuction and current methods (chiefly in cardiovascular magnetic
resonance imaging and echocardiography) to evaluate cardiac function in the presence of
CHD, and then presents a series of original studies that employ both medical imaging and
computational modelling techniques to study specific CHD scenarios.

G.B.
A.d.V.
London, June 2017

Citation: Biglino, G., de Vecchi, A., eds. (2017). Ventricular Mechanics in Congenital Heart Diseases.
Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-264-4
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The Editorial on the Research Topic

Ventricular Mechanics in Congenital Heart Disease

American dancer and choreographer Martha Graham (1894-1991) famously said: “Nothing is
more revealing than movement.” Indeed, when thinking about the heart and its incessant dance, a
huge amount of information can be derived from analyzing the mechanics of the organ, including
mechanical impairments in the presence of disease and particularly in the presence of congenital
lesions. This Research Topic aims to present recent research findings on ventricular mechanics in
congenital heart disease (CHD) patients, alongside with state-of-the-art reviews that expertly sum-
marize current knowledge in this area.

The reviews cover three crucial components. Panesar and Burch elucidate current knowledge of
diastolic dysfunction in CHD, an important yet often overlooked component that can lead to heart
failure even in patients with normal systolic function (Panesar and Burch). Ghonim et al. review
fibrosis and how cardiovascular magnetic resonance (CMR) imaging can aid in its assessment,
discussing techniques such as diffusion tensor imaging, tagging, feature tracking, late gadolinium
enhancement imaging, and T1 mapping (Ghonim et al.). Finally, Greil et al. look again at the role
of medical imaging in this context, but particularly at 3D whole heart CMR imaging, which they
indicate as “a cornerstone” in CHD imaging, in the light of its versatile role that includes volumetric
analysis in complex geometries, 3D printing, and computational modeling (Greil et al.).

As emerging from this Research Topic, imaging is undeniably a key component when discussing
ventricular mechanics, its assessment, and quantification. Original research articles, in fact, dem-
onstrate how different imaging techniques provide us with new insight in CHD patients. Whether
assessing patients with tetralogy of Fallot after pulmonary valve replacement (Burkhardt et al.) or
the role of isolated tricuspid valve repair in adults with CHD (Marsico et al.), the insight provided by
imaging in looking at both right and left ventricle in patients with CHD is undeniable. Specific imag-
ing modalities also play a crucial role in understanding the mechanics of CHDs, from investigating
ventricular function in children with dilated cardiomyopathy using late gadolinium enhancement
(Muscogiuri et al.) to identify an element of systolic dysfunction in young people with cardiomyo-
pathies and aortic stenosis by means of CMR-derived wave intensity analysis (Ntsinjana et al.). The
Research Topic also discusses more methodological considerations with regards to imaging; in
particular, Gomez et al. present observations on landmark-based image registration to align CMR
and ultrasound images in patients with hypoplastic left heart syndrome and compare ventricular
volume measurements obtained with the two modalities (Gomez et al.).

This topic also offers a flavor of applications of computational modeling for the purpose of simu-
lating and better understanding ventricular mechanics. Computational modeling is an increasingly
powerful tool that can facilitate a patient-specific approach in assessing different aspects of CHD,
from hemodynamics to devices to morphology (1). In this context, three compelling studies well
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Biglino and de Vecchi

Ventricular Mechanics in CHD

exemplify the breath of applications of computational modeling.
A finite element model of the fetal heart, accounting for changes
in cardiac myocyte growth rates, is proposed, and its application
is shown in both a “normal” scenario and in the presence of
hypoplastic left heart syndrome (Dewan et al.). From the point
of view of patient-specific modeling, a case study of a 4-month-
old patient is presented demonstrating how a multi-domain
computational model can recapitulate well the hemodynamics
in the Blalock-Taussig shunt and in the pulmonary arteries
(Arthurs et al.). Finally, a statistical shape analysis approach is
presented as a tool allowing insight into ventricular deforma-
tions, presenting models of both patients with repaired aortic
stenosis and healthy controls, and putting forward intriguing
concepts such as “shape biomarkers” and “motion biomarkers”
(Biffi et al.).

What emerges from these studies is certainly the multifaceted
nature of analyzing ventricular motion and ventricular remod-
eling in patients which CHD. While this conclusion is not sur-
prising in itself, these studies and reviews provide an opportunity
to reflect on two key aspects of ventricular mechanics in the light
of the latest cutting-edge technological progress as follows:

1. Population-based vs. patient-specific: depending on the
pathophysiology of each CHD, and the consequent morpho-
logical and functional changes in the heart, these two com-
peting philosophical approaches have emerged as effective
methodologies to assess ventricular mechanics in the context
of the individual and the population, respectively;

2. The role of imaging and modeling: different imaging modali-
ties, and in particular CMR, clearly emerge as an essential tool
for generating new knowledge and insight (literally as “look-
ing inside”) into ventricular mechanics in CHD. Similarly,
computational modeling has recently reached a stage, where
it can be successfully integrated with imaging techniques to
enhance diagnosis and outcome prediction.

The contributions chosen for this special issue are not just a
collection of the latest progress on the key aspects mentioned
above. The purpose of this volume is to present new research
that can shed light on these crucial points with the aim to link
methodological approaches to clinical outcomes and, ultimately,
patient benefit. Placing these recent advances into the end-user
context is a key last step that will enable a true and purposeful
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translation of science: all these original research contributions
strive to achieve this goal by proposing methods to test new
biomarkers of disease progression. Movement, or the absence
of, can be extremely revealing, but to what extent novel analyses
will allow not only quantification of movement but also possi-
ble clinically meaningful predictions in the light of movement
abnormalities? The simultaneous development of advanced
imaging techniques, methodologies for image processing, and
computational modeling, as well as the relentless progress made
by the research community world-wide to integrate these tools
both among each other and within clinical practice, can hold the
key to this fundamental question. Ultimately, CHDs encompass
a wide range of anatomical and functional maladaptive traits, and
as such there is no single recipe for positive outcomes in the clinic.
Rather, the ability to understand and interpret the pathological
changes from a mechanistic perspective is pivotal to select the
most effective approach in the context of each disease.

Future directions include continued efforts for large-scale
validation of computational models, as well as the development
of user-friendly platforms to render the application of patient-
specific simulations not only feasible but also accessible and
efficient in the clinical domain. The progress in imaging acquisi-
tion techniques and processing presented in this Research Topic
also holds significant potential for developing disease classifiers
from image feature quantification in conjunction with machine
learning algorithms. Another exciting area of future develop-
ment outside the field of imaging and modeling would in fact be
to explore the possibility of developing risk scoring methodolo-
gies, such as algorithms trained using electronic health records
(2). The latter is beginning to show promise in other medical
applications.

While some of the studies presented in this Research Topic
are based on too small sample sizes to lead directly to clinical
applications, the subtlety of the processes analyzed, together with
the knowledge that some of the validated indices routinely used
in adults are not necessarily informative in children (3), should at
the very least lead to an open-minded approach toward exploring
novel indices and measures to unravel this problem and improve
the prognosis of these patients.
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In order to understand the physiology of the neonatal heart, one must have an understanding of
both the fetal circulation and the cardiac function of the adult heart. Transitional changes occur in
the neonatal period, where the function of one ventricle has important effects on the function of the
contralateral ventricle (1). In the presence of congenital heart defects, the myocardium is exposed
to pressure and/or volume overload with the subsequent development of hypertrophy and/or dilata-
tion. This is further complicated by the myocardial exposure to chronic hypoxia (2).

Giovanni Biglino and Adelaide De Vecchi have organized a research topic entitled “Ventricular
mechanics in congenital heart disease” in order to increase the current knowledge on the physiology
of the neonatal and infant heart, particularly in relationship to the coupling of the ventricular func-
tion with the systemic and pulmonary resistance. This research topic will concentrate on myocardial
function in complex congenital heart defects, including conditions with a morphologic right ventricle
sustaining the systemic circulation and hearts with functionally a single ventricle.

The ventricular interactions in the presence of congenital heart defects have been primarily
investigated for the past few decades using ultrasound and radioisotopes (3). This research topic
will attract the contribution of researchers using advanced diagnostic techniques to investigate the
myocardial function of neonates with normal hearts and with complex congenital heart defects,
such as biomedical engineering, non-invasive and invasive diagnostic modalities, cardiovascular
magnetic resonance imaging, finite element and statistical shape modeling, and computational fluid
dynamics (Biglino et al.). This research topic will be of particular interest to those who involved in
the treatment of complex congenital heart defects.

Research articles stimulated by this research topic will improve the understanding of the ventricu-
lar function in congenital heart defects and will facilitate the decision-making process related to the
timing and type of intervention.

An improved knowledge of the degree of myocardial dysfunction as a result of ventricular pres-
sure and/or volume overload due to the presence of cardiac malformations should result in improved
comprehensive management strategies for each type of congenital heart defect.
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Three-dimensional (3D) whole heart techniques form a cornerstone in cardiovascular
magnetic resonance imaging of congenital heart disease (CHD). It offers significant
advantages over other CHD imaging modalities and techniques: no ionizing radiation;
ability to be run free-breathing; ECG-gated dual-phase imaging for accurate measure-
ments and tissue properties estimation; and higher signal-to-noise ratio and isotropic
voxel resolution for multiplanar reformatting assessment. However, there are limitations,
such as potentially long acquisition times with image quality degradation. Recent
advances in and current applications of 3D whole heart imaging in CHD are detailed, as
well as future directions.

Keywords: three-dimensional whole heart imaging, congenital heart disease, cardiovascular MRI, pediatrics,
coronary imaging

INTRODUCTION

The three-dimensional (3D) whole heart approach with respiratory navigator gating and ECG trig-
gering has been developed to enable coronary imaging (1). This free-breathing and radiation-free
approach is well established for the detection of coronary artery anomalies in infants and young
children with congenital heart disease (CHD) (2) but is less used for assessment of coronary stenoses
in adults (3). The comprehensive evaluation of thoracic vasculature it offers is uniquely suited to
give detailed morphological information in CHD. There are a number of developments, mostly
related to improved motion correction, which have made this approach feasible. Early reports of
coronary imaging used multiple breath-holds and set the cardiac motion for diastole by using the
estimated percentage of the RR interval (4); however, this approach yielded images of suboptimal
quality. Important developments were then made in this regard: first, work by Kim et al. showed that
improved image quality was obtained by individually defining the cardiac rest periods (5); second,
advances in image contrast improved overall image quality (6); and finally, respiratory motion was
addressed through the use of navigators during free-breathing coronary MR (7).

REST PERIODS

Cardiac rest periods for imaging include mid-diastole (between the early and rapid filling periods of
the left ventricle) and end-systole (between aortic valve closure and mitral valve opening). In order to
“freeze” coronary artery motion and minimize image blurring, the longest rest period with the least
cardiac motion is often chosen, which is usually in mid-diastole. The longer rest period allows more
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data to be acquired per heartbeat to fill k-space. End-diastole can
be reasonably estimated for the majority of patients using a trig-
ger time that starts at approximately 75% of the RR interval (8).

Using a “one-size-fits-all” approach, however, has been shown
to result in inferior image quality (5). This is more critical in
MRI compared to computer tomography (CT) coronary imaging
owing to the greater flexibility in defining the acquisition win-
dow and data reconstruction over multiple cardiac cycles, and
is particularly true for children, for whom the heart rate and RR
interval and respiratory pattern variability is often high. In fact,
as the heart rate increases, the mid-diastolic rest period shortens
significantly. With this in mind, Tangcharoen et al. showed that
prospective selection of end-systole over end-diastole greatly
improved the success in implementing the whole heart sequence
in children (9). Using this approach, they were able to demon-
strate coronary origins (as confirmed by surgery) in greater than
88% of children above 4 months of age. However, success below
this age has continued to be elusive and experience limited.

The conundrum regarding the optimal phase for imaging
was eventually solved by Uribe et al. by developing a dual-
phase sequence that was capable of acquiring both rest periods
in a single acquisition with a similar imaging time to a single
phase sequence (10). The dual-phase sequence is noteworthy
for several reasons. First, it became apparent that although the
end-systolic rest period is longer at higher heart rates, some
coronary segments, such as the right coronary artery (RCA)
within the anterior atrioventricular groove, may still be seen bet-
ter during mid-diastole. Given this finding, the ability to perform
dual-phase imaging with prospective selection of trigger delays
for systole and diastole and with retrospective selection of the
best phase to depict the coronary segment of interest in all cases
appears attractive (10). Using this approach, Hussain et al. noted
a number of advantages for CHD imaging, foremost of which was
the ability to accurately measure cardiac structures in both phases
(11). This is particularly important in gauging tissue properties
such as distensibility prior to intervention. Furthermore, as some
structures (such as pulmonary veins and atria) are better imaged
in systole and others (such as great arteries and post-stenotic
areas) in diastole, the dual-phase approach was shown to improve

the overall success rate of imaging in CHD (Figure 1) (11). The
dual-phase acquisition can also be manipulated to measure end-
diastole and end-systole, which gives the imaging the ability to
define ventricular volumes and ejection fraction. Although no
regional wall motion function is provided, this approach allows
an isotropic 3D dataset to be acquired without the necessity for
breath-holding, potentially allowing for a more accurate approach
to ventricular volumetric analysis (12, 13). Radial phase encoding
trajectories have been also used for faster data acquisition (14).

Traditionally, the cardiac rest periods are assessed using high
temporal resolution 4-chamber cine (e.g., 60-80 cardiac phases
per heart beat). The mid-diastolic period is taken from cessation
of movement of the RCA (i.e., pause in visible filling of RV) to
the beginning of atrial systole. This stringent definition covers
both RCA and left anterior descending diastolic rest periods (5).
The end-systolic period is taken from cessation of movement
of the RCA (corresponding to lowest RV volume) to just before
the beginning of opening of the tricuspid valve. However, this
method can be time-consuming and prone to interobserver error,
and it has been shown that an automated program is capable of
more accurate definitions of cardiac rest periods than visual
inspection (15).

IMAGE CONTRAST

The importance of considering tissue boundaries for the whole
heart approach was noted early on (7). Botnar et al. showed
that the addition of a T2-preparation pulse resulted in relative
suppression of myocardial signal and an improvement in image
quality. They noted a 33% improvement in vessel sharpness and
123% improvement in contrast-to-noise ratio (CNR).

Another important aspect of image contrast is to suppress the
signal from epicardial fat (16). Fat suppression techniques that
have been proposed for whole heart angiography include short
tau inversion recovery and spectral presaturation with inversion
recovery (SPIR). SPIR has a slight advantage in terms of tissue
specificity for this purpose and results in a higher signal-to-
noise ratio. Therefore, it is currently the preferred choice for
fat suppression in whole heart imaging. Both methods suffer

FIGURE 1 | A 6-month-old patient with right ventricular outflow tract (RVOT) aneurysm. “Windowing” levels and geometry are linked in this multiplanar

reformat of a RVOT aneurysm showing clear superiority of the systolic image (left).
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from potentially introducing misregistration artifacts or field
inhomogeneity. An increasingly used method for fat suppres-
sion, the Dixon technique, relies on the phase shifts that occur
due to resonance frequency differences between water and fat by
acquiring images at carefully chosen echo times. This technique
has been shown to give improved imaging at 1.5-T field strength
(17, 18). Field homogeneity is difficult to achieve for whole heart

FIGURE 2 | Example of Dixon water—fat separation technique.
Reformatted coronary images demonstrating quality and superior fat
suppression achieved using Dixon technique at 3 T. Courtesy of Rene Botnar
and Markus Henningsson, King’s College London, London, UK.

coronary imaging at higher field strengths. This has a major
impact on image quality. Therefore, the Dixon technique may
offer even greater superiority over the traditional fat suppression
techniques at 3.0 T (Figure 2) (17, 18).

For CHD imaging, fluid in the pericardial recesses can also
cause interference with the diagnostic quality. One approach to
overcome this is the use of an inversion pulse to reduce the signal
from long T1 species. In addition, the null point can be set at or
around the myocardium to reduce myocardial signal and obviate
the need for a T2-preparation pulse. This requires shortening of
the T1 time of blood by injection of a gadolinium-based contrast
agent. Given the risk of contrast washout with a long acquisition
time for the whole heart sequence, blood pool contrast agents
have been used. Makowski et al. showed that the use of gado-
fosveset trisodium in combination with an inversion recovery
steady-state-free-precession (SSFP) whole heart sequence was
able to improve diagnostic quality and accuracy on CHD cases
compared with standard extracellular contrast agents (19).

From a clinical standpoint, 3D inversion recovery SSFP
imaging approach has produced the most reliable image quality,
improving the ease of generating 3D models for computational
simulation or 3D printing (Figure 3; Video S1 in Supplementary
Material). There has been some debate as to whether this 3D whole
heart inversion recovery is better with SSFP, which may give more
signal, or with a spoiled gradient echo sequence, which may give
greater T1-weighting allowing for more effective contrast in the
presence of a blood pool gadolinium chelate. This was evaluated
by Febbo et al. who concluded that SSFP was a superior approach
at 1.5 T (20). However, there may be certain advantages of using
a spoiled gradient echo approach, namely in terms of reduced
susceptibility artifacts with metallic implants (21). Furthermore,
at 3 T, SSFP sequences suffer from artifacts due to the greater field
inhomogeneity at this field strength. Not surprisingly, spoiled
gradient echo 3D whole heart has been shown to be superior at
3 T (Video S2 in Supplementary Material) (22).

of Atlanta/Emory University.

FIGURE 3 | Example inversion recovery three-dimensional spoiled gradient echo using gadofosveset trisodium image showing novel Y-graft
cavopulmonary connection and inferior vena cava stent. Spoiled gradient echo techniques show less susceptibility artifact and may be preferable for this
reason. The left hand image shows source images, and the volume-rendered segmentation is shown on the right. Courtesy Tim Slesnick, MD, Children’s Healthcare
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Although providing excellent image quality, there are two
problems with the inversion recovery whole heart and blood pool
agent approach. First, myocardial late enhancement imaging is
not possible, and second, there are currently no intravascular
blood pool agents being manufactured. One possible strategy is to
use gadobenate dimeglumine, which has been shown to produce
similar images as gadofosveset (23) given its partial albumin-
binding characteristics. However, given its linear nature, there are
theoretical concerns regarding a higher risk of central nervous
system deposition (24) and nephrogenic systemic fibrosis than
with macrocyclic gadolinium compounds (25). For this reason,
Tandon et al. recently described a practical approach to routinely
using a gadobutrol slow infusion for implementation of the whole
heart inversion recovery sequence. Gadobutrol is a widely used
extracellular contrast agent that is macrocyclic. By administering
it by slow infusion, Tandon et al. showed the ability to use this
agent for inversion recovery whole heart imaging (Figure 4).
Moreover, they demonstrated that it can be simultaneously used
for myocardial late enhancement (26).

RESPIRATORY MOTION

If the move from multiple breath-holds to free-breathing tech-
niques has opened the way for higher spatial resolution coronary
magnetic resonance angiography, “freezing” cardiac and coro-
nary motion has resulted in relatively long 3D whole heart MRI
acquisition times while providing sharp images (6). Besides the
motion artifacts induced by cardiac pump activity and pulsatile
arterial flow patterns, respiratory motion is also inevitable in free-
breathing imaging techniques.

The first step toward correcting motion is to be able to measure
it. This is commonly achieved by means of a respiratory navigator.
This is a real-time image acquisition, which is interleaved with
the high-resolution whole heart sequence, providing snapshots
of the respiratory position before or after each segmented whole
heart k-space acquisition. The vast majority of motion occurs in
a foot-head direction, but important motion can occur in the
anteroposterior and left-right directions (27). The most widely

used approach for whole heart imaging is a one-dimensional
diaphragmatic (1D) navigator (28). This consists of a narrow
excitation pulse, typically placed at the dome of the right hemi-
diaphragm, measuring the foot-head motion using a 1D repre-
sentation of the lung-liver interface. However, this approach does
not estimate true heart displacement, as the foot-head motion
of the diaphragm is greater than the heart foot-head motion.
Therefore, a correction factor of 0.6 is used to account for this.
There are two problems with this estimation. First, the amount of
heart motion compared to the diaphragm varies from individual
to individual. Second, the heart is not “rigid,” and so respiratory
motion has a more complex effect on the heart causing some
shear and rotation as well. In fact, such complex motion models
relating diaphragmatic to heart motion exist and are known as
affine motion models, but implementation on patient-specific
basis is cumbersome (29). Commercially available whole heart
imaging sequences use a 1D diaphragmatic navigator, which
requires a separate excitation pulse, coupled to the whole heart
pulse sequence. It also requires dedicated planning alongside the
imaging volume.

More recently, novel approaches have been described using
simply the whole heart data itself to correct for motion. This
method is known as “self-gating” (30). It has the advantage
of being able to correct motion in not only the foot-head
dimension, but also in all three dimensions (31). Typically, self-
navigation uses a 1D projection of the FOV and so static tissue
such as the chest wall is also included in the navigator image,
which may interfere with the motion estimation. One method to
avoid this is to confine the projection to the area of interest (e.g.,
the heart), using “image-based” navigation. This type of motion
compensation has been applied to CHD imaging with favorable
results. Henningsson et al. demonstrated that such an approach
reduced scan time and improved image quality in patients with
CHD compared to the convention 1D diaphragmatic naviga-
tor (32). The approach used by Henningsson et al. was further
novel in that the image navigator was generated by using a low
resolution 2D projection image of the heart obtained from the
start-up pulses in the SSFP sequence. Hence, no further image

FIGURE 4 | Example images produced with gadobutrol slow infusion technique. Image quality for slow infusion protocol with inversion recovery steady-
state-free-precession three-dimensional whole heart imaging can be excellent. The inversion pulse removes signal from fluid in the pericardial recesses resulting in

superior vessel sharpness.
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planning or acquisition was required. Furthermore, there was no
need to extend the pulse sequence design. The implementation
obviated the need for dedicated navigator planning and reduced
significantly the acquisition time while improving image quality.
Figure 5 shows representative images showing how image-based
navigation was able to depict the distal RCA. This type of image

navigation is capable of correcting rigid motion in the foot-head
and the left-right directions. More recently, image-based self-
navigation has been implemented, which corrects for rigid and
non-rigid motion in all three-dimensions (33). This type of 3D
affine motion correction is currently computationally demand-
ing, and hence difficult to implement widely.

FIGURE 5 | Example images using self-navigation technique. iNAV self-navigation using an image navigator approach depicting right coronary artery (left);
sample navigator image (center); one-dimensional diaphragmatic navigator approach for comparison (right).
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FIGURE 7 | D-TGA after atrial redirection surgery (Senning). Systemic venous return redirected to the left ventricle (LV), i.e., the atrial switch redirection of the
inferior vena cava (IVC) and superior vena cava (SVC) flow to the LV (left). Atrial baffle redirecting pulmonary venous return to the right atrium, i.e., unobstructed
pulmonary venous return, draining via an intracardiac tunnel at the back of the heart to the right atrium, and directed to the anatomic right ventricle (right). Also
shown is how the intraatrial systemic venous Senning pathway returning to the LV is compressed in the anterior—posterior dimension.

CHD APPLICATIONS

Another major improvement in CHD MRI was the implementa-
tion of time-efficient data acquisition methods (34). These accel-
eration methods have allowed data acquisition of a complete
3D dataset in currently less than 5 min (26). Currently, parallel
imaging is the most commonly used acceleration technique with
an acceleration factor of 2 (34). This means that the sequence can
be routinely clinically applied in a CHD MRI study. The acquisi-
tion of a complete 3D dataset of the cardiovascular structures
of the chest and upper abdomen during systole and/or diastole
allows assessment of all cardiac segments within one dataset
(35). Accordingly, the segmental approach used to diagnose
CHD can be easily applied retrospectively (35, 36). Moreover,
the detailed 3D dataset can be used to plan further sequences
(e.g., flows) to clarify specific questions as appropriate, during
the scanning session. This makes this method user-independent
to diagnose structural heart disease (35). Initially, the successful
use has been demonstrated in adolescents and young adults
(35), but with improved data acquisition techniques, infants of
4 months and older were successfully imaged using 3D whole
heart imaging, both with the single phase (37) and the dual-
phase approach (11). Importantly, magnetization preparation
schemes have allowed arterial and venous structures to be
assessed simultaneously in the majority of cases, regardless of
the use of a contrast agent (Figure 6 shows Fontan pathways
imaged without contrast agent use). This is a great advantage
compared to CT, where high-quality coronary and vascular

imaging is limited to the first pass of iodinated contrast and
timed for a specific region of interest. Currently, CT studies
are therefore targeted to a specific vascular structure such
as the coronaries, the aorta, the pulmonary arteries, etc., and
good venous and arterial signal acquisition requires additional
expertise. Furthermore, despite dramatic reduction in ionizing
radiation with current technologies, imaging tends to be limited
to one phase if heart rate enables prospective gating. Figures 6-8
show the advantage of cardiac MRI, which is able to image both
arterial and venous phases with high image signal and CNRs,
while avoiding administration of contrast agents.

High quality 3D whole heart MRI datasets can display the
entire lumen of the coronary arteries including their relation
to neighboring structures. Accordingly, this technique has
become an important and critical part of the MRI protocol
for exclusion of abnormal coronary artery origins (Figure 9)
(38). This is particularly important in the setting of aborted
sudden cardiac death, in pediatric patients with chest pain,
and in the setting of planning interventions in CHD. As
described above, the advance of technology allows success-
ful imaging of the origin and proximal course of coronary
arteries in the majority of infants and young children (9).
Another relevant application of this technology is the assess-
ment of the morphology of coronary arteries in patients
post-Kawasaki disease, including the location, morphology,
and maximal dimensions of coronary artery aneurysms
(Figure 10) (39-42). However, accurate coronary wall assess-
ment requires specialized techniques, and unlike CT, cannot
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FIGURE 8 | High-spatial resolution coronary MR angiography using gadobenate dimeglumine and a novel self-navigated inversion recovery
sequence in a 7-year-old patient with transposition of the great arteries. This sequence design takes advantage of the prolonged intravascular half-life of
Gd-BOPTA allowing in a single examination detailed functional (F), myocardial late gadolinium enhancement, and anatomical (pulmonary, aortic, and coronary)
assessment (D,E). Panels (A-C) depict three-dimensional volume-rendered images of the pulmonary arteries following LeCompte procedure and the relation with
the unobstructed coronary arteries. LCA, left coronary artery; RCA, right coronary artery; MAPCA, major aortopulmonary collateral artery.

depict calcified lesions. Furthermore, other MRI techniques
have shown superiority over the 3D approach described here
for the assessment of coronary artery stenoses (42).

Finally, isotropic 3D whole heart datasets are particularly useful
in CHD for interventional planning. MR angiography has already
been shown to be accurate for planning cardiac catheterization
procedures, with the 3D nature of the dataset being critical (43).
3D whole heart datasets, with the added advantage of gating, are
well-suited to the production of 3D printed models to aid surgical
planning (44, 45). More recently, clinicians have been fusing 3D
whole heart datasets with conventional fluoroscopy angiography
to augment procedural guidance. This approach can be used to
minimize radiation, preplan angulations for fluoroscopic imag-
ing, and reduce the required dose of iodinated contrast agent
(Figure 11).

SUMMARY

ECG-gated respiratory-navigated 3D whole heart MRI has
opened the door for isotropic submillimeter coronary imaging.
Improved rest period delineation, image contrast agent use, and
motion compensation, along with sequence acceleration and
appropriate use of magnetization pre-pulses, have resulted in
iterative improvements in image quality. The detail offered allows
accurate segmental morphological analysis and has opened new
avenues in research, teaching, and clinical diagnostics. A myriad
of imaging applications, ranging from improved sequence plan-
ning during the course of the study, to volumetric analysis in
complex ventricular geometries, and from 3D printing for surgical
planning to computational modeling, have placed this sequence
at the cornerstone of congenital cardiac MRI. The technique still
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LAD crossing the RVOT

FIGURE 9 | Coronary in double outlet right ventricle. Three-dimensional
balanced steady-state-free-precession sequence demonstrating left anterior
descending (LAD) artery crossing the right ventricular outflow tract (RVOT).
This is an important finding to plan accurately the appropriate intervention.
Abbreviations: MPA, main pulmonary artery; RPA, right pulmonary artery;
LPA, left pulmonary artery.

FIGURE 10 | Coronary aneurysm. Reformatted image of a 4-year-old
patient with Kawasaki disease showing aneurysm in left anterior descending
coronary artery (arrow).

requires diligence in planning, but current 3D whole heart images
provide excellent quality overall and are often used to showcase
image quality in clinical and commercial practice.
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VIDEO S1 | A patient with functional single ventricle, who has undergone
a Damus-Kaye-Stansel anastomosis and most recently a Fontan
procedure. This image was acquired using 3D whole heart techniques with
gadofosveset trisodium as described in the text.

VIDEO S2 | A patient with Scimitar syndrome. This image was acquired
using gadofosveset trisodium contrast and a 3D spoiled gradient echo 3D whole
heart sequence.
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Diastolic function is an important component of left ventricular (LV) function which is often
overlooked. It can cause symptoms of heart failure in patients even in the presence of
normal systolic function. The parameters used to assess diastolic function often measure
flow and are affected by the loading conditions of the heart. The interpretation of diastolic
function in the context of congenital heart disease requires some understanding of the
effects of the lesions themselves on these parameters. Individual congenital lesions will
be discussed in this paper. Recently, load-independent techniques have led to more
accurate measurements of ventricular compliance and remodeling in heart disease.
The combination of inflow velocities and tissue Doppler measurements can be used
to estimate diastolic function and LV filing pressures. This review focuses on diastolic
function and assessment in congenital heart disease.

Keywords: diastolic function, congenital heart disease, echocardiography, CMR, diastolic heart failure

INTRODUCTION

Myocardial function has been extensively studied in the context of congenital heart disease. The
focus to date has been on systolic function due to its importance and ease of measurement. However,
the heart also needs to be adequately filled in order to function optimally, and this aspect of cardiac
function is relatively under-investigated. The difficulties (as with systolic function) come when
attempting to measure the relaxation of the myocardium while negating any effect of pre- or after-
load. This is a difficult task and has led to the development of several tools which track myocardial
movement independently of the usual flow-based parameters; the latter are heavily influenced by
loading conditions. This article will summarize the current assessment of diastolic function using
echocardiography and cardiac magnetic resonance (CMR) imaging in the normal heart and in
patients with congenital heart disease.

DIASTOLIC DYSFUNCTION (DD)

Diastole denotes the filling phase of the cardiac cycle. Filling is determined by myocardial relaxa-
tion as well as atrial contraction and atrial and ventricular compliance. Myocardial relaxation
begins when the myofibrils return to an unstressed state and this precedes mitral valve (MV)
opening (isovolumic relaxation). ATP is used to actively uncouple calcium from the contractile
apparatus and return it to the sarcoplasmic reticulum. Active relaxation is only responsible for
early diastolic filling, whereas compliance is important throughout filling and especially during
atrial contraction.

The early part of diastole is active relaxation, which is an energy-consuming process. The latter part
is due to compliance or stiffness of the ventricle. Isovolumic relaxation time (IVRT) can be measured
by invasive catheterization measurements. The index used in its measurement is the time constant
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of isovolumic pressure decline (7). In non-invasive measurement,
IVRT is the closest measurement to assess this value. However, as
with all indices of diastolic function, the loading conditions must
be taken into account.

The stiffness of the myocardium also plays an important role
in diastolic function. The mass of the left ventricular (LV) affects
the stiffness as do the viscoelastic properties of the myocardium
(cellular and extracellular components). Attempts are made to
measure this increase in myocardial stiffness. However, the dif-
ficulty arises in the mechanism of measurement as well as the
timing and nature of diastole. Flow-based measurements rely on
a change in volume to occur, and so they are unable to quantify
isovolumic relaxation as they assess only the last stage of diastole.
There is also no universal measurement of diastole [equivalent to
ejection fraction (EF) in systole] and torsion and dyssynchrony
are difficult to quantify.

NON-INVASIVE ASSESSMENT METHODS
Echocardiography

As the ventricle stiffens, the velocity of blood flowing into the
ventricle decreases. This downward trend would continue if
not for compensation which takes the form of increased heart
rate or increased diastolic filling pressure to maintain stroke
volume (SV). The latter causes an increase toward normal
filling velocities (pseudonormalization) and a prolongation of
rapid filling. Ventricular elastance is an important marker for
ventricular stiffness and is correlated with increased cardiac
morbidity (1). Increased strength of atrial contraction is a related
compensatory mechanism to cope with increased diastolic fill-
ing pressures.

Left Atrium (LA) Volume

The LA is exposed to the LV loading pressure during MV
opening and gradually remodels and increases in size. As
LA remodeling takes place over time, it is a marker of the
duration of DD as well as severity. The amount of dilatation
also correlates with cardiovascular risk burden (2). There is a
correlation between LA size and the risk of developing conges-
tive cardiac failure (3, 4), atrial fibrillation (5), and ischemic
heart disease (6). LA size is also a predictor of adverse outcome
in patients with hypertrophic cardiomyopathy (7). LA size is
measured from the apical four-chamber view at end-systole.
It is also possible to calculate LA area from 2D four-chamber
and two-chamber views.

Transmitral Doppler Inflow

The mitral inflow velocity profile helps characterize LV inflow
dynamics. It is best measured from the apical four-chamber view
(in both children and adults) with the cursor placed across the
MYV just inside the LV. The E wave is the early diastolic filling
wave seen on Doppler interrogation of the MV. It is caused by
the drop of LV pressure below LA pressure during the cardiac
cycle and is therefore influenced by LA pressure, LV compliance,
and the rate of LV relaxation. The A wave, or atrial contraction
wave, is immediately after the E wave on Doppler flow analysis.
This is influenced by LV compliance and LA pressure and LA

contractility rate. Al MV inflow velocities are affected by preload
and afterload. Under normal conditions, the E velocity is greater
than A velocity (Figure 1). As the ventricle becomes less compli-
ant, the E velocity decreases and the ratio lowers. When the A
velocity surpasses the E velocity, true DD is present. The mitral
inflow is affected by preload, heart rate (including arrhythmias)
and age (8).

E wave deceleration time is the rate at which the atrial and
ventricular pressures equilibrate after onset of the E wave and
is shorter in compliant ventricles (160-240 ms in adults). The
IVRT is the period between closure of the aortic valve and
opening of the MV. This is normally 70-90 ms long in adults
and is prolonged in the case of decreased LV compliance. It is
also affected by heart rate and ventricular function. It is best
recorded from the apical five-chamber view with the cursor
placed to record LV outflow tract velocities and LV inflow
simultaneously.

Pulmonary Venous (PV) Inflow

Pulmonary venous flow can enhance the information provided by
MYV inflow velocities. The pulsed-waved Doppler cursor should
be placed in the right or left upper pulmonary vein from the api-
cal four-chamber view, as distally into the vein as possible. The
variables which are measured include peak systolic flow velocity
(S), the peak diastolic flow velocity (D), peak atrial reversal flow
velocity (AR), and AR duration (ARdur). The normal PV flow
profile shows an initial, large S wave followed by a small D wave
and then some retrograde flow during atrial contraction. As LA
pressures increase, flow becomes predominantly diastolic and
the S/D ratio reverses. A decreased systolic fraction of 40% is
associated with elevated mean LA pressure of >15 mmHg (9).
AR and ARdur also help, as an increase in AR velocity and dura-
tion indicates increased LA pressure.

Color M-Mode Doppler

An intraventricular pressure gradient exists between the base
and apex of the ventricle, which acts to cause a suction effect on
blood during diastole (10, 11). This can be measured using color
M-mode across the MV (from the apical four-chamber view)
and measuring the slope of the first aliasing velocity (red-blue)
from the MV plane to 4 cm distal in the LV (Vp in centimeters
per second) (12). This is known as the color M-mode velocity
propagation index (Vp). Vp is not subject to pseudonormaliza-
tion, which suggests that it is preload independent (13). It does
not change with alteration of preload in dogs (14, 15) and humans
(14, 16). There is an inverse correlation between the isovolumet-
ric time constant of relaxation (t) and Vp in humans (13, 14, 17)
and dogs (14). Vp is associated with ventricular wall relaxation,
becoming less steep as diastolic function worsens (17). The ratio
of early LV filling (E) to Vp is a commonly used parameter, which
corresponds to pulmonary capillary wedge pressure (PCWP),
brain natriuretic peptide, and NYHA class (16).

ASSESSMENT OF SEVERITY

There are different grades of DD. Early (grade I/impaired
relaxation) dysfunction is caused by a decrease in LV compliance,
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1.7 MHz
r: 0.0 dB
PS: 26.8/53.5

epth: 16.0 ¢cm

req 3.4 MHz

FIGURE 1 | Normal mitral inflow velocity profile. Maximum E Velocity (cm/s) = early diastolic mitral inflow velocity. MV Deceleration Time (ms) = duration of
deceleration of E wave. MV Dec Slope (m/s?) = rate of decrease of E wave. Maximum A Velocity (cm/s) = atrial component of mitral filing. A wave duration
(ms) = duration of A wave. MV E/A ratio = ratio of E velocity to A velocity (normal value <8).

1 MV E Vel 117.38 em/s
MV DecT 230.34 ms
MV DecSlope 5.10 m/s2
MV A Vel 5360 cm/s
MV E/A Ratio 2.19

thereby leading to increased LV filling pressure. This delays
atrial emptying and prolongs the E wave deceleration time
(DT > 240 ms). Atrial contraction becomes more vigorous,
reducing the E/A ratio to <0.9. Worsening LV DD leads to
increased atrial pressure and a decrease in the pressure gradient
between the LA and LV, thereby leading to a shortened DT. The
E/A ratio increases (0.9-1.5), but the E/A profile may appear
normal (grade II or pseudonormalization). However, the e’
velocity on tissue Doppler imaging (TDI) (see below) remains
low, giving a clue to the underlying abnormality (18). In grade III
dysfunction (restrictive), the E/A ratio is >2, DT <160 ms, and
the inflow profile can be altered by the Valsalva maneuver. This
works because LA pressure is reduced during the strain phase of
the Valsalva maneuver, and this unmasks the underlying DD. In
grade IV dysfunction, the abnormalities are fixed in the face of
the Valsalva maneuver, as LA pressure is too elevated to respond
to decreased preload (see Figure 2). The timing of onset of E and
e’ waves is important. Normally, the e” occurs at the onset of or
before the E wave. If the LA pressure is elevated, the E wave may
precede e’ (19, 20).

Tissue Doppler Imaging

Tissue Doppler imaging directly measures myocardial wall
velocities by focusing on the high-amplitude, low-frequency
signals reflected by the myocardium rather than the blood pool.
The areas sampled include the lateral aspect of the mitral annulus
in the apical four-chamber view, the basal septal region in the
same view, and the lateral tricuspid valve annulus. This serves to
minimize translational artifact and to align the probe with the
direction of movement. Three waves are usually seen—the systolic
(s") wave, the early diastolic (e’) wave, and the late diastolic wave
caused by atrial contraction (a’). Normal values and Z-scores are
available for each age group in pediatrics (21).

Nagueh et al. were the first to show that E/e’ ratio (ratio
of transmitral E velocity and TDI mitral annular e’ velocity)
corresponded to PCWP (18). In 125 patients classified by
systolic and diastolic function and symptoms, PCWP cor-
related strongly with E/e’ ratio r = 0.87. PCWP correlated
only weakly with E velocity but not e’ velocity. Patients with
abnormal relaxation and pseudonormalization of the mitral
inflow E/A ratio had a decreased e’ velocity (P < 0.001).
In patients with DD, a saline bolus affects the E/A wave as
measured by transmitral Doppler measurement but did not
affect the e’ or e’/a’ ratios (22). These studies show that e’
acts as a preload-independent marker of LV relaxation. E wave
velocity on mitral inflow Doppler, corrected for e’, correlates
strongly with PCWP, and can be used to estimate LA pressure
non-invasively.

Tissue Doppler imaging can also differentiate between
restrictive cardiomyopathy and constrictive pericarditis (23).
As e’ is a property of the myocardium, theoretically, it should
remain unchanged in the presence of extrinsic constriction and
should only be reduced in true restrictive cardiomyopathy. This
is indeed the case, with a significantly lower e’ in restrictive
cardiomyopathy than constrictive pericarditis (P < 0.001) (23).
This has been corroborated by other groups (24, 25).

E/e’ ratio is an independent predictor of outcome in patients
assessed 1-6 days after acute myocardial infarction (26). In a
population study of 2,042 patients in the community, any degree
of DD was predictive of all-cause mortality, whether the patient
had clinical symptoms or not (27). In the ADEPT trial, of 225
patients with symptomatic heart failure (HF), diastolic param-
eters including shorter deceleration time, lower S/D pulmonary
vein flow ratio, and increasing E/e’ and E/Vp ratios were all
independent predictors of the primary end-points of death,
hospitalization, or transplantation (28).
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EMERGING TECHNIQUES FOR
ASSESSMENT OF DIASTOLIC FUNCTION

Torsion

Measurement of LV torsion provides insight into an important
mechanism of LV filling and ejection. LV rotation is sensitive to
changes in regional and global LV function (29-31). MRI tagging
can be used for this purpose but can be difficult and costly to
obtain (31-34). Speckle tracking may be used to measure torsion,
using the largely experimental practice of “torsion echocardiog-
raphy” (35-37).

Strain

Strain is a dimensionless index of change in myocardial length
in response to applied force and is expressed as a fraction or
percentage change. Strain rate is the change in length over time
(per second). By convention, myocardial lengthening or thinning
is given a positive value. The techniques used to measure strain
include echocardiography M-mode (38) or TDI (39, 40) as well as
MRI tagging (41, 42). The limitations of echocardiographic meas-
urement include beam direction, which will allow measurement

of longitudinal, radial, and circumferential directions depending
on the view and angle of interrogation.

Strain imaging aims to provide a high-resolution, real-time
measure of myocardial deformation which is independent of
loading conditions. A normal pattern of diastolic relaxation has
been studied and described (43). Strain imaging can be used to
distinguish between restrictive cardiomyopathy and constric-
tive pericarditis (44) as well as physiological hypertrophy and
hypertrophic cardiomyopathy (45).

In a study of 194 patients with chronic systolic HF, global
longitudinal strain (GLS) correlated with worse NYHA class
and higher NT-proBNP. It also correlated with LV structure and
LVEE as well as LV and RV DD. GLS also predicted long-term
adverse events after adjustment for age, ischemic etiology, E/e’
septal, and NT-proBNP with HR 2.04 (P = 0.024).

CMR IMAGING

Magnetic resonance imaging can be used to assess diastolic
function by the inflow of blood or the movement of myocar-
dium in much the same way as echocardiography. A number of
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techniques exist which can help to evaluate diastolic function:
gradient echo assesses functional dimensions; phase-contrast
measures flow, and myocardial tagging measures regional
dynamics (46). Flow measurements are more complete as
they include the entire annulus, rather than a point as in
echocardiography. Tissue phase mapping (TPM) can be used
to measure myocardial velocities and obtain similar informa-
tion to TDI This process allows calculation of E/Ea ratio
(E = MV inflow E wave and Ea = early myocardial relaxation
on TPM).

It is also possible to evaluate tissue characteristics (47), includ-
ing interstitial and replacement fibrosis using CMR. In a study
of 50 patients, with reduced EF, late gadolinium enhancement
(a technique which identifies replacement fibrosis) was corre-
lated with a lower septal E/e’ ratio than patients without a scar
(P=0.05).

Measurement of dimensions and flow are evaluated similarly
to echocardiographic measures, although volumes are more
accurate. In tagging, the myocardium is labeled using selective
saturation prepulses in specific myocardial regions perpen-
dicular to the imaging plane. This allows strain and 3-D motion
analysis (48).

CELLULAR CHANGES WITH AGING

Increased ventricular stiffness and a change in the microscopic
structure of the myocardium are inevitable parts of aging. This,
coupled with changes in vascular stiffness, may lead to increased
vulnerability in certain groups to developing symptomatic HF
(1). Traditional assessment of systolic heart function will not
identify these patients. The increased stiffness of the myocardium
is thought to be due to changes in the collagen content of the
extracellular matrix and increased fibrosis (49). There are other
changes including reduced phosphorylation of sarcomeric pro-
teins (50) and changes in Titin (51), which may be of importance
at a cellular level.

CONGENITAL HEART DISEASE

Overview

There are five main classes of CHD, which affect diastolic
function. Pressure-overload lesions such as aortic stenosis and
systemic hypertension cause a decrease in compliance due to
hypertrophy. Volume overload leads to increased compliance
up until a point, when hypertrophy or fibrosis occurs. Mixed
pressure and volume overload can combine to affect compliance,
such as in repaired Tetralogy of Fallot with some pulmonary valve
stenosis and incompetence. Primary or secondary myocardial
diseases can decrease compliance directly, such as in amyloidosis
or restrictive cardiomyopathy. Transposition of the great arteries
leads to a special situation in which the RV is faced with increased
afterload and the LV with a much lower pressure than normal,
both of which may cause decreased compliance (52). A summary
of lesions and the changes in various parameters used to quantify
DD is provided in Table 1.

TABLE 1 | Findings in various congenital cardiac lesions with the onset
of diastolic dysfunction.

Lesion LA size Mitral inflow TDI
HecM Increased Increased E/A ratio, E/e’ increased
DT reduced
Aortic stenosis  Increased/ DT reduced, E’, A’ reduced, E
normal shortened A wave increased
duration
Aortic Enlarged Increased E/A MV e’ decreased, E/e’
regurgitation increased
Mitral stenosis ~ Enlarged Low transmitral IVRT-Te.' decreased,
gradient, short DT E/e’ increased
Mitral Enlarged Increased A wave Decreased IVRT-Te.e
regurgitation reversal velocity
Tetralogy of Normal Reduced E/Aratio,  Reduced MV e’ and
Fallot? shorter IVRT a’, reduced TV s’ and
e’, increased TV a’
Single ventricle  Normal/ MV E decreased E/e’ increased
enlarged
(dependent on
anatomy)

IVRT, isovolumic relaxation time; DT, e-wave deceleration time; E, early left ventricular
(LV) filing velocity; A, velocity of LV filling contributed by atrial contraction; s’,
myocardial velocity during systole; €', myocardial velocity during early filling; a’,
myocardial velocity during filing produced by atrial contraction; T, ,, time interval from
onset of E wave to e’; LA, left atrium; MV, mitral valve; TDI, tissue Doppler imaging.
aEnd-diastolic forward flow in PA and reduced pulmonary regurgitation.

TETRALOGY OF FALLOT

As with the left ventricle, the right ventricle can become stiff
and restrictive due to hypertrophy. In Tetralogy of Fallot, the
RV becomes a stiff conduit due to RV outflow tract obstruction,
with poor diastolic function. This is evidenced by anterograde
pulmonary flow with atrial contraction (end-diastolic forward
flow in the PA). The presence of DD is a marker of poor
short-term surgical outcome. In a study of 50 children with
TOF (mean age 5.0 years), 24 had restrictive RV physiology
as described. This correlated with lower E/A ratio and IVRT
duration. DD also correlated with prolonged intensive care
unit stay, longer duration of ionotropic support, and higher
doses of diuretics. It was more commonly seen in patients after
transannular patch repair (53). In a study of 112 patients, 50
were found to have a restrictive RV. This was associated with
larger RV dimensions and RA dimensions, and increased LA
length and LA indexed volume on echocardiography (54). There
appeared to be a bigger effect on late filling than early filling
of the LV and RV restriction appeared to affect LV filling and
diastole (decreasing filling and increasing diastolic pressures).
This may be due to mechanical effects of the RV on LV filling or
increased fibrosis of the LV. Interestingly, children with restric-
tive RV have an increased RV volume, whereas adults have a
reduced volume (55-57). After the initial period, restrictive RV
physiology appears to be protective, with decreased duration of
pulmonary regurgitation and better maximum oxygen uptake
seen in patients with restriction (58).
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SINGLE VENTRICLE

The Fontan procedure suddenly offloads a previously volume-
overloaded ventricle. There is evidence that even in patients
with normal systolic function, diastolic function is impaired
(59). This is correlated with the length of time since the Fontan
operation and decreases over time. Both left and right systemic
single ventricles appear to experience systolic and DD, although
systemic right ventricular function is more depressed (60). This
may be due to adverse remodeling of the right ventricle, which
is being exposed to an abnormally high afterload. A study of
28 patients showed a significant correlation between LV filling
pressures (measured by E/e’ ratio) and ventilatory efficiency
(VE/VO; slope) (r = 0.93; P < 0.01) (61). This is interesting
as parameters of CPET are correlated with hospitalization in
Fontan patients (62).

ATRIAL SEPTAL DEFECT (ASD)

In the presence of an ASD with normal pulmonary pressures, the
left-right shunt results in reduced LV filling and SV, reduced tis-
sue perfusion, fluid accumulation, increased RV volume, greater
RV SV, and finally normalization of LV filling and SV (63). In a
small study of patients (n = 18) undergoing percutaneous device
closure of their ASD, there were no significant changes in TDI
and Doppler M-mode indices of diastolic function after closure.
However, E wave velocity and E/e’ ratio at the MV annulus did
increase significantly, thereby suggesting they are more load-
dependent parameters (64). In children with ASD, TDI velocities
do not change immediately after device closure. There is also no
indication of elevation of left heart filling pressures after device
closure in children, suggesting that children are able to accept
increased preload and preserve diastolic function (65). This has
implications on timing of closure, suggesting that earlier closure
is beneficial.

AORTIC STENOSIS

In a study of patients with aortic valve disease (8-39 years),
those with aortic stenosis or mixed disease were found to have
DD, which was related to the degree of left ventricular hyper-
trophy (LVH). E/e’ correlated with LV end-diastolic pressure
on catheterization. DD was found in 37% of all patients in the
study, consisting of 37% of those with AS and 47% of those
with mixed valve disease (66). Increased chamber stiffness is
related to an increased LV mass/EDV ratio. Patients with aortic
stenosis have increased interstitial fibrosis, which is related to
a worse prognosis (67) and is known to be related to increased
chamber stiftness. Secondary pulmonary hypertension may
occur due to DD (68).

Cardiac magnetic resonance has a role in functional assess-
ment of the LV in patients with AS. It is also used in tissue char-
acterization and can quantify the degree of interstitial fibrosis and
replacement fibrosis (69). There is some evidence that the degree
of fibrosis can predict surgical outcome (67).

AORTIC REGURGITATION

An incompetent aortic valve increases the end-diastolic volume
of the left ventricle. The LV remodels to cope with this extra
volume and becomes more compliant, so that diastolic pressures
remain normal. Over time, decompensation may occur, in which
case diastolic pressures increase as the LV loses the ability to
compensate further (70). This is due to increased myocyte cellular
diameter and fibrous content of the myocardium (71).

In aortic regurgitation with normal diastolic function, MV
inflow consists of predominant E wave filling and annular e’ is
increased or normal due to increased LV SV. However, E/e’ is not
increased and PA pressures are normal. With the onset of DD
(DD), LV filling pressures are elevated on exercise initially and
then at rest.

MITRAL STENOSIS

Mitral stenosis results in increased LV filling pressure and
reduced LV filling due to the restriction of blood flow through
the MV. Most patients have normal intrinsic systolic and dias-
tolic myocardial function. Some studies have found DD using
conductance catheters, which are independent of loading condi-
tions and acutely reversed after balloon valvuloplasty (72). The
mechanism for this is not clear and may be due to restriction of
LV relaxation by an immobile and thickened MV.

MITRAL REGURGITATION

In isolated MR, LV compliance usually decreases as it dilates to
accommodate an increased volume (73). In acute MR, increased
LV diastolic pressure is due to increased LV dilatation and a
shift upward on the pressure-volume relationship. Chronic MR
often leads to remodeling and LV dilatation, thereby retaining
LV SV (74).

MR, in the absence of LV DD, will cause an increase in E/A
ratio (>1) and increase in transmitral E velocity (75). The e’
velocity is also increased, and E/e’ is not indicative of filling pres-
sures (76). However, A reversal wave velocity does relate to LV
diastolic pressures independently of MR (77). The ratio of IVRT
to Ti-e can also be used to assess diastolic function irrespective
of MR (77).

CARDIOMYOPATHIES

HF with Preserved Ejection Fraction
(HFpEF)

One theory of the mechanism of HFpEF is that it is caused by
DD. Increased LV filling pressures cause back pressure on the
pulmonary circulation, leading to symptoms of HE including
breathlessness. This is assumed to be the case as EF remains in
the normal range, which is thought to denote normal systolic
function (78). However, there have been studies which show that
symptoms of HF in these patients correlate with left ventricular
end-diastolic volume and that the SV is only maintained due to
LV dilatation. The mechanism postulated is that of excessive LV
diastolic dilatation by fiber slippage and creep (79).
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The process of LV remodeling to compensate for decreased
systolic function in these patients occurs due to feedback from
the periphery, causing the heart to adapt with an increase in
volume to maintain SV (80). Therefore, an EF of 20% in a dilated
ventricle may produce the same SV of a normally sized ventricle
with a normal EF (81). Patients with LVH manage to avoid this
excessive distension and may be more prone to HF with reduced
EF (76). Symptoms of HE, such as breathlessness on exertion, are
not related to PCWP (82) or systolic function (83). Instead, the
determinants appear to be musculoskeletal status, body compo-
sition, motivation, and tolerance of discomfort (82). Therefore,
using symptoms alone to determine whether a patient has HF
may not be valid.

A number of problems with the definition of HFpEF have
been highlighted above; HF may not be reliably diagnosed using
symptoms alone, and a preserved EF does not always correlate
with normal systolic function. The notion of this type of disease
being the definitive model for DD is flawed.

Hypertrophic Cardiomyopathy

Diastolic dysfunction is well recognized in hypertrophic cardio-
myopathy, due to the active component of actin-myosin dissocia-
tion in the early filling phase and the passive compliance of the
left ventricle (84-87). DD causes a reduced rate and magnitude
of LV filling and reduced SV. This results in elevation of LV
end-diastolic pressures leading to symptoms of HE. Evaluation
of diastolic function is similar to other conditions, with values
and ratios changing with severity as expected. In some patients,
a restrictive phenotype is present, characterized by increased
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Sarah Ghonim'23, Inga Voges'?, Peter D. Gatehouse? Jennifer Keegan?,
Michael A. Gatzoulis™3, Philip J. Kilner? and Sonya V. Babu-Narayan'2°*

T Adult Congenital Heart Unit, Royal Brompton Hospital, London, UK, ? Cardiovascular Magnetic Resonance Unit, Royal
Brompton Hospital, London, UK, °National Heart and Lung Institute, Imperial College, London, UK

Congenital heart disease (CHD) is the most common category of birth defect, affecting
1% of the population and requiring cardiovascular surgery in the first months of life
in many patients. Due to advances in congenital cardiovascular surgery and patient
management, most children with CHD now survive into adulthood. However, residual
and postoperative defects are common resulting in abnormal hemodynamics, which
may interact further with scar formation related to surgical procedures. Cardiovascular
magnetic resonance (CMR) has become an important diagnostic imaging modality in
the long-term management of CHD patients. It is the gold standard technique to assess
ventricular volumes and systolic function. Besides this, advanced CMR techniques allow
the acquisition of more detailed information about myocardial architecture, ventricular
mechanics, and fibrosis. The left ventricle (LV) and right ventricle have unique myocardial
architecture that underpins their mechanics; however, this becomes disorganized under
conditions of volume and pressure overload. CMR diffusion tensor imaging is able to
interrogate non-invasively the principal alignments of microstructures in the left ventricu-
lar wall. Myocardial tissue tagging (displacement encoding using stimulated echoes) and
feature tracking are CMR techniques that can be used to examine the deformation and
strain of the myocardium in CHD, whereas 3D feature tracking can assess the twisting
motion of the LV chamber. Late gadolinium enhancement imaging and more recently T1
mapping can help in detecting fibrotic myocardial changes and evolve our understanding
of the pathophysiology of CHD patients. This review not only gives an overview about
available or emerging CMR techniques for assessing myocardial mechanics and fibrosis
but it also describes their clinical value and how they can be used to detect abnormalities
in myocardial architecture and mechanics in CHD patients.

Keywords: cardiology, congenital heart disease, cardiovascular magnetic resonance imaging, late gadolinium
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VENTRICULAR ARCHITECTURE AND MECHANICS

Architecture of the Left Ventricle (LV)

The normal myo-architecture of the heart differs between the LV and the right ventricle (RV). The
LV has a thicker compact layer with its myocytes arrayed in varying orientations through its depth,
while the more apical parts of the human RV are predominantly trabeculated, with only a thin
outermost compact layer.
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The LV subepicardial layer contains fibers orientated in a
left-handed helical arrangement, which is largely responsible
for torsion of the apex relative to the base. The mid-wall layer
contains circumferential fibers that generate radial contrac-
tion. The subendocardial layer has right-handed helical as well
as longitudinal fibers that function in conjunction with the
helical subepicardial layer and papillary muscles to generate
longitudinal strain (1, 2). The ventricular myocardial fibers are
connected and are generally aligned with their neighbors, with
only gradual change in the direction of the fibers from layer
to layer (3, 4). Because of their opposing helical orientation,
myocytes of the subepicardial and subendocardial layers of a
given wall region contract almost orthogonally to one another
during systole. They and those of the circumferential mid-layer
also counter thicken, as they maintain their cell volume. In the
compact myocardium, myocytes are also aggregated in micro-
laminar arrays known as sheetlets, with intervening cracks or
shear layers. These laminar arrays of sheetlets all slope obliquely
relative to the local wall tangent plane and change orientation
through the cycle, tilting to be more wall perpendicular in
systole and more wall parallel in diastole. This reorientation of
micro-laminar structures not only accommodates the counter
thickening of myocytes in the circumferential layer while
those of the endocardial and epicardial layers are contracting
but also translates this forced cross-myocyte shortening into
enhanced wall thickening (5-7). In the normal myocardium,
the LV wall thickens radially by 30-50%, resulting in a normal
ejection fraction. Yet, on a cellular level, myocytes shorten only
by about 15% thus increasing their mean diameter by about 8%
(8, 9). The change in sheetlet orientation in systole is thought
to account for most of the wall thickening seen (5, 6, 10). The
overall result of the combined twisting, laminar reorientation,
and compressive forces is the ejection of the stroke volume from
the LV cavity.

It may also be the case that diastolic relaxation of the laminar
structures facilitates perfusion, in diastole, of blood through
microvessels passing between the sheetlets; however, the papil-
lary muscles and the trabeculars that are particularly prevalent
in the RV lack laminar microstructures (11). Their less complex
but nevertheless dense local myocardial structure, combined with
their relative remoteness from epicardial coronary arteries, may
predispose them to ischemia if abnormally loaded, for example,
by ventricular volume and/or pressure loading. Regrettably, cur-
rent methods of myocardial perfusion imaging lack the spatial
resolution to confirm this, but it may be surmised that trabecular
ischemia is a contributor to the gradual dysfunction of RVs that
are hypertrophied due to chronic pressure and volume overload.
In a study by Babu-Narayan et al., focal fibrosis as represented by
late gadolinium enhancement (LGE) was found in trabeculation
remote from surgical sites in patients with repaired tetralogy of
Fallot (rToF) (12).

In conditions with pressure or volume overloading, changes
in LV myo-architecture have been reported. An increase in the
amount of longitudinal fibers was found in the subendocardial
layer, and a decreased number of circumferential fibers in the
mid-layer were found. Furthermore, a change in orientation of
the subendocardial fibers was noted (13, 14).

Architecture of the RV

The myo-architecture of a normal RV wall is not considered
to contain a middle layer of circumferential fibers apart from
the right ventricular outflow tract (RVOT) (15). However, in a
diseased RV [tetralogy of Fallot (ToF)], a middle circumferential
layer was identified (13).

Histological studies have demonstrated disorganization in the
RV myocardial architecture in patients with ToE. They have been
found to have a more substantial proportion of circumferential
fibers in the hypertrophied sub-pulmonary infundibulum (15).
A key difference in myo-architecture in ToF is the presence of
circumferential fibers in the mid-wall, which is particularly abun-
dant in hypertrophied RV cavities and may be responsible for
the reduced compliance (13). These changes in myo-architecture
were not only found in adult ToF patients’ post-repair but also in
infants before surgery (13).

The RV has a complex geometrical shape. The RV is wrapped
around the LV, which allows it to shorten in systole as well as
to benefit from ventricle-ventricle interdependence from the LV
contraction due to its sharing of common fibers, septum, and
pericardial space. The RV subendocardial fibers are shared with
the LV subendocardial layer via the interventricular septum.
Likewise, the RV subepicardial fibers are shared with the LV
subepicardial layer (16). Chronic RV pressure or volume overload
in congenital heart disease (CHD) such as ToF, conditions with a
systemic RV, Ebstein’s anomaly, and atrial septal defects alter the
mechanical properties of the interventricular septum whereby it
becomes strained and deformed. Consequently, LV function can
be affected (17). It has also been reported that on a cellular level
abnormal septal mechanics induce a process of apoptosis and
dysregulation of the angiogenic factors in the LV wall that can
further impair LV function (17).

The Myocardial Extracellular Space

The myocardial extracellular space is the interstitial tissue that
contains the fibro-collagenous material, endomysium. The
endomysium acts like a mesh that coordinates the conduction
of impulses and transmission of forces and provides a supportive
framework. In immediate proximity to cardiac myocytes is the
perimysium, which is the thicker connective tissue that transmits
shearing forces. Abnormal accumulation and/or change in the
quality of the connective tissue increases myocardial stiffness and
reduces the compliance of the ventricle (5-7).

Relatively few studies have investigated the significance of col-
lagenous matrix with relation to CHD (18, 19), the most relevant
of which was a study that quantified the collagen matrix in 23
heart specimens with univentricular repair of hypoplastic left
heart syndrome (HLHS) compared to a control group. Hearts with
HLHS had significantly less collagen fibrous matrix in the RV (the
systemic ventricle) and LV compared to normal hearts. In addi-
tion intrinsic myocardial abnormality could also be found in the
hypoplastic LV. Myocardial fibrosis, therefore, could potentially
affect long-term function and outcomes of the systemic RV (20).

Cardiac Diffusion Tensor Imaging (cDTI)
Cardiac diffusion tensor imaging has long been utilized in the
imaging of the central nervous system. However, more recent
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developments in cDTI sequences have enabled its use in the
non-invasive interrogation of the myo-architecture and fiber
orientation. Until recently, cDTI was mainly used to investigate
myofiber orientation in ex vivo heart tissues due to the problems
of imaging beating hearts because of motion artifact. Results of
cDTI have been verified with histological findings in a number
of studies (21, 22). More recently, sequence developments have
enabled in vivo use for ¢cDTI and there is increasing evidence
that cardiovascular disease processes can be associated with
abnormal cDTI parameters (10). Water has the ability to diffuse
in all directions; however, microstructural boundaries may limit
molecular displacement in certain directions more than others
(anisotropic diffusion). In the myocardium, water diffusion is
thought to be limited by cell boundaries and their aggregates in
sheetlets. Diffusion of water appears to be greatest in directions
parallel to myocytes. In ¢cDTI, the direction and the magnitude of
diffusion of water molecules are measured for each voxel, which
will contain numerous myocytes and sheetlets. After a diffusion
gradient is applied, the greatest signal attenuation, i.e., the dark-
est signal, is obtained when the diffusion gradients are parallel
to the length of the myofibers. A diffusion tensor is calculated
from measurements of diffusion in six or more directions. A
diffusion tensor represents the anisotropic diffusion of water in
three dimensions. The principle eigenvector (E1) is therefore the
value that represents the direction of water diffusion along the
length of the myofiber from which the direction of the myofiber
can be inferred. The greatest vector (E2) represents the largest
magnitude of diffusion when the myofibers are en face. E3 is the
smallest eigenvector. Diffusion tensor imaging (DTI) measures
the average of the eigenvectors for each voxel. An in vivo sequence
has been developed for cDTI using imaging at 3 T. A diffusion
weighted stimulated echo acquisition mode (STEAM) sequence
is used in conjunction with echo planer imaging, a hybrid
single-shot spin echo and gradient echo sequence. This sequence
works over two cardiac cycles and assumes that myocardial tissue
returns to the same position, at both diffusion encoding times
at end systole. Parallel imaging is applied to reduce the length
of single-shot imaging in each cardiac cycle. Each 2D slice can
be acquired in breath-holds of 18 heart beats duration. Typically
eight breath-hold acquisitions are performed per 2D slice and
the data averaged to improve signal-to-noise ratio (SNR) (10).
Complex postprocessing techniques allow for E1 mapping giving
a 3D visual display of the orientation of myofibers in the wall
of the LV (Figure 1). Limitations of the cDTI STEAM sequence
to date are low SNR, low spatial resolution, and susceptibility to
strain artifact (23), and it is dependent on a regular R-R interval.

Cardiac DTI has been applied in some studies to interrogate
myocardial fiber orientation in certain disease processes; how-
ever, to date, very little has been trialed with respect to CHD.
Investigators have studied hypertrophic cardiomyopathy and
have identified abnormal orientation of myocardial fibers in dias-
tole that remains in a relatively systolic conformation (10). This
was thought to be responsible for the abnormal wall thickness
seen in hypertrophic cardiomyopathy rather than replacement
fibrosis seen by LGE. cDTT has also been used to study ventricular
remodeling postinfarction (25, 26). There are few data for the use
of DTT in CHD.

Ventricular Function Analysis

Cardiovascular magnetic resonance (CMR) has the capability
of providing important data on global and regional ventricular
function. It is the gold standard in the estimation of ventricular
volumes and ejection fraction using a disk-area summation
method and in comparison to other modalities as it does not
rely on assuming ventricular geometry (27, 28). For global and
regional assessment of ventricular function, cine imaging with a
balanced steady-state free precession (bSSFP) sequence can pro-
vide useful functional information. These ideally are acquired in
breath-hold in order to achieve the sharpest delineation between
the myocardium and blood pool. Furthermore, bSSFP imaging
uses a high flip angle as well as short-echo time and short-repeat
time in order to produce images with a high SNR and therefore
better contrast between blood and myocardium. Typically, data
acquisition is segmented over 10-12 cardiac cycles. The data seg-
ment for a given cardiac cycle being acquired is then repeated at
multiple time points in the cardiac cycle to create cine phases. The
acquired images are repeated on a loop to form cine. Normal flow
in the ventricle is represented on these “white-blood” images as
high signal whereas turbulence, stenosis, regurgitation, or shunt
is represented as low signal. For further assessment of function,
using bSSFP images, RV and LV end-diastolic and end-systolic
volumes, RV and LV mass, stroke volume, and ejection fraction
can be derived.

While acquiring SSFP images in breath-hold, misregistration
artifact may arise. This is due the natural variability in the size and
depth of breath a patient may take that can cause small changes in
thelocation of the heart each time between acquisitions. Secondly,
there are the physiological effects of respiration (e.g., increased
venous return) that may affect reproducibility. Four-dimensional,
multiphase, steady-state imaging with contrast enhancement is a
respiratory gated technique that may overcome breath-holding
problems that was developed by Han and colleagues in 2014 to
study pediatric patients with complex CHD. The results of this
small study showed good correlation of cardiac volumes with
conventional 2D cines (29).

MYOCARDIAL STRAIN

Markers of intrinsic myocardial contractility are investigated
with the aim of identifying early myocardial abnormalities that
are subclinical and precede ventricular systolic dysfunction.
Myocardial strain is a measure of how much myocardial tissue
gets larger and thickens (positive strain) or how much it gets
smaller or thins (negative strain) in relation to its state in end
diastole. It occurs in three different planes in accordance with
the orientation of myofibers in the LV subepicardial (helical),
middle (circumferential), and subendocardial (longitudinal)
layers as described above. Several CMR methods have been
developed to interrogate myocardial strain in these planes.
Myocardial tagging has been long established as a gold standard
technique (30). In this technique, images are acquired in systole
and diastole following the disruption of the magnetic field with
multiple radio-frequency saturation pulses using sequences such
as harmonic phase analysis or spatial modulation of magnetiza-
tion. Parallel saturation lines (or tags) are superimposed on the
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FIGURE 1 | Myocardial microstructure probed with diffusion tensor imaging in a short-axis slice at peak systole and diastole in a healthy heart. Top:
the principal diffusion direction of water molecules is along the local myocyte long-axis orientation, depicting its helical arrangement. Bottom: additional diffusion
directions also hint at the myocardial laminar organization where sheets of myocytes are surrounded by collagen-lined shear layers. These myo-laminae moderate
cellular reorganization during cardiac contraction. In the normal heart, myocyte orientation remains similar between systole and diastole, but there is a tilting of the
sheets toward a more wall-perpendicular conformation during systole (24). (Image reconstruction below is courtesy of Pedro Ferreira, Senior Physicist, Royal

myocardium and their deformation with cardiac motion imaged
in a cine acquisition. However, while the technique is visually
appealing the spatial resolution is limited to the tag spacing and
processing time is very long as automatic detection of the tags
and their displacement through the cardiac cycle is difficult. This
is particularly so in the late phase of the cardiac cycle when the
tags have faded. Displacement encoding using stimulated echoes
(DENSE) (31) and tissue tracking (two and three dimensional)
(32) are newer techniques which in some studies have shown
equivalent accuracy (33). These techniques are discussed in depth
by Simpson and colleagues in 2012 (34).

Displacement Encoding Using Stimulated

Echoes

Displacement encoding using stimulated echoes is a newer MRI
technique that was developed after myocardial tagging. It has a
relatively high spatial resolution that can be used to quantify the
displacement and strain of the myocardium on a pixel by pixel
basis. With this technique, displacement information is directly
encoded in to the phase of the sequence for each voxel 2D or 3D
image, and a displacement map can be produced. This is used
to calculate strains in longitudinal, circumferential, and radial
directions in tissue.

The original DENSE sequence produced a displacement-
encoded image at a single-time point in the cardiac cycle.
Subsequently, cineDENSE incorporated highly efficient data
acquisition to produce images throughout the cardiac cycle (33,
35), while fast cine DENSE incorporated parallel imaging and
other advanced image processing techniques to improve SNR

and spatial and temporal resolution in a reduced acquisition time
(36). To date, however, DENSE is still a research tool and has not
been used for strain analysis in clinical management of CHD.

Feature Tracking-CMR (FT-CMR)

Feature tracking-CMR is a technique that is comparable to speckle
tracking in echocardiography. Although it is not a direct measure
of “true” strain in the myocardium, it is an estimate of endocar-
dial contractility and relaxation properties. The postprocessing
technique identifies patterns of features or irregularities in a
small window and searches for the same pattern of features in
the following images. The measured displacements between the
two patterns enable a feature-tracked strain-related index (FTSI)
to be calculated. The tissue represented by each voxel in the cine
images has their FTSI measured in the longitudinal, radial, and
circumferential directions (37).

Longitudinal and circumferential FTSI are derived by tracking
tissue components along the length of the myocardium in the
long axis. Radial FTSI is estimated from tracking tissue compo-
nents in the perpendicular direction to the myocardium in the
short axis. In a normal heart, there is predominantly a positive
radial strain that thickens the LV wall and negative longitudinal
and circumferential strains that reduce LV cavity size in systole.
Tissue components of interest are preferably selected along the
endocardial border rather than the epicardial border as the
reduction of the endocardial surface is a better representation of
the efficiency of the LV cavity emptying its stroke volume (38).

Rapid acquisition of images is performed using a bSSFP
sequence. Current bSSFP images are good at distinguishing blood
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pool from myocardium with a spatial resolution of 1-2 mm (in-
plane). However, with CMR, it is difficult to distinguish features
within the compact myocardium due to its homogeneity and
large size voxels. Therefore, instead of tracking features within the
myocardium, FT-CMR utilizes the endocardial border features
that become easily distinguishable by CMR. One limitation of
CMR is its limited spatial resolution through-plane (6-10 mm),
which means that FT-CMR is unable to track features that move
out of plane in subsequent frames in the through-plane direction
(38).

3D-FT-CMRisanarea of growing interest where all three strain
parameters can be measured from a single-3D acquisition. An
assumption of shear motion between the layers (circumferential-
longitudinal, longitudinal-radial, and circumferential-radial)
may be made. The shear motion between the circumferential-
longitudinal layers in particular is responsible for LV torsional
motion. 3D-FT-CMR is again limited by lower through-plane
spatial resolution, and therefore it is not ideal in measuring
longitudinal strain in the short-axis LV stacks; however, it has
shown comparable results for radial and circumferential strains.
3D-FT-CMR involves longer acquisitions and so a navigator is
required for avoiding respiratory motion artifact.

Several studies have compared FT-CMR with myocardial
tagging techniques and have demonstrated good agreement in
circumferential strain measurements recorded between both
techniques in healthy subjects, aortic stenosis, and non-ischemic
cardiomyopathy (39-41). FI-CMR has the advantage of not
requiring any additional imaging to cine images acquired and
has a shorter postprocessing time (42). Interobserver variability
has been reported to be at least equivocal to myocardial tagging
for circumferential strain measurements. However, FT-CMR-
derived longitudinal and radial strain, however, is not as reliably
correlated with myocardial tagging (39).

Clinical Applications of Feature Tracking
Patients with ToF commonly have RV dysfunction that can
progress through their adult life and several mechanisms for
this have been described (please see above). RV dysfunction is
in keeping with impaired myocardial strain and intraventricular
RV dyssynchrony and interventricular dyssynchrony. Several
studies have used FT-CMR to examine strain and its prognostic
significance.

It has been reported ToF patients who experience adverse
outcomes (death or sustained ventricular tachycardia), all have
globally lower RV FTSI indices compared to patients with no
adverse outcome. Impaired longitudinal “strain” of both ven-
tricles was strongly associated with adverse clinical outcomes
(43). Orwat et al. also recently studied the correlation between
FT-CMR derived indices with adverse outcomes. They reported
that RV-longitudinal FTSI and LV-circumferential FTSI were
predictors of adverse outcomes independent of other known
risk factors and suggested that these parameters should be
included in the risk assessment process (44). Jing and colleagues
did not find a correlation between FT-CMR parameters and
RV dilation and RVEEF, reporting that they were not independ-
ent predictors of developing RV dysfunction and subsequent
adverse outcomes (45).

Feature tracking-CMR has been used to investigate RV func-
tion following different types of RVOT obstruction (RVOTO)
repair. The current move in surgical approach to relieve RV
infundibular obstruction is to do perform minimum resection
and preserve the pulmonary valve in order to prevent pulmonary
valve incompetence (46). The effect of this approach is to leave
residual RVOTO. It is thought that the increased RV pressure
overload causes hypertrophy and increased contractile function.
Several investigators have reported this to be protective on RV
remodeling in comparison to a volume overloaded RV from
pulmonary regurgitation. Latus et al. used FT-CMR to investi-
gate the underlying mechanism for this and found that residual
RVOTO following a more conservative surgical approach,
RV circumferential and radial strain were higher than in the
control group though RV longitudinal strain did not change
(47). Stronger RV-LV interaction and reduced ventricular dys-
synchrony were reported (47). LV longitudinal strain, which was
reduced in the RVOTO group, an area that still needs further
investigation, given LV dysfunction is an adverse prognostic
marker for mortality in ToF.

In atrial redirection surgery for the great arteries (TGA),
Tutarel et al. also found that circumferential FTSI correlated
moderately with RV (systemic) ejection fraction and that there
was a negative correlation with QRS duration; weak correlations
between FTSI and LVEF were found (48). Velocity vector imag-
ing as part of FT-CMR was used in another study to compare
“strain” parameters in patients after atrial redirection surgery for
TGA with patients who underwent arterial switch operation (49).
Patients after atrial switch operation showed reduced RV ejection
fraction (RVEF) and decreased longitudinal and circumferential
strain parameters compared to patients with arterial switch
operation (49).

The prognostic significance of FT-CMR derived indices
were assessed in a small group of adults with single-ventricle
post-Fontan surgery. Systemic ventricle longitudinal, radial, and
circumferential FTSI correlated with NYHA class, peak oxygen
uptake on cardiopulmonary exercise testing, and age of complete
Fontan surgery (50).

Ventricular Regional and Global Function

for Predicting Outcomes

More sensitive parameters for both regional ventricular function
and intrinsic myocardial contractility are sought after in order
to identify abnormalities early when patients are asymptomatic
prior to the establishment of systolic dysfunction. Often when
systolic dysfunction sets in, it is indicative of an advanced stage
of the myocardial disease process. In patients with repaired
ToF, several CMR parameters of ventricular function have
been assessed with their prognostic significance determined.
RVOT regional wall motion abnormalities were found to have
important prognostic implications. RVOT aneurysms or akinetic
RVOT portions are common features related to scar tissue due
to transannular patching or previous generous infundibular
stenosis resection (12, 51). These akinetic RVOT areas contribute
to a larger RV end-diastolic and end-systolic volume (RVEDV
and RVESV) hence having a negative impact on the RVEF
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(12, 52). Delay of conduction is also found within this region
leading to prolongation of QRS elongation, representing intra-
ventricular (RV) dyssynchrony (53). Bonello et al. have reported
a correlation between the length of the akinetic RVOT wall and
the first onset of ventricular arrhythmias (54). Another marker of
function is RV volumes. Studies have focused on these to deter-
mine preoperative thresholds that predict timing for pulmonary
valve replacement surgery that results in normalization of RV
volumes in rToF patients (55). As an overall consensus from
several studies, indexed RVEDV between 150 and 170 ml (and
158 ml/m? from our center) or indexed RVESV between 80 and
90 ml (and 82 ml/m? from our center) are when pulmonary valve
replacement for pulmonary regurgitation should be considered
for asymptomatic patients (56). Past this point, it is thought that
a degree of permanent RV damage has occurred. Following an
optimally timed pulmonary valve replacement, RV volumes
improve at CMR (57).

Left ventricle longitudinal impairment was reported to be
a predictor of sudden cardiac death (SCD) in patients with
repaired ToF (58). The INDICATOR multicentre trial in 2014
investigated 873 adult Fallot patients found that RV hypertro-
phy that was out of proportion to volume dilation (quantified
on CMR by RV mass/RV volume ratio of >0.3 g/ml) was
further found to be a risk factor for SCD. Other risk factors
assessed by this trial found to have an association with SCD
were reduced LV and RVEF and a history of sustained atrial
arrhythmia (59).

Cardiovascular magnetic resonance ventricular function
parameters are a useful risk stratification tool for patients with
Eisenmenger’s syndrome. A study by Jensen et al. found that
CMR derived RVEF less than 40% and LVEF less than 50% was
associated with increased risk of death in Eisenmenger’s patients
with post-tricuspid shunts (60).

MYOCARDIAL FIBROSIS

Myocardial fibrosis may be a final common pathophysiological
pathway that links a wide spectrum of congenital heart condi-
tions. There is great importance in detecting its various forms
and understanding its prognostic significance for a more targeted
treatment approach. Broadly, there are two forms of fibrotic pro-
cesses that can occur: replacement fibrosis and interstitial fibrosis.

Replacement fibrosis is irreversible and occurs following an
insult to myocytes, commonly ischemia. This focal type of fibrosis
can be detected usually by LGE imaging, assuming there is a
neighboring normal myocardium.

Interstitial fibrosis is secondary to increased collagen
deposition within the extracellular matrix (ECM) as a response to
abnormalloading conditions on the myocardium such as typically
occurs in CHD patients. It can be detected with T1 mapping and
extracellular (ECV) measurements and remains undetected by
LGE imaging because it is more diffuse and widespread through-
out the myocardium preventing identification by comparison to
neighboring “normal” myocardium.

Technical developments in LGE imaging, T1 mapping, and
ECV measurements have enabled the non-invasive quantifica-
tion of myocardial fibrosis that was previously only possible on a

biopsy or during postmortem. A recent study has demonstrated
that the incremental value of detecting focal fibrosis using LGE
alongside conventional parameter (LVEF), in predicting 5-year
mortality in patients with aortic stenosis (61). Furthermore,
Halliday et al. have reported recently the value of mid-wall focal
fibrosis as detected by LGE in predicting SCD in patients with
dilated cardiomyopathy and LVEF >40% (62).

Diffuse myocardial fibrosis or interstitial disease is increas-
ingly of interest. Its presence leads to abnormal T1 (pre- and
postcontrast agent) and abnormal ECV measurements, which
is speculated to predate cardiac dysfunction. Previous studies
of cardiomyopathy have demonstrated correlation between
increased ECV with diastolic dysfunction (63) and reduced
myocardial blood flow (64). Correlation was found between ECV
and reduced ventricular EF in a study of 50 patients with adult
CHD (65).

FOCAL FIBROSIS AND SCARRING

Late Gadolinium Enhancement

The differences between normal and abnormal myocardial tis-
sue may be subtle on CMR; however, differences between these
tissues are emphasized after the administration of intravenous
gadolinium-based contrast agent (GBCA). Gadolinium, in
its chelated form, is rendered non-toxic, and its distribution
is confined to the extracellular compartment due to its large
molecular weight. The proportion of extracellular space in a
healthy myocardium is ~15% and increases in with heart disease
due to increased collagen deposition and fibrosis. This results in
an increased volume of distribution of gadolinium that further
is compounded in conditions where the myocardial function
is depressed; slowing down the gadolinium washout kinetics.
Gadolinium has paramagnetic properties that allow it to interact
with spins promoting more rapid exchange of energy thus T1 is
shorter and results in a high signal (bright).

In practice, 0.5 pg to 0.1 pg/kg bolus GBCA is injected, and
after 10-30 min, images are acquired. An inversion recovery fast
gradient echo sequence is used in breath-hold. LGE imaging is
performed using a non-selective 180° inversion preparation pulse.
Following the inversion pulse, the longitudinal magnetization
returns to its original value exponentially with a time constant T1.
Due to the difference in GBCA concentrations between normal
and abnormal myocardium, there is a difference in T1 values and
hence different magnetization recovery curves. The inversion
time (Ti) of normal myocardium is the time after the inversion
pulse when the magnetization of normal myocardium is passing
through 0 (the null point). At this Ti, normal myocardium is
black in the resulting images. This Ti varies with GBCA dose,
time after administration, and with patient-specific factors such
as kidney function and disease state. In order to maximize the
contrast between abnormal and normal myocardium, normal
myocardium should be nulled. The Ti can be determined empiri-
cally or by performing a breath-hold Ti scout acquisition (using
a Look-Locker sequence). This is either calculated manually or
by performing a Ti scout (Look-Locker sequence). The Ti scout
sequence acquires images at multiple time points following a
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single-inversion recovery pulse. Each image is therefore effectively
acquired with a different Ti, and visual inspection allows the Ti
to null the signal from normal myocardium to be determined.
The optimal Ti needs to be increased as the study proceeds as
the GBCA washes out of the myocardium. The inversion pulse
and data acquisition are repeated on every second R-R interval
to allow full T1 relaxation between pulses, which improves the
SNR and makes the sequence less sensitive to variability in the
R-R interval. In cases of tachycardia, images can be acquired on
every third R-R interval at the expense of increasing the imaging
time. With conventional LGE imaging, incorrect setting of the
Ti adversely affects the contrast between normal and abnormal
myocardium.

Common challenges in patients with CHD are difficulties of
ECG gating due to arrhythmia, wide and abnormally shaped QRS
complexes, breath-holding difficulties as well as metallic artifacts
from sternal wires and transcatheter devices. LGE false positive
scans occur more commonly when imaging the thin-walled RV
due to partial volume effects. Partial volume effects are seen when
one pixel contains both normal tissue and abnormal myocardium
(e.g., fat and RV wall). Partial volume effects can be reduced by
acquiring images with higher spatial resolution and in a shorter
acquisition window (to reduce motion blurring) but both of these
will increase breath-hold duration. Acquiring images in systole
(when the RV wall is thickest) can be beneficial. In patients who
have intracardiac shunts, the washout kinetics of gadolinium are
different and hard to predict as GBCA clearance can be rapid (66).

To reduce false positive diagnosis of LGE phase swapping,
cross cutting and comparing the LGE images with cine images
are helpful. Imaging the RV for small areas of fibrosis requires
meticulous choices in Ti.

While conventional LGE images are magnitude reconstruc-
tions that take no account of the polarity of the magnetization
following the inversion pulse, phase sensitive inversion recovery
(PSIR) LGE image reconstructions take into account both the
magnitude and the polarity. With this type of reconstruction, the
sequence is more tolerant to incorrect setting of the Ti to null nor-
mal myocardium, and the contrast between normal and abnor-
mal myocardium is maintained over a range of values (67). While
the inversion pulses are output and the data segments acquired
on alternate cardiac cycles, with the PSIR sequence, additional
low flip angle data are acquired in the redundant cardiac cycles
and used to correct for other sources of phase variation in the
reconstruction.

In cases where patients may find breath-holding difficult,
motion corrected, free breathing, PSIR LGE imaging helps
(68). In this technique, complete images are acquired using an
inversion prepared bSSFP in each of a number of cardiac cycles.
Non-rigid motion correction of these low SNR images is then
performed (to correct for respiration) prior to averaging to gener-
ate a single high-SNR image. This technique has been shown to
produce high quality images in patients with poor breath-hold
capability and with arrhythmia (68). We have found this to be an
excellent approach in CHD including for the RV.

For 3D coverage of the heart with high spatial resolution,
respiratory-gated free breathing acquisitions can be performed.
These navigated sequences may enable the assessment of thin

walled structures such as atria and RV free wall although
acquisition durations are long (typically 5-10 min) and unpre-
dictable (69).

Clinical Applications of LGE Imaging
Repaired Tetralogy of Fallot
Patients with repaired ToF encounter problems in adulthood
relating to RV dysfunction, pulmonary regurgitation, and clinical
arrhythmia and are at greater risk of SCD. Detection of myocardial
scarring has contributed to the understanding of RV dysfunction
late after repair. We systematically investigated LGE and clinical
status in a cohort of adult ToF patients and found focal areas of
fibrosis not only at the ventriculotomy, VSD repair, and apical
vent sites but also in remote locations in the LV and RV wall and
trabeculations (12) The RVOT was an important area of CMR
defined focal fibrosis and dyskinesia (see Figure 2). Though by
definition of the surgical intervention required to repair the heart
the RV always has LGE in this region, the extent is highly variable.
There are several postulated mechanisms that explain the
distribution of focal fibrosis seen in repaired ToF. Fibrosis in
remote areas of the LV and RV could be as a result of ischemic
insult in the pre-, peri-, or postoperative phase or related to RV
hypertrophy and dilation secondary to pulmonary stenosis or
regurgitation. Older patients with repaired ToF were reported to
have greater LGE in the RVOT and dyskinesia probably relating
to previous surgical methods of reconstructing the RVOT such
as transannular patch repair that involved extensive resection
(12). The amount of LGE found in the RV was associated with
RV dysfunction, exercise intolerance, and previous presentation
with clinical arrhythmia (12). In a separate study including het-
erogenous operated and unoperated CHD patients, the absence
of LGE together with good peak oxygen consumption on exercise
testing was found to correlate with lack of inducible ventricular
tachycardia (70). Other groups revealed that RV fibrosis is associ-
ated with diastolic dysfunction and surface ECG abnormalities
associated with arrhythmia in ToF patients (71, 72).

Systemic RV after Atrial Redirection Surgery for TGA
In patients with transposition of TGA who underwent surgical
palliation by atrial redirection surgery, the RV needs to sustain
the systemic circulation for the long term. The hemodynamic
burden on the maladapted systemic RV can lead to RV dysfunc-
tion, reduced exercise capacity, arrhythmia, and SCD. A likely
mechanism of dysfunction of the systemic RV is a myocardial
perfusion mismatch leading to myocardial ischemia and
fibrosis (12).

The first prospective study to investigate myocardial fibrosis
by LGE imaging in individuals with systemic RV following atrial
redirection surgery found that RV LGE was present in 56% of
studied patients. Among other variables in the study, the mere
presence of RV LGE independently and strongly predicted
adverse clinical outcomes (atrial/ventricular arrhythmia and
death) with a hazard ration of 4.95 (73) (see Figures 3 and 4).
The extent of LGE correlated with age, RV dysfunction, and dys-
synchrony as well as clinical arrhythmia (73, 74). Focal fibrosis
has also been demonstrated also by others in the systemic RV
(congenitally corrected TGA and Mustard/Senning) correlating
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FIGURE 2 | Adult patient after repair of tetralogy of Fallot and later surgery for pulmonary valve implantation. Solid arrows demonstrating late gadolinium
enhancement (LGE) in the right ventricle (RV) outflow tract (A-D). Broken arrows showing LGE in the ventricular septal defect region (B-D). LGE of the apical vent
site following surgery* (D) is also present. Where present, these may be useful when acquiring LGE images to guide optimal nulling of the normal myocardium;
RV-left ventricle inferior insertion point faint LGE is ubiquitous (A) and similarly useful (66).

with RV dysfunction, arrhythmia presentation, and exercise
intolerance (75).

Late gadolinium enhancement was also studied in patients
who underwent the arterial switch operation for TGA, a popu-
lation at risk for coronary stenosis, occlusions, and late death.
Despite the reported prevalence of 3-7% for coronary problems,
LGE was only found in 1.8% of 220 patients. Approximately 20%
of patients had (mostly mild) LV dysfunction post-arterial switch
surgery (77, 78).

Single Ventricle

While undergoing several surgical procedures in the first years of
life, single-ventricle patients are affected by significant morbidity
and mortality (79, 80). Ventricular dimensions and dysfunction
played a major role in the long-term outcome in a cohort of
215 patients after the Fontan palliation (81). In particular, the
end-diastolic volume of the primary ventricle was the strongest
volumetric parameter associated with adverse clinical outcomes
(81). Myocardial fibrosis as imaged by LGE was detected in 28%
of patients studied. Although LGE was found at the surgical sites
as expected, this was only in 8% of cases. The large majority of
the LGE distribution was found in the free wall of the primary
ventricle (64%) with lesser degrees in the secondary ventricle
(36%), septal insertion points (16%), papillary muscles (12%),

and ventricular apex (8%) (82). LGE lesions were categorized as
transmural (40%), subendocardial (36%), and diffuse LGE (12%)
(see Figure 5). The presence and extent of ventricular LGE closely
correlated with adverse ventricular size and function as well as
non-sustained ventricular tachycardia, all risk factors for poor
clinical outcomes (82).

Eisenmenger Syndrome

A small study in Eisenmenger syndrome involving 30 patients
showed that a large majority had LGE (73%), of which 70% was
found in the RV myocardium but LV LGE was also found. No
correlation with ventricular size and function, exercise capacity,
or survival was found. Fast gadolinium washout kinetics was also
found (66). Therefore, to date, the routine use of LGE for this
condition was not considered justified (83).

DIFFUSE AND INTERSTITIAL FIBROSIS
T1 Mapping

Diffuse myocardial fibrosis has been shown to be an important
predictor for SCD, ventricular tachycardia, and heart failure.
Rapid advances in CMR have enabled the non-invasive detection
and quantification of diffuse myocardial fibrosis and interstitial
disease in the myocardium using T1 mapping (84, 85).
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redirection surgery (76).

FIGURE 3 | Systemic right ventricle (RV) following atrial redirection surgery (Mustard operation). RV in-out view (A) showing free wall localized transmural
RV late gadolinium enhancement (arrowhead); LGE in the ventricular septum consistent with previous VSD repair [(B); dotted arrow], in the free wall of the RV [(C);
dotted arrows] and of trabeculations within the body of the RV [(D); dotted arrows]. This is the typical pattern of fibrosis seen in systemic RV following atrial

After the magnetization has been excited with a radio-
frequency pulse, it relaxes back to its equilibrium state in the
longitudinal direction aligned with the main magnetic field. T1
is a property constant characterizing how long the magnetization
takes to recover to 63% of its original longitudinal equilibrium
value in the main field. The rate of T1 relaxation is dependent on
each proton’s ability to exchange energy with its surroundings.
The T1 constant differs between tissues depending largely but not
solely on the concentration of water. The paramagnetic properties
of (ionic) iron and (complex chelated ionic) gadolinium shorten
T1. With T1 mapping, an estimate is calculated from a series of
different T1-weighted images during the magnetization recovery
process and is written as a “T1 map” where the T1 value of each
pixel is encoded in to the intensity of the T1-map pixels. This
involves a series of assumptions about alignment of the pixels in
all images of the supporting series (typically subject to errors such
as inter-cycle differences, breath-hold imperfection, and corrup-
tion by blood signal artifacts) (86, 87).

T1-Mapping Imaging Sequences: Modified
Look-Locker Imaging (MOLLI)

Following a 180° inversion pulse, single-shot images are acquired
in typically diastole, typically over three to five heart beats at dif-
ferent inversion recovery times (Ti). After a recovery period to

allow for complete T1 recovery another, inversion pulse is applied
followed by a similar series of images but slightly different Ti
values thereby sampling more points along the T1 recovery curve.
Images are then organized in order of increasing Ti (88). When
this process is performed for all pixels in the image, a T1 map
is created. MOLLI acquisition duration is heart rate dependent;
the greater the number of beats involved in the acquisition, the
longer the breath-hold. Therefore, a shortened MOLLI sequence
is often used acquiring single shots during five heart beats, fol-
lowed by three beats recovery, and then a second “set” of single
shots acquired over three beats following a second inversion
pulse, written as 5(3)3 (89). This allows for a breath-hold T1 map
taking only over 11 beats rather than the 17 beats in the original
innovative sequences used. A modified arrangement 4(1)3(1)2 is
applied postcontrast because its arrangement of T1 values is more
suitable to the shorter T1 values post-gadolinium (89).

Shortened Modified Look-Locker Imaging
(shMOLLI)

An “shMOLLI” is a shorter sequence that involves image acquisi-
tion during fewer heart beats thereby shortening breath-hold
time (90). An example is acquiring single-shot images over the
first five beats followed by one recovery beat and cycles thereafter
that are only single beat in duration 5 (1)1(1)1. This reduces the
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FIGURE 4 | Kaplan-Meier curves adapted from Rydman et al. (A) Event
free survival from combined clinical composite end points (arrhythmia,
congestive heart failure, transplant, and death) for systemic ventricles
post-atrial redirection surgery showing a significant difference between
patients with fibrosis [late gadolinium enhancement (LGE)] and without
fibrosis (Log-rank P = 0.001). (B) Fibrosis (LGE) contributes significantly to
prediction of 5-year survival when used in conjunction with predicted peak
VO (peak VO,%), compared to peak VO alone (73).

breath-hold time to nine beats; however, this approach is suited
best to long-native T1 values rather than the short-post-Gad
values.

Saturation Recovery Single-Shot
Acquisition (SASHA)

Following an initial acquisition of an image taken with the
magnetization vector being in the equilibrium state, a saturation
recovery pulse is used multiple times instead of an inversion
pulse. At varies times from the application of the saturation pulse
(Ts), images are acquired. The signal intensity of the pixels is fitted
as a function of the Ts values acquired to calculate the pixel-wise
T1 map. The SASHA technique is more accurate at estimating T'1
whereas MOLLI and shMOLLI may underestimate T1 with vari-
ous reasons for their bias; however, SASHA is less precise mainly
because it uses of a saturation pulse compared to an inversion
pulse leading to reduced “contrast-to-noise” in the fitting process

and therefore more random noise in the T1 maps. An advantage is
that it is less susceptible to changes in R-R intervals and therefore
may perform better in arrhythmias. Some debate continues over
the optimum T1-mapping approach for maximum sensitivity
to disease (while accuracy of T1 itself is possibly less important
except that leads to difficulties in widespread clinical inter-vendor
multicentre use), while also having minimal scatter (imprecision)
for technical factors: these aspects are to a large extent contradic-
tory in the physics requiring further development for early detec-
tion of diffuse fibrosis as no adequate solution seems evident.
There are two main techniques involving T1 mapping: native
T1 is a non-contrast technique that detects pathological changes
in the myocardium that occur associated with a relative increase
in the concentration of water (edema) or increased interstitial
space caused by protein deposition (from increased collagen
causing fibrosis) or other proteins such as amyloid. The increase
in native T1 is not specific to diffuse fibrosis because it occurs also
(and somewhat more strongly) in other disease processes such as
myocarditis and infarction. The advantage is that it can be used
in patients with severe renal failure as it does not involve contrast
agent. Crucially, it avoids contrast agent in CHD patients who are
likely to require multiple follow-up scans from a young age (91).

ECV Measurements

This requires the application of extracellular GBCA. The volume
of the myocardium that is not taken up by cardiomyocytes is the
extracellular compartment, which contains the ECM. ECV is not
identical to the ECM, which cannot be measured. However, ECV
is a surrogate marker that is to some unclear extent sensitive to an
abnormal amount of ECM.

ECV isderived by measuring the change in tissue T'1-relaxation
rate (R1 = 1/T1) and comparing this to the change in blood
T1-relaxation rate pre- and postcontrast application, built on
several assumptions, also requiring knowledge of the hematocrit
(88). The more fibrosis in the extracellular space, the longer the
native T1 because from a physics perspective, the average water
content of the myocardium is slightly higher with more interstitial
fluid (intracellular cytoplasm containing a high concentration of
macromolecules). However, on the images postcontrast, there will
be more GBCA accumulation in the increased interstitial space
of abnormal myocardium, therefore shortening post-gadolinium
T1 relative to normal myocardium. The changes in 1/T1 for tissue,
when used in the formula to calculate ECV; result in a larger ECV
value. In normal subjects, gender-related associations of ECV
with age have been demonstrated, with some contradictions (92).

In the absence of edema, the pathological expansion of the
ECM is primarily due to the increased proportion of myocar-
dial collagen within the matrix. This fibrotic process leads to
mechanical, electrical, and vasomotor dysfunction. Investigators
have reported the interstitial disease association with SCD (84,
85, 93). This ECM expansion may have important implications
for identifying distinct therapeutic targets.

Clinical Applications of T1 Mapping

Clinical studies reported to date mostly include the systemic
LV. The RV is much thinner. For the RV myocardium, unless
it is systemic or for some other reason abnormally thickened
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FIGURE 5 | Cardiovascular magnetic resonance images status post-lateral tunnel total cavopulmonary connection surgery for single-left ventricle
(LV) physiology. (A) and (C) (2D cine images) compared to (B) and (D) (LGE images). Arrows represent diffuse appearance late gadolinium enhancement in the
free wall of the LV, which is the primary ventricle. This kind of fibrosis pattern in Fontan is one of the several previously described patterns (82).

or immobile, the T1-mapping methods face major technical
limitations affecting reliability, such as adjoining fat and blood
signals next to the thin trabeculated highly mobile RV wall.
Suppression of these corrupting signals is usually associated with
some additional unreliability or loss of myocardial data, further
complicated by the proximity of sternal wires, and new MRI
methods are needed to make RV T1 or ECV clinically reliable
(94). The difficulties that are encountered with T1 mapping and
ECV become less important in the diagnosis of conditions such
as cardiac amyloid and Anderson Fabry’s disease where there
large abnormalities in the T1 and ECV indices; however, they are
affected when this technique is used to detect and monitor subtle
changes in diffuse fibrosis.

The presence of interstitial fibrosis has been shown to be of
prognostic significance in the general adult cardiology popula-
tion. In the CHD population, we can speculate that non-invasive
detection of interstitial fibrosis may offer better tracking of
RV disease than currently utilized volumes and ejection frac-
tion. However, even in those patients with CHD and relatively
thicker RV such as systemic RV after atrial redirection surgery,
HLHS, ToF, and CHD patients with pulmonary hypertension
but extrapolation of current techniques for the LV cannot be
assumed.

The only prospective study of T1 mapping and outcomes in
tetralogy of Fallot relates to LV ECV in the study by Broberg
and colleagues. Approximately 25% of subjects with rToF had
elevated LV ECV compared to the control group, of which sub-
jects with LV ECV >30% had significant clinical events (sustained
clinically relevant arrhythmia and death) during their follow-up
(65). More patients with myocardial fibrosis were identified by

LV ECV than with LGE, consistent with other studies (95). LV
ECV was abnormal in patients with normal LV ejection fraction
suggesting that interstitial fibrosis could precede systolic dysfunc-
tion and therefore have a potential role as an early biomarker for
myocardial disease (65).

In a different study, 11 patients with a systemic RV had higher
ECV, which correlated with elevated end-diastolic volumes and
impaired ejection fraction (95). A further study in patients with
systemic RV found high ECV measurements in the interventricu-
lar septum (the free RV wall could not be reliably studied), which
correlated with higher B type natriuretic peptide levels (96).

Several studies have investigated biventricular diffuse fibrosis
in ToF subjects using T1 mapping and ECV. However, these were
cross-sectional studies with limitations in their methodology,
namely, using postcontrast T1 times only due to unavailable
hematocrit values (technique not validated to measure diffuse
fibrosis in the RV) (97) and limited methods for optimizing
MRI sequences or acquisition planes to mitigate challenges of
RV imaging (97, 98). High RV ECV was associated with lower
RVOT pressure gradient and lower RV mass-to-volume-ratio. LV
ECV was found to correlate with arrhythmia, but this category
included frequent ventricular systoles (>100 beats or more in
24 h), and the relevance to clinically significant arrhythmia in
ToF needs further study (98).

Native T1 times and ECV in LV myocardium were meas-
ured in 31 rToF patients and compared to controls. Prolonged
cardiopulmonary bypass and aortic cross-clamp time during
their previous surgery, biventricular enlargement, and reduced
exercise tolerance correlated with higher native T1 times and
ECV in the LV (99).
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FURTHER CHALLENGES

From the interrogation of the intricate myocardial architecture
and its properties, to assessment of regional and global myocar-
dial function, cardiac MRI has proven invaluable in providing
data that have several important clinical implications for CHD
patients.

The functional assessment of the RV is very important for
CHD patients as it is the chamber that is most often affected, yet
it is also the chamber that is most challenging to image due to its
thin, highly mobile wall, and more complex geometry. The RV
wall location may change between cardiac cycles due to inter-
cycle variations in returning venous flow. Imaging of the RV can
be further complicated by the proximity of postsurgical sternal
wires. These factors make RV imaging an extreme technical chal-
lenge for the reliability of conventional cardiac MRI. On the other
hand, as the RV is adjacent to the anterior surface coil in cardiac
MR, it can be imaged with high SNR.

A technique that shows potential in the study of the RV is
black-blood LGE imaging. LGE imaging with the addition of
PSIR is excellent in differentiating myocardial scar from normal
myocardium; however, the contrast between subendocardial
scar and blood pool on the white-blood images may be reduced
and therefore scar may be difficult to identify. Furthermore,
differentiation of fibrosis from fat and metallic artifact can be
difficult. Black-blood LGE images using an inversion recovery T2
weighted SSFP have been proposed as one possible solution to
this (100). Recently, Kellman and colleagues showed good results
using this sequence in patients with subendocardial myocardial
infarction. They speculated that black-blood LGE sequences may
help imaging thin walled fibrous structures (100).

Quantification of diffuse fibrosis with T1 mapping until now
has largely been for research interest rather than clinical applica-
tion. Its clinical value in CHD patients still requires clarification.
Technical challenges that lie ahead include the difficulty of
mapping the relatively thin-structured RV walls. Furthermore,
the potential role for T1 mapping and ECV to help identify
and target treatment for “reversible” interstitial disease remains
unclear. A study investigated diffuse fibrosis post-aortic valve
replacement for aortic stenosis with T1 mapping and found
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Filippo Rapetto’, Gustavo A. Guida', Umberto Benedetto’ and Massimo Caputo’
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Background: Surgical repair of isolated congenital tricuspid valve (TV) disease is rare
with no well-defined indication and outcomes. Moreover, the role of right ventricle (RV) in
this context has not yet been investigated.

Objectives: We sought to assess the impact of congenital TV repair on cardiac remod-
elling and clinical—functional status and the importance of the RV function in an adult
congenital heart disease (ACHD) population.

Methods and results: From January 2005 to December 2015, 304 patients underwent
TV surgery in our centre. Of these, 27 (ACHD) patients had isolated TV repair. Patients
were evaluated with preoperative and postoperative transthoracic echocardiogram.
Survival rate has been investigated with a mean clinical follow-up (FU) of 3.7 + 2.3 years,
whereas the mean echocardiographic FU was 2.9 + 1.8 years. The clinical and func-
tional status of patients showed a statistically significant improvement after the surgical
repair in terms of New York Heart Association class (66.7 vs 7.4%; p < 0.01), clinical
signs of heart failure (29.6 vs 7.4%; p < 0.01), and left ventricular function (14.8 vs 7.4%;
p < 0.01). The RV and right atrium diameter were significantly reduced after surgery
(5.15 + 1.21 vs 4.32 + 1.16; p < 0.01) and (44.7 + 16.7 vs 26.7 + 9.2; p < 0.01),
respectively. The degree of postoperative pulmonary hypertension was also significantly
reduced (40.7 vs 7.4%; p < 0.01). The survival rate was 96.3% at 1 year and 93.7% at
5 years. One patient (3.7 %) had early failure of the tricuspid repair requiring a reoperation.

Conclusion: Isolated TV repair for adult congenital disease significantly improved
patients’ clinical and functional status and allowed right ventricular remodelling and
functional improvement.

Keywords: tricuspid valve repair, adult congenital heart disease, echocardiography, right ventricular dysfunction,
ventricular reverse remodelling

INTRODUCTION

Isolated severe congenital tricuspid regurgitation (TR) is an uncommon condition, most frequently
associated with a variety of concomitant heart diseases. Regardless of the presentation, the surgical
management is similar (1, 2). To date, a limited body of evidence is available on the outcomes of this
subset of patients, and the published surgical guidelines are not clear in terms of surgical procedure
and timing for surgery (3, 4). Furthermore, the negative impact of TR on long-term prognosis has
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been largely demonstrated (5), and it has been advocated that
surgery should be considered before the development of right
ventricle (RV) systolic dysfunction (6); in fact, these patients
frequently have evidence of right heart failure and its concomi-
tant complications (7). Patients are rarely referred for isolated
surgical tricuspid valve (T'V) repair, and most repairs are done in
the context of other planned cardiac operations (4). In this study,
we sought to assess the impact of isolated TV repair on cardiac
remodelling and clinical-functional status, and specifically its
effect on the RV function in an adult congenital heart disease
(ACHD) population.

MATERIALS AND METHODS

The study was conducted in accordance with the principles
of the Declaration of Helsinki. The local audit committee
approved the study, and the requirement for individual patient
consent was waived.

From January 2005 to December 2015, a total of 304 adult
patients underwent TV repair or replacement at Bristol Heart
Institute. Patients with concomitant left heart valve diseases and/
or other cardiac congenital diseases, those who underwent TV
replacement and those with endocarditis were excluded (Figure 1)
from our analysis. Of these, 179 (58.8%) had a functional TR
secondary to left heart valve failure (mitral regurgitation and/or

aortic valve disease); 29 (9.5%) patients had TR associated with
pulmonary valve dysfunction; 28 patients (9.2%) had isolated
TV regurgitation secondary to endocarditis. Forty-one patients
(13.5%) had TV replacement with prosthesis.

The remaining 27 (8.8%) were defined as ACHD patients
undergoing surgical TV repair for isolated TR.

Clinical and Functional Assessment

The clinical conditions were assessed following the classifica-
tion proposed by the New York Heart Association (NYHA) and
Canadian Cardiovascular Society (CCS). Both preoperatively
and at the end of follow-up (FU), patients were assigned to a cor-
related class. Clinical signs and symptoms of RV failure and onset
of newly discovered cardiac arrhythmias were regularly assessed
during FU outpatient clinics. Short-term outcomes were derived
from clinical notes: acute kidney injury was defined as an increase,
during admission, of over 50% in serum creatinine compared to
preoperative values, as previously recommended (8); acute renal
failure was defined as the need for perioperative kidney replace-
ment therapy. Cerebrovascular accident (CVA) was defined on
the basis of a focal or global neurological impairment at physical
examination or at CT scan/magnetic resonance imaging. Deep
wound infection was defined as a surgical site-related infection
affecting the median sternotomy wound and requiring antibiotics
and/or surgical re-exploration. Short- and long-term survival data

(2005-2015)

N =304

Patients Undergone Tricuspid Valve Surgery

Associated Left Heart valve failure n = 179 (58.8%)
Associated Right Heart valve failure/other congenital n =29 (9.5%)
Tricuspid valve replacement n = 41 (13.5%)

Endocarditis n = 28 (9.2%)

N =27(8.8%)

Isolated tricuspid congenital primitive disease

FIGURE 1 | Patient selection and exclusion criteria.
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have been collected from the National Institute for Cardiovascular
Outcome Research. The 30-day mortality was defined as death
from any cause during the first 30 days following surgery.

Echocardiographic Evaluation

All patients underwent transthoracic echocardiography preop-
eratively, within 2 weeks after the operation and at FU. The follow-
ing parameters were assessed: left ventricular ejection fraction
(LVEF), left ventricular internal diastolic diameter, left ventricu-
lar internal systolic diameter, thickness of the interventricular
septum in diastole, diameter of the posterior wall, RV functional
assessment (RV failure), right ventricular internal diastolic diam-
eter, right ventricle dilatation (RV dilatation), area of left atrium
(LA area), area of right atrium (RA area), pulmonary artery
pressure (PAP), grade of pulmonary hypertension, grade of TV
regurgitation, tricuspid annular plane systolic excursion (tapse),
and presence of haepatic veins backflow.

Statistical Analysis

Data are presented as mean =+ 1 SD for continuous variables or as
number and percentages for dichotomous variables. Continuous
variables were tested for normality using the Kolmogorov-
Smirnov test and then compared between groups with unpaired
Student’s ¢-test if normally distributed or Mann-Whitney U test
if not normally distributed. In the case of dichotomous or cat-
egorical variables, Pearson chi-square or Fisher exact tests were
used as appropriate. Overall long-term survival was estimated by
Kaplan—Meier curve. All tests were two-sided with the alpha level
set at 0.05 for statistical significance. The statistical analysis was
computed using R version 3.0.2 for Windows (R Foundation for
Statistical Computing, Vienna, Austria).

RESULTS

Patient characteristics and preoperative variables are summarised
in Table 1. Mean age was 51.62 + 14.4 years (range 17-73 years)
and 18 patients (66.7%) were female. The mean clinical FU was
3.7 & 2.3 years, while the mean echocardiographic FU time was
2.9 + 1.8 years. Table 2 shows the AHDC population including
the TV aetiopathology for each patient. Ebstein anomaly was
diagnosed in 14 (51.8%) patients, whereas the remaining 13
patients (48.1%) were affected by non-Ebstein tricuspid dyspla-
sia. Thirteen patients (48.1%) had right ventricular failure at the
time of surgery and 22 (81.4%) had dilated RV. Four patients
were found to have reduced left ventricular function (14.7%). Of
our cohort of patients, 33.3% were diagnosed with preoperative
atrial fibrillation, and one patient (3.7%) had a permanent pace
maker for atrioventricular block. Ascites was present in almost
one-third of the patients, while two-thirds of the patients were
in NYHA class III or IV (Table 1). Mean logistic Euroscore was
5.39 + 8.3 and three (11.1%) patients had a previous cardiac
surgery operation.

Intraoperative and postoperative findings are shown in Table 3.
Nine patients (33.3%) underwent Cone procedure (http://
www.ctsnet.org/article/cone-reconstruction-tricuspid-valve-
repair-ebstein-anomaly), seven patients (25.9%) had annu-
loplasty ring and the remaining patients (40.7%) had other

TABLE 1 | Preoperative characteristics of patients with isolated tricuspid
repair (n = 27).

Characteristic Patients
Age: years 51.62 + 14.39
Female gender 18 (66.7%)
Reduced LVEF (moderate to severe) 4 (14.7%)
RV failure (moderate to severe) 13 (48.1%)
RV dilatation 22 (81.4%)
Renal impairment 0
COPD 5(18.5%)
Diabetes 2 (7.4%)
Hypertension 8 (29.6%)
Previous CVA 3 (11.1%)
TIA 1(3.7%)
Smoking history

Current 0

Ex-smoker 8 (29.6%)
PVD 0
Reoperation 3(11.1%)
Number of previous heart operations

2 1(3.7%)

1 2 (7.4%)
Ebstein disease 14 (51.8%)
Tricuspid dysplasia 13 (48.1%)
Euro score: % 5.39 + 8.30

Min: % 1.52

Max: % 44.82
Heart rhythm

Sinus rhythm 17 (62.9%)

AF 9 (33.3%)

AV block (paced) 1(3.7%)
Ascites 8 (29.6%)
NYHA class 3 or 4 18 (66.7%)
CCSclass 3 or 4 6 (22.2%)

Data are presented as mean + SD, median (range), or n (%).

LVEF, left ventricular ejection fraction; RV, right ventricle; COPD, chronic obstructive
pulmonary disease; CVA, cardiovascular accidents; TIA, transient ischaemic attack;
PVD, peripheral vascular disease; NYHA, New York Heart Association; CCS, Canadian
Cardiovascular Society.

Data are expressed as number of events and percentages or otherwise expressed.

TABLE 2 | Preoperative classification of congenital heart disease in
patients with isolated tricuspid repair (n = 27).

Characteristic Patients
Ebstein disease 14 (51.8%)
Non-Ebstein TR 13 (48.1%)
— Previous congenital heart surgery in childhood 3(11.1%)
ASD 1B8.7%)
TOF 1(3.7%)
VSD 1B.7%)
— Tricuspid dysplasia associated PFO-small ASD 4 (14.8%)
— TV delamination defect/Ebsteinoid anomaly 6 (22.2%)

Data are presented as mean + SD, median (range), or n (%).

ASD, atrial septal defect; TOF, tetralogy of fallot; VVSD, ventricular septal defect; TR,
tricuspid regurgitation; PFO, patent foramen ovale; TV, tricuspid valve.

Ebsteinoid anomaly (9): variable field of disease associated with TV leaflets’ failure of
delamination.

Data are expressed as number of events and percentages or otherwise expressed.

types of repair (De Vega procedure, Alfieri Stitch procedure
and/or commissuroplasty/plication). Most patients had isolated
TV surgery; concomitant ASD closure was performed in four
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TABLE 3 | Operative and postoperative characteristics of patients with
isolated tricuspid repair (n = 27).

TABLE 4 | Clinical and functional assessment of patients with isolated
tricuspid repair (n = 27).

Characteristic Patients Characteristic Preoperative Follow-up p-Value
Tricuspid valve procedure NYHA 3-4 18 (66.7%) 2 (7.4%) <0.01
Cone 9 (33.3%) CCS high class 6 (22.2%) 1(3.7%) <0.01
Annuloplasty ring 7 (25.9%) Heart rhythm
Alfieri-plication—-commissuroplasty 3(11.1 :/o) NSR 17 (62.9%) 18 (74%) 01
Others 8(29.6%) AF 9 (33.3%) 8 (29.6%) 0.1
PFO-small ASD closure 4 (14.80@ Paced 13.7%) 13.7%) 0.1
MAZ_E ) 4(14.8%) Ascites p. oedema 8 (29.6%) 2 (7.4%) <0.01
CPB time (min) 104.96 + 44.72
Cross-clamp time (min) 66.29 + 32.41 Data are presented as mean + SD, median (range), or n (%).
Return to theatre 1(3.7%) NYHA, New York Heart Association; CCS, Canadian Cardiovascular Society; NSR,
Repair failure 1(38.7%) normal sinus rhythm; AF, atrial fibrillation.
Deep wound infection 1(3.7%) Data are expressed as number of events and percentages or otherwise expressed.
New CVA 0
fOSt (;p (?sly&s | q 14 01 1 TABLE 5 | Echocardiographic evaluations of patients with isolated
engt of hospital stay (days) .59 +11.30 tricuspid repair (n = 27).
Min (days) 5
Max (days) 53 Characteristic Preoperative  Follow-up p-Value
Data are presented as mean + SD, median (range), or n (%). Reduced left ventricular 4 (14.8%) 2 (7.4%) <0.01
PFO, pate.nt foramen ove‘a/e; ASD, atrial septal defect; CPB, cardio pulmonary bypass; sjection fraction (mod-severe)
CVA, cardiovascular accidents. LVIDD (crm) 418 +0.79 4.34 +0.70 0.1
Data are expressed as number of events and percentages or otherwise expressed. LVISD (cm) 276 + 0.71 287 4058 0.2
IVSD (cm) 093+0.17 098+0.16 0.1
(14.8%) patients; antiarrhythmic surgery such as MAZE procedure PWD (cm) 0.89+0.13  094+0.14 0.1
was also performed in four (14.8%) patients. Mean cardiopulmo- RVfailure (mod-severe) 18 (48.1%) 8(29.6%) 01
p ] ) p - ) P RV dilatation 22 (81.4%) 11 (40.7%) <0.01
nary bypass time was 104.9 + 44.7 min, and mean cross—clamp Right ventricular internal 516 +1.21 4.32+1.16 <0.01
time was 66.3 + 32.4 min. In one case (3.7%), with Ebstein diastolic diameter (cm)
disorder, it was necessary to re-operate during the postoperative LA area (cm?) 21.3+76 22.4 +8.39 0.57
course for failure of TV repair; this patient eventually underwent ~ FAarea (cm) 447x167  267x92 <0.01
TV replacement. One patient (3.7%) suffered a postoperative  Tricuspid regurgitation
deep wound infection (mediastinitis), which required surgical Moderate 6 (22.2%) 2(7.4%) 0.04
re-exploration: this condition deteriorated to postoperative Severe 21(77.7%) 16.7%) <001
.P ) . . P .P Haepatic veins backflow 11(40.7%) 2(7.4%) <0.01
sepsis and subsequent death. No patient experienced episodes of  pap (mHg) 38.91+7.88 3337455 0.03
cerebral ischaemia (CVA) or renal impairment in the periopera-  TAPSE (mm) 1.91+0.85  1.26+0.36 <0.01
tive period. P.Hypertension (mod-severe) 11(40.7%) 2 (7.4%) <0.01

Follow-up

Clinical and Functional Results

The clinical and functional status of patients assessed accord-
ing to the NYHA and CCS classification shows a statistically
significant improvement: 66.7% patients in NYHA class ITI-IV
preoperatively vs 7.4% at FU (p < 0.01) and 22.2% in CCS class
III-1V preoperatively vs 3.7% at FU (p < 0.01). Also, our study
demonstrated a significant reduction of clinical signs of heart
failure such as ascites and peripheral oedema (29.6 vs 7.4%;
p < 0.01). These data are shown in Table 4.

Echocardiographic Evaluations

Table 5 shows the preoperative and postoperative echocardio-
graphic evaluation, with a mean FU echocardiographic time of
2.9 + 1.8 years. There was a marked improvement in left ven-
tricular function (14.8 vs 7.4%; p < 0.01), while no significant
differences were found regard to the left ventricular diameters
and wall thickness. Similarly, no significant differences were
found concerning the left atrial volumes. At FU, all patients
showed a significant reduction in right ventricular diameters
(5.15 + 1.21 vs 4.32 & 1.16 cm; p < 0.01). We also observed a

Data are presented as mean + SD, median (range), or n (%).

LV, left ventricle; RV, right ventricle; LVIDD, left ventricular internal dimension in diastole;
LVISD, left ventricular internal end-systolic dimension; IVSD, interventricular septum

in diastole; PWD, posterior wall dimensions; RV, right ventricle; LA, left atrium; RA,
right atrium; PAR, pulmonary arterial pressure; TAPSE, tricuspid annular plane systolic
excursion; PHypertension, pulmonary hypertension.

Data are expressed as number of events and percentages or otherwise expressed.

different remodelling in right atrial geometry (44.7 + 16.7 vs
26.7 + 9.2 cm’ p < 0.01). Regarding the functionality of TV, a
clear reduction of valvular regurgitation has been observed at FU.
Furthermore, TR significantly improved both in patients with
moderate (22.2 vs 7.4%; p = 0.04) and severe baseline TR (77.7 vs
3.7%; p < 0.01). In addition, the pulmonary pressure (38.9 + 7.8
vs 33.3 + 5.5 mmHg; p = 0.03) and the degree of pulmonary
hypertension (40.7 vs 7.4%; p < 0.01) were significantly reduced.
A net reduction was also noticed in the number of patients with
haepatic veins backflow (40.7 vs 7.4%; p < 0.01). On the other
hand, TAPSE values dropped significantly in this period of evalu-
ation (1.9 + 0.85 vs 1.2 + 0.36 mm; p < 0.01).

In Table 6, we reported the results of a sub-analysis that
was conducted on the preoperative and postoperative echocar-
diographic evaluation in the Ebstein population. A significant
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TABLE 6 | Echocardiographic evaluations of patients with isolated
tricuspid repair, subset analysis in Ebstein population (n = 14).

Characteristic Preoperative Follow-up p-Value
Reduced left ventricular ejection 2 (14.3%) 0 NA
fraction (mod-severe)
LVIDD (cm) 3.64 +0.4 4.0 £ 0.50 0.01
LVISD (cm) 241 +£0.49 2.59 +0.43 0.09
IVSD (cm) 0.87 +0.18 0.92 +0.11 0.28
PWD (cm) 0.88 +0.13 0.91 +0.11 0.53
RV failure (mod-severe) 7 (50%) 2 (14.3%) 0.47
RV dilatation 14 (100%) 6 (42.8%) <0.01
Right ventricular internal diastolic 554 +1.17 4.28 +1.08 0.03
diameter (cm)
LA area (cm?) 17319 19.6 £ 6.5 0.29
RA area (cm?) 483 +11.2 26.0+10.5 <0.01
Tricuspid regurgitation

Severe 14 (100%) 0 NA
Haepatic veins backflow 6(42.8%) 2 (14.3%) 0.47
PAP (mmHg) 37.8 +5.05 33.3+3.9 0.06
TAPSE (mm) 2.2 +1.04 1.35 +0.39 <0.01
P.Hypertension (mod-severe) 7(50%) 2 (14.3%) <0.48

Data are presented as mean + SD, median (range), or n (%).

LV, left ventricle; RV, right ventricle; LVIDD, left ventricular internal dimension in diastole;
LVISD, left ventricular internal end-systolic dimension; IVSD, interventricular septum

in diastole; PWD, posterior wall dimensions; RV, right ventricle; LA, left atrium; RA,
right atrium; PAR, pulmonary arterial pressure; TAPSE, tricuspid annular plane systolic
excursion; PHypertension, pulmonary hypertension.

Data are expressed as number of events and percentages or otherwise expressed.

improvement was found in left ventricular function and on the
left ventricular diameters (3.64 + 0.4 vs 4.0 + 0.5 cm; p = 0.01)
without supplementary modification of wall thickness.

Similar to the main analysis, this sub group showed a sub-
stantial reduction in right ventricular diameters (5.54 + 1.17
vs 4.28 + 1.08 cm; p = 0.03) and RV dilatation (100 vs 42.8%;
p <0.01).

An interesting reduction has been observed on right atrial area
(48.3 £ 11.2vs26 + 10.5 cm? p < 0.01). Furthermore, the Ebstein
population also showed a visible reduction of valvular regurgita-
tion between the preoperative and the FU (100 vs 0%; p: NA). In
addition, TAPSE values were considerably reduced (2.2 + 1.04 vs
1.35 + 0.39 mm; p < 0.01).

Survival
Figure 2 reports the survival after surgery. Early mortality shows
that one patient (3.7%) died during the admission due to infec-
tion of the surgical site (mediastinitis). One patient died, during
the FU, from non-cardiac related disease (neoplastic disease). The
long-term survival was 96.3% at 1 year and 93.7% at 5 years.

All but one patient remained free from reoperation during
the FU.

DISCUSSION

The incidence of isolated TR among congenital heart disease
patients is quite rare, being reported approximately around
1-2% in the Dutch nationwide Congenital Corvitia registry (10).
Although previously long underappreciated, TV disease is
nowadays receiving increasing attention. However, guidelines for

surgical management of tricuspid disease are less aggressive and
more subjective than those related to left-sided cardiac valves
(3, 11), thus implying that the indications to surgical interven-
tion and methods of approach and repair are not uniform across
institutions (7, 12, 13). Interestingly, some studies report no
significant differences in outcome among the different surgical
strategies (2), whereas other series showed better outcomes of
repair vs replacement (1).

Congenital TV disease requiring surgical correction remains
arare entity: we found that, of the TV operations performed over
10 years at our institute, primary isolated tricuspid disease in
ACHD patients represented only 8.8% of cases. Previous clinical
reports suggest that surgery is beneficial in terms of improve-
ments of symptoms and functional status (6). As reported by
Nath et al. (5), improvement in TR severity, regardless of LVEF
or PAP, is associated with better survival, while the presence of
a severe TR is associated with a poor prognosis (6). Our results
showed a significant reduction of TV regurgitation at FU with
consequent reduction in haepatic veins flow and mean PAP.
Furthermore, patients had a significant improvement in clinical
status and reduction of clinical signs of heart failure, thus leading
to a significant improvement in quality of life. These findings are
in keeping with previous reports showing clinical improvements
after TV repair as described by Kim et al. (6).

The 30-day mortality rate also appears to be low in our series
(2): one patient died of a surgery-related cause while another
patient had a non-cardiac-related death: similar results were
demonstrated by previous studies where the operative mortal-
ity rate was calculated at 4% (14). The mid-term and long-term
survival rates are also reassuring.

The optimal timing for surgical intervention is still debated
(10, 15), but in daily practice patients are referred to surgery
mainly because of symptoms secondary to RV impairment
(1, 10, 15). Our findings were consistent with these data, as
patients were referred to surgery at a late stage in the disease
course, when highly symptomatic: more than two thirds (67%)
were in NYHA class III or IV and clinical signs of right heart
failure were reported in 30% of patients. RV failure was reported
in 48% of patients and RV dilatation in 81%. Surgical intervention
had a significant impact on the remodelling of the RV as shown
in our 3-year FU. Echocardiography showed a reduction in RV
dimensions (5.15 + 1.2 vs 4.32 + 1.16 cm; p < 0.01), and RA area
(44.7 £ 16.7 vs§ 26.7 £ 9.2 cm?; p < 0.01); this is most likely due to
the effect of reduced RV pre-load. On the other hand, there was
no significant change in RV function (p = 0.1); this is probably
due to advanced structural modification of the RV which may
have occurred before the time of the surgery (16). Therefore, the
timing of surgery may be crucial to prevent damage to the RV and
to achieve better results in the long term.

Annular repair also leads to increased stability of the cardiac
skeleton, which might partially explain the reduction of the
TAPSE at FU (1.91 + 0.85vs 1.26 + 0.36 cm; p < 0.01).

There was a marked improvement in left ventricular function
(14.8 vs 7.4%; p < 0.01) despite there being no changes in the
left ventricular diameters and wall thickness; possibly due to a
reduction of volume of the RV which decreases the compression
on the left ventricle.
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FIGURE 2 | Kaplan-Meier survival curves for patients with tricuspid regurgitation after tricuspid valve repair.

After performing a sub-analysis of the echocardiographic
findings in the Ebstein disease group, we have interestingly noted
that the FU findings were in keeping with the results of the whole
population analysed.

The incidence of arrhythmia did not change at FU (p < 0.1),
strengthening the idea that structural damage is a non-reversible
phenomenon. As reported in the literature, AF has been recog-
nised as an objective predictor of survival, rising mortality and
morbidity due to thromboembolism risk and heart failure (17),
making the argument that indication for surgery should be based
on RV volumes and function, and leading to surgical intervention
before RV failure (6, 12). The right cavities overload reduction
leads to a significant clinical benefit, freedom from symptoms and
signs of heart failure, and an improvement in quality of life.

For these reasons, we believe that surgical treatment of TR in
congenital heart disease should be performed before the onset of
heart failure. This concept has already been supported by other
studies (1, 2, 6, 12).

Among the cohort of ACHD patients, the RV has also been
defined as “forgotten” (12), even though, in the last decade,
increasing attention has been focussed on it, in an effort to avoid
the adverse outcomes associated with its dysfunction and fibrosis
(16). These include not only exercise limitation but also malignant
ventricular arrhythmias (17). In various clinical scenarios, TV
surgery, as well as pulmonary surgery, is performed earlier in an
attempt to “save” the RV, and the surgical mortality in experienced
centres is acceptably low (12, 18).

As reported by Warnes (12), the conventional echocardio-
graphic evaluations focussed on the functional assessment of the
RV are very challenging because of its complex structure. In
contrast, Cardiac Magnetic Resonance and the improved 3D
echocardiographic imaging offer better evaluation of the right
chambers of the heart (19-21). For these reasons, ACHD should
be referred to specific centres in which adequate imaging and
better understanding of the pathology can improve assessment
and optimise surgical timing when appropriate.

Our study is a retrospective analysis of a relatively small cohort
of patients, due to the rarity of isolated TR in ACHD, further
multi-centric studies on a larger population should be performed
to confirm and expand our findings. The cohort of analysis of
this study is also too small to draw a conclusion on long-term
re-TV rate.

CONCLUSION

Tricuspid valve repair is efficient and durable for the majority of
patients with isolated TV regurgitation.

The medium and long-term evaluation show good results on
durability and functionality.

When operated at optimal timing, TV repair allows a vol-
ume reduction of right cavities associated with both atrial and
ventricular reverse remodelling at long-term FU. This condition
leads to an improvement in quality of life due to the freedom from
symptoms of heart failure.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

April 2017 | Volume 4 | Article 21


http://www.frontiersin.org/Cardiovascular_Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Cardiovascular_Medicine/archive

Marsico et al.

Right Ventricle and TV Repair

However, in ACHD populations, these benefits are mostly
represented when TV repair intervenes once RV structural dam-
age has not already occurred.
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Background: Little is known about the clinical value of late gadolinium enhancement
(LGE), in children affected by dilated cardiomyopathy (DCM).

Materials and methods: We retrospectively evaluated 15 patients (8 + 6 years, 6
males) with diagnosis of DCM who underwent cardiac magnetic resonance since 2014.
All scans were performed with a 1.5 T system (Aera, Siemens). Study protocol included
cine steady-state free precession sequences, followed by administration of 0.2 mmol/kg
of gadolinium-based contrast agent. Inversion recovery Turbo Flash sequences, in the
same position of cine images, were acquired 10-15 min after the injection of contrast
agent, in order to assess the presence of LGE. The latter was considered positive with
a signal intensity >6 SD from normal myocardial tissue. Indexed end-diastolic volume
(EDVi) and end-systolic volume (ESVi), and left ventricle (LV) ejection fraction (EF) were
calculated by using dedicated software on off-line workstation. Global longitudinal strain
and diastolic function were evaluated by echocardiography. Clinical follow-up, including
death, transplant, and listing for heart transplant [major adverse cardiac events (MACE)],
were evaluated. Patients were divided into two different subgroups: negative (Group A)
and positive (Group B) for presence of LGE. Statistical analysis was performed by using
Mann-Whitney U test (p < 0.05 considered as statistically significant).

Results: Seven patients (47%) showed LGE. A global diffuse subendocardial pattern
was evident in all patients presenting LGE (7/7, 100%). The following main LV indexes
were observed in the two subgroups. Group A: EDVi = 96 + 33 ml, ESVi = 56 + 29 m,
LV EF =45 + 10%, global longitudinal strain = =16 + 5%, E/e’ ratio =10 + 3, MACE = 1.
Group B: EDVi = 130 + 60 ml, ESVi = 89 + 43 ml, LV EF = 31 + 6%, global longitudinal
strain = =13 + 4%, E/e’ ratio = 9 + 3, MACE = 3. There was no statistically significant
difference between the two groups, in terms of EDVi (p: 0.2), ESVi (p: 0.2), and E/e’ ratio
(0.9), whereas a significant difference of LV EF, presence of significative mitral regurgi-
tation, and global longitudinal strain were observed (respectively, p: 0.03, p: 0.009, and
p: 0.03).
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LGE in Pediatric DCM

Conclusion: In our population of children with DCM, LGE shows a global diffuse sub-
endocardial pattern. Presence of LGE seems to play a role in these patients determining
a worst global systolic function.

Keywords: dilated cardiomyopathy, late gadolinium enhancement, cardiac magnetic resonance, systolic function,

ventricular mechanics

INTRODUCTION

Dilated cardiomyopathy (DCM) is defined as a ventricular dilata-
tion associated with systolic dysfunction not secondary to other
cardiac abnormalities such as coronary artery disease, valvular,
or congenital heart disease. Incidence of DCM in children is
extremely rare (0:58 cases/100,000 children) (1).

Etiology of dilation is known in about three thirds of cases;
however, the majority remains without a confirmed diagnosis
(1, 2).

Dilated cardiomyopathy development in pediatric patients
may be either genetic linked, if genetic pedigree of the family is
responsible for it, or non-familiar (1). DCM in children could be
expression of neuromuscular disorders, typically characterized by
dystrophin mutations. Finally, DCM can be linked to congenital
errors of metabolism such as lysosomal storage diseases, carnitine
deficiency, and mitochondrial myopathies (3).

Ventricular dilatation may also be due to “non-familiar”
conditions. In these cases, DCM is usually the consequence of a
previous myocarditis, chemotherapy, or fulminant Kawasaki (1).

Clinical manifestations of DCM can range from asympto-
matic patients up to heart failure and development of malignant
arrhythmias (4). If medical treatment fails, patients are listed for
cardiac transplantation, or must receive mechanical circulatory
support.

Cardiac magnetic resonance (CMR) has gained a crucial role
in adults with DCM, since CMR provides reliable information
about cardiac function and muscle tissue characterization (5).
In fact, CMR is able to evaluate with great accuracy regional left
ventricle (LV) wall motion, global systolic function, and pres-
ence of myocardial fibrosis (6, 7). Late gadolinium enhancement
(LGE) imaging enables identification and quantification of areas
of myocardial fibrosis. Hence, CMR represents a first etiological
non-invasive step, which could be helpful to distinguish between
ischemic and non-ischemic DCM.

In adult patients, various studies demonstrated not only a
diagnostic but also a prognostic role of LGE especially in non-
ischemic disease (5, 8-11).

Cardiac magnetic resonance assessment of myocardial fibrosis
has been reported to be useful in patients with congenital heart
disease (12-15) and cardiomyopathies; however, data about
LGE imaging in children are still limited. Pediatric patients
with DCM show a pattern of LGE distribution quite different
compared to adults. Furthermore, children usually show a more
heterogeneous pattern distribution of LGE compared to adults
(15, 16).

Hence, our aim was to investigate the potential role of CMR
and LGE in children affected by DCM.

PATIENTS AND METHODS

Patient Selection

We retrospectively evaluated all patients affected by DCM who
underwent cardiac MRI, between December 2014 and March
2016, at our institution.

Diagnosis of DCM was based on echocardiographic find-
ings with LV end-diastolic dimension Z score >2 and LV EF
<50%.

Patients younger than 8 years old underwent cardiac mitral
regurgitation (MR) under general anesthesia.

This study was carried out in accordance with the recom-
mendations of the “Ethical Committee of the Ospedale Pediatrico
Bambino Gesu” with written informed consent from all subjects.
All subjects gave written informed consent in accordance with
the Declaration of Helsinki.

CMR Acquisition Protocol

Cardiac magnetic resonance was performed with 1.5 T magnet
(Aera, Siemens, Erlangen, Germany). Enrolled patients met
the eligibility requirements, according to the guidelines of the
American College of Radiology of 2013 (17). Patients with DCM
secondary to other cardiac conditions and with glomerular filtra-
tion rate <30 ml/min/1.73 m? or frequent ventricular arrhyth-
mias, were excluded from the study.

Our protocol included cine steady-state free precession (SSFP)
sequences acquired on the long-axis cardiac planes: four cham-
bers, two chambers, and three chambers (FOV 400 X 310 mm?,
slice thickness 6-8 mm, acquisition matrix 256 X 173, voxel
size 1.5 mm X 1.5 mm X 7 mm, echo/repetition time (TE/TR)
1.1/40 ms, readout bandwidth 930 Hz/pixel, and flip angle 69°),
followed by a “stack” of contiguous SSFP cine images, with the
same technical parameters, acquired along cardiac short axis, to
cover the whole ventricle—from base to apex.

After 10-15 min of intravenous administration of contrast
agent (DOTAREM, Roissy, Guerbet, France), at 0.2 mmol/kg,
T1-weighted inversion recovery sequences [FOV 400 X 290 mm?,
slice thickness 6-8 mm, acquisition matrix 256 X 156, voxel size
1.3 x 1.3 X 7, TE/TR 3 ms/747 ms, flip angle 25°, and inversion
time (TI) 250-425 ms], were acquired along the same planes of
the cine SSFP images, in order to evaluate the presence of LGE.

To determine the correct TI, for nulling normal myocardial
signal intensity, a look-locker sequence was acquired in one
short-axis plane.

Steady-state free precession cine images and T1 inversion
recovery sequence for determining LGE, both were acquired in
expiratory apnea.
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The cine SSFP acquisitions acquired in short axis were trans-
ferred to an off-line workstation (CMR42, Circle Cardiovascular
Imaging, Calgary, AB, Canada) and analyzed using the Simpson
rule. End-diastolic volume (EDV), end-systolic volume (ESV),
and ejection fraction (EF) were calculated for each patient.
Subsequently, both EDV and ESV have been indexed for body
surface area (BSA).

MR and Left Atrial Dilatation

Mitral regurgitation was quantitatively assessed from LV stroke
volume and phase contrast velocity mapping flow measurements
in the aorta acquired during free-breathing (18). MR regurgitant
volume was calculated as LV stroke volume (ml/beat)—aortic
forward flow (mL/beat). MR regurgitant fraction (RF) was
calculated as: [regurgitant volume (mL/beat) X 100]/LV stroke
volume (mL/beat). MR when present was classified as follows:
mild (RF < 20%), moderate (20% < RF < 40%), and severe
(RE > 40%).

Left atrial dilatation was qualitatively assessed on cine SSFP
sequences acquired, respectively, on the three different long axis
view (four, two, and three chambers).

Echocardiographic Assessment

All patients underwent a complete transthoracic echocardio-
graphicexamination usinga PhilipsiE33 machine (Philips Medical
Systems, Andover, MA, USA). Standard Doppler analysis was
performed to obtain LV inflow velocities at the mitral valve tips,
including peak early diastolic filling (E) and late diastolic peak
velocities (A). Tissue Doppler analysis was performed to obtain
longitudinal early diastolic (e’) myocardial velocity calculated on
the septum and lateral wall. Ratio of E/e’ was derived to obtain
an estimate of LV filling pressure. Speckle tracking imaging was
used to obtain longitudinal (Le) strain of the LV. Longitudinal
strain were obtained from the analysis of three consecutive beats
from the apical four-chamber window and expressed as percent
of systolic deformation.

Clinical Follow-up

The whole population was followed up for major adverse cardiac
events (MACE) defined as a composite endpoint of death, trans-
plant, and listing for heart transplant. The median follow-up was
17 months.

Statistical Analysis

Analysis was performed using a commercial software (IBM SPSS
Statistics for Macintosh, Version 20.0; IBM Corp., Armonk, NY,
USA).

The distribution of indexed end diastolic volume (EDVi),
indexed end-systolic volume (ESVi), LV EF, E/e’ ratio, and global
longitudinal strain was established using the Shapiro-Wilk test.
Subsequently Mann-Whitney U test was performed in order to
assess a statistical significative difference between patients posi-
tive and negative for the presence of myocardial LGE. One-way
ANOVA was used to compare severity MR and atrial dilatation in
both groups. A cutoff value of p < 0.05 was considered statistically
significant.

RESULTS

Fifteen patients were enrolled. Mean age was 8 + 6 years. Main
demographic data of the overall population are resumed in
Table 1.

Within the whole population, the mean LV EF was 38 + 11%,
LV end-diastolic indexed volume was 111 + 51 ml/m> In seven
patients (47%), there was significant myocardial LGE. A global
diffuse (involving majority of LV segments) subendocardial
pattern was evident in all patients presenting LGE (7/7, 100%)
(Figures 1 and 2). Main CMR findings are summarized in Table 2.

The study population was divided into two groups: patients
with no evidence of significant LGE (Group A, eight patients) and
patients with the presence of diffuse subendocardial LGE (Group
B, seven patients). The two subgroups were well matched for age
and sex.

In Group A, the main findings were (values expressed as
average + standard deviation): age 7 + 6 years, indexed EDV
96 + 33 ml, indexed ESV 56 + 29 ml, LV EF 45 + 10%, global
longitudinal strain = —16 + 5%, and E/e’ ratio = 10 + 3. While
Group B showed the following data: age 9 + 4 years, indexed EDV
130 + 60 ml, indexed ESV 89 + 43 ml, LV EF 31 + 6%, global
longitudinal strain = —13 + 4%, and E/e’ ratio =9 + 3.

Main demographic data, CMR, and echocardiography find-
ings among the two subgroups are shown in Table 3.

No significative difference was observed in terms of indexed
EDV (p = 0.2) and indexed ESV (p = 0.2). However, LV EF was
significantly lower in Group B patients compared to Group A
(p=0.03). Moreover, the presence of MR—at least moderate—was
significantly lower in the subgroup of patients with no significant
LGE (p = 0.009). A significative difference of global longitudinal
strain was observed between Groups A and B (p = 0.03).

No significative difference in terms of LA dilation (p = 0.5),
possible indirect sign of diastolic dysfunction, and E/e’ (p = 0.9)
were observed between Groups A and B.

Major adverse cardiac events were more frequent on Group B
[3 (38%) vs 1 (14%)], but the small sample size did not allow any
survival analysis.

DISCUSSION

This study demonstrates that in children affected by DCM, despite
comparable LV volumes, the presence of diffuse subendocardial
LGE is associated with a decreased LV global systolic function
and worst global longitudinal strain. Interestingly, a global dif-
fuse subendocardial pattern, involving majority of LV segments,

TABLE 1 | Main demographic data of the cohort population.

Patients (n = 15)

Eta 8.4 + 6.2 anni
Age, years (mean + SD) 8+6
Male sex, n (%) 6 (40)
Height, cm (mean + SD) 119 + 38
Weight, kg (mean + SD) 29 + 22
BSA (mean + SD) 1+05
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FIGURE 1 | Seventeen-year-old patient with dilated cardiomyopathy (DCM) (A,B). Cine steady-state free precession (SSFP), in two chambers view, shows
dilated left ventricle (LV) (A) in absence of late gadolinium enhancement (LGE) (B). Three years old patient with DCM (C,D). Dilated LV in two chambers view on cine
SSFP (C). Diffuse subendocardial LGE is visible in two chambers view [arrows (D)].

FIGURE 2 | One-year-old patient with dilated cardiomyopathy. Cine
steady-state free precession on short axis view (A) shows dilated left ventricle
with associated diffuse global subendocardial late gadolinium enhancement
[arrows (B)].

papillary muscles, and trabeculae, was evident in all patients
presenting LGE.

A typical pediatric cardiomyopathy, quite similar to our find-
ing, had been already described in autopsy since the 1950s, and
it was called primary endocardial fibroelastosis (EFE) (19, 20).
Such entity was presumed to lead to a DCM (21). Thus, although

TABLE 2 | Left ventricular volumes and function in overall population.

Patients (n = 15)

EDV, ml (mean + SD) 106 + 72
EDVi, ml/m? (mean + SD) 111 + 51
ESV, ml (mean + SD) 67 +48
ESVi, ml/m? (mean + SD) 71 +£40
EF, % (mean + SD) 38 + 11
LA dilation, n (%) 5(33)
Mitral regurgitation, n (%)

Absent 6 (40)
Mild 5 (34)
Moderate 2(13)
Severe 2(13)
E/e’ ratio 10+3
Global longitudinal strain, % -14 +4
Major adverse cardiac events (n, %) 4 (26)
LGE (n, %) 7 (47)

EDV, end-diastolic volume; EDVi, BSA-indexed end-diastolic volume; ESV, end-systolic
volume; ESVi, BSA-indexed end-systolic volume; EF, ejection fraction.

primary EFE had been previously labeled as a separate form of
cardiomyopathy, in 2006 the new classification of the American
Heart Association does not consider it anymore as an isolate
disease and includes it in the spectrum of DCM (22). Primary
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TABLE 3 | Comparison of left ventricular volumes and function between
Group A and Group B.

GroupA(n=8) GroupB(n=7) pValue
Male sex, n (%) 3 (38%) 3 (43%) 0.5
Age, years (mean + SD) 7+6 9+4 0.8
EDVi, ml/m? (mean + SD) 96 + 33 130 + 60 0.2
ESVi (ml/m?; mean + SD) 56 + 29 89 + 43 0.2
EF (n, %) 45+ 10 31+6 0.03
LA dilation (n, %) 2 (25) 3 (42) 0.5
MR at least moderate (n, %) 0(0) 4 (60) 0.009
E/e’ ratio 10+3 9+3 0,9
Global longitudinal strain (%) -16+£5 -13+4 0.03

EDVi, end-diastolic volume; ESVi, BSA-indexed end-systolic volume; EF, left ventricle
ejection fraction; LA, left atrium; MR, mitral regurgitation.

EFE in the original description is characterized by the presence
of ventricular dilatation, diffuse fibrous endocardial thickening,
upward displacement of the papillary muscles, and valve leaflets
thickening (20, 23, 24). In terms of “outcome,” EFE is character-
ized by a very poor prognosis in pediatric patients (25, 26).

Our findings seem to confirm this report and corroborate the
hypothesis that in the presence of EFE the ventricular mechanic is
compromised, leading to impaired contraction and expansibility
of the cardiac cavity.

Moreover, development of this peculiar LGE pattern does
not seem to be related to disease duration, since age of the two
subgroups is not significantly different.

Our study also shows that significant MR is more frequent in
patients with significant LGE. This finding should not be linked to
a functional mechanism, since ventricular dilation is comparable
in the two subgroups. Therefore, the increasing leakage seems to
be related to a fibrotic involvement of the valve and subvalvar
apparatus. This is in keeping with the original description of
primary EFE where papillary muscles involvement and valve leaf-
lets thickening were described. Our data hence confirm that the
presence of global diffuse EFE in the setting of children affected
by DCM identifies a subgroup of patients with a worse disease
clinical expression.

The etiology of EFE is still debated in literature. Some articles
attribute the development of this condition to an increased
response of fetal myocardium in case of viral illnesses including
mumps, during pregnancy (27). The other main hypothesis is that
a sort of ischemic/vascular problem is the origin of this peculiar
finding. This is based on the global hypoperfusion detectable as
myocytolysis at the examination of autoptic specimen in these
patients. However, this abnormal finding can be commonly
found also in patients with DCM (21).

Curiously, between the two subgroups we could not find any
difference in terms of LA dilation and E/e’ ratio. EFE is com-
monly believed to be a cause of diastolic dysfunction (28, 29). Our
finding could be due to the poor sample size. Nevertheless, as it
is well known for adult population, diastolic dysfunction might
occur later in the natural history of children with DCM.

We must admit that the main limitation of this study is the
small number of our cohort, which does not allow any definitive

conclusion. Nevertheless, it should be emphasized that indication
to CMR for a children affected by DCM is not so straightfor-
ward. Since on average general anesthesia is required for patients
younger than 8 years old, balancing possible risks and benefits,
the number of patients undergoing CMR in this setting is little
worldwide, especially in the infancy.

Furthermore, we should admit that the evaluation of MR
calculated with free breathing phase contrast may represent a
bias if compared with stroke volume deducted by breath-hold
cine images. In effect, it has been demonstrated that a trend to
have higher stroke volume during free breathing phase contrast
sequences if compared to the breath-hold ones (30). This could
influence the RF of mitral valve that we calculated with magnetic
resonance, although a concordance between data acquired on
echocardiography and magnetic resonance in our cohort was
observed.

From a clinical point of view, a trend of increased likelihood
for developing MACE in population with positive LGE was
found. However, the small sample size did not allow any specific
survival analysis.

The prognostic role of LGE in children affected by DCM in
effect is likely one of the most appealing future perspective, which
could arise from our pilot study. Clearly, our initial findings
should be confirmed on a wider analysis, performed on a larger
cohort of patients.

CONCLUSION

In our population of children affected by DCM, LGE is frequent
(47%), and it shows a characteristic global diffuse subendocardial
pattern. Despite comparable LV volumes, the presence of fibrosis
seems to play a key role in these patients, determining a worst
clinical expression of disease. If LGE is present, patients have a
significant lower global systolic function and more frequently
show a significant MR. More data confirming these findings on a
larger population and investigating the prognostic role of LGE in
this setting are needed.
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Timely Pulmonary Valve Replacement
May Allow Preservation of Left
Ventricular Circumferential Strain in
Patients with Tetralogy of Fallot

Barbara E. U. Burkhardt"?*, Mari Nieves Velasco Forte®, Saravanan Durairaj®, Isma Rafiq?®,
Israel Valverde®, Animesh Tandon’, John Simpson® and Tarique Hussain'?

" Department of Pediatrics, University of Texas Southwestern Medical Center, Dallas, TX, USA, ? Pediatric Heart Center,
University Children’s Hospital Zurich, Zurich, Switzerland, °Division of Imaging Sciences and Biomedical Engineering, King’s
College London, London, UK

Introduction: Patients with Tetralogy of Fallot (TOF) and pulmonary insufficiency and a
dilated right ventricle (RV) may suffer from a reduction in left ventricular (LV) performance.
Itis not clear whether timely pulmonary valve replacement (PVR) preserves LV mechanics.

Methods: Ten TOF patients who underwent PVR were identified from hospital records,
and pre- and postoperative cardiac magnetic resonance images were post-processed
with a semi-automatic tissue tracking software. LV circumferential strain, time to peak
strain, and torsion were compared before and after PVR. A control group of 10 age-
matched normal volunteers was assessed as a comparison.

Results: LV circumferential strain did not change before vs. after PVR (basal —18.3 + 3.7
vs. —20.5 + 3%, p = 0.082; mid-ventricular —18.4 + 3.6 vs. =19.1 + 2%, p = 0.571; api-
cal —22.7 + 5.2 vs. —=22.1 + 4%; p = 0.703). There was also no difference seen between
the baseline strain and normal controls (control basal —18.2 + 3.3%, p = 0.937; mid
—-18 + 3.2%, p = 0.798; apex —24.1 + 5%, p = 0.552). LV torsion remained unchanged
from baseline to post PVR [systolic 2.75 (1.23-9.51) °/cm vs. 2.3 + 1.2°/cm, p = 0.285;
maximum 5.5 + 3.5°/cm vs. 2.34 (1.37-8.07) °/cm, p = 0.083]. There was no difference
in time to measured peak LV circumferential strain before vs. after PVR (basal 0.44 + 0.1
vs. 0.43 + 0.05, p = 0.912; mid-ventricular 0.42 + 0.08 vs. 0.38 + 0.06, p = 0.186; api-
cal 0.40 + 0.08 vs. 0.40 + 0.06, p = 0.995). At the same time, pulmonary regurgitation
and RV end-diastolic and end-systolic volume indices decreased and LV end-diastolic
volume increased after PVR. RV and LV ejection fractions remained constant.

Conclusion: PVR allows for favorable remodeling of both ventricular volumes for TOF
patients with significant pulmonary regurgitation. In this cohort, LV myocardial functional
parameters such as circumferential strain, time to peak strain, and LV torsion were nor-
mal at baseline and remain unchanged after PVR.

Keywords: Tetralogy of Fallot, congenital heart defects, left ventricle, tissue tracking, strain, magnetic resonance,
pulmonary valve replacement, myocardial function

Abbreviations: CMR, cardiac magnetic resonance; LV, left ventricle; PVR, pulmonary valve replacement; RV, right ventricle;
TOF, Tetralogy of Fallot.
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PVR and LV Circumferential Strain in TOF

INTRODUCTION

The right ventricle (RV) in patients with Tetralogy of Fallot
(TOF) is at risk for progressive dilation secondary to pulmonary
regurgitation. This may lead to an impairment of left ventricular
(LV) mechanics, especially to a reduction in LV circumferential
and radial strain, even in asymptomatic children and adoles-
cents (1). Reduced RV longitudinal strain was shown to cor-
relate with reduced LV longitudinal strain in adults with TOF
(2), and LV circumferential and longitudinal strain have been
associated with death or sustained ventricular tachycardia in
TOF patients (3).

The indication for treatment by pulmonary valve replace-
ment (PVR) is subject to much discussion currently, as both
surgical and transcatheter PVR are being evaluated for their
long-term benefit (4). The effects of PVR on myocardial
mechanics have been described using echocardiography with
tissue Doppler (5) and with speckle tracking or velocity vector
analysis (6).

Cardiac magnetic resonance (CMR) is recommended in TOF
patients for follow-up of RV volume and function (7). With the
advent of tissue tracking, CMR cine images can be post-processed
to measure biventricular strain and synchrony (8, 9).

Global circumferential strain has been shown to be the most
reproducible measure of strain on CMR feature tracking (9). LV
circumferential strain measured in a mid-ventricular slice by
CMR feature tracking correlated with functional status and was
one of the predictors of poor outcome in a large cohort study of
372 patients with TOF (10).

We hypothesized that LV circumferential strain and time
to peak strain as well as LV torsion improve after PVR in TOF
patients with dilated RV.

MATERIALS AND METHODS

Patient Selection

The retrospective, anonymized use of data was approved by
the St. Thomas™ Hospital Research Ethics Committee (London,
England) 08/H0810/058. Written informed consent was not
required.

Any patient who had undergone surgical PVR for pulmonary
regurgitation after repair of TOF was included, if they had under-
gone pre- and post-procedure cine CMR including a short-axis
cine stack of the left ventricle between July 2004 and August 2015,
and the MRI study was available in the digital archive. Patients
were excluded if other significant hemodynamic lesions were pre-
sent (e.g., mitral regurgitation or significant branch pulmonary
artery stenosis). Sixty-four surgical cases were performed in this
time. Of these, only 14 met the inclusion criteria. Of these, four
were excluded due to inadequate images.

Patients underwent surgical PVR 19 + 9 years after initial
tetralogy repair due to moderate to severe pulmonary regurgita-
tion with significant RV dilation. The institutional policy at this
time was for elective PVR if there was progressive dilation of the
RV, significant RV diastolic chamber enlargement (>150 ml/m?),
or any reduction in ventricular ejection fractions.

Imaging
Cardiac magnetic resonance was performed on a 1.5 T scanner
(Intera or Achieva, Philips Healthcare, Best, The Netherlands).
ECG gated balanced cine steady-state free precession images
were obtained in a short-axis stack of 9-13 slices from the
atrioventricular valves to the apex, in 20-30 phases per cardiac
cycle with a slice thickness of 8-10 mm, gap 0-2 mm, field of
view between 272 mm X 272 mm and 390 mm X 390 mm, echo
time 1.11-1.68 ms, temporal resolution at a median of 34.5 ms
(25.3-50 ms), in breath-holding technique. CMR images of age-
matched healthy volunteers were used as a control group.
Off-line post-processing was performed using cmr42 Release
5.3.4 (Circle Cardiovascular Imaging Inc., Calgary, AB, Canada).
Ventricular volumes and ejection fractions of both ventricles
were obtained from systolic and diastolic tracings as described
elsewhere (11), and volumes were indexed to body surface area.
For tissue tracking analysis, basal, mid-ventricular, and apical
slices were identified, which displayed myocardium along the
entire LV circumference in all phases, avoiding the most basal
and the most apical slices. End-diastole and end-systole were
manually defined by comparing mid-ventricular slices in all
phases. Endocardial and epicardial contours of the left ventricle
were drawn manually, starting in end-diastole (Figure 1), tracked
semi-automatically across all phases, and corrected manually
where necessary, in order to accurately mark the endocardial and
epicardial borders. Tissue tracking analysis (12) with a local heart
coordinate system (13) was used to derive global circumferential
strain curves of each slice as well as torsion of the LV. Maximal
systolic values were used for analysis, only taking into account
measured points, not interpolated graph data. Time to peak strain
was measured as the number of phases from end-diastole to peak
circumferential strain divided by the total number of phases, thus
giving a measure independent of the patient’s heart rate.

Statistical Methods

Ventricular volumes were indexed to body surface area. Statistical
analyses were performed with IBM SPSS Statistics 24 (IBM
Corporation, Armonk, NY, USA). Continuous data are expressed
as mean + SD or as median (range) as appropriate. The one-
sample Kolmogorov-Smirnov test was used to test for normal
distribution. Pre- and post-PVR conditions were compared
by Wilcoxon signed-rank tests for non-normally distributed
variables, and paired sample t-tests were used for normally
distributed variables. Independent sample t-tests were used for
comparisons between patient groups. Coefficients of variation
(SDs of differences between two measurements, divided by the
respective means of two measurements) and intraclass correlation
coeflicients were calculated to describe intra- and interobserver
variability of measurements.

RESULTS

Patient Characteristics

Ten patients qualified for pre- and postsurgical CMR analysis
(seven males, three females). Patient and control subject ages,
weights, and heart rates are summarized in Table 1.
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FIGURE 1 | Example of diastolic and systolic tracings of a mid-ventricular slice in a post-PVR patient.

TABLE 1 | Patient characteristics.

Before PVR After PVR Controls p-Value before vs. after PVR p-Value before PVR vs. controls
Age (years) 25.1+£10.5 29.1 +10.8 284+ 3.7 0.002* 0.634
Weight (kg) 66.4 +13.3 68.6 +12.9 74.3 +19.4 0.565 0.301
Heart rate (bpm) 65.4 +10.9 63.8+10.5 724 +11.8 0.660 0.184

*Statistical significance assumed for p < 0.05.

PVR, pulmonary valve replacement.

Preoperative cardiac magnetic resonance (CMR) was performed 18 months prior to PVR (median; range 0-49 months). Postoperative CMR was performed 26 months after PVR
(median; range 6-117 months).

Ventricular Volumes and Function

Pulmonary regurgitation and RV end-diastolic and end-
systolic volumes were significantly reduced after PVR com-
pared to baseline. LV end-diastolic volume showed an increase,
although it was not significantly abnormal before PVR. There
were no changes in LV end-systolic volume, RV or LV ejection
fractions (Table 2).

Reproducibility

(a) Intraobserver variability results of 10 subjects (TOF n = 5;
control n = 5) are presented in Table 5.

(b) Interobserver variability results of 10 subjects (TOF n = 5;
control n = 5) are presented in Table 6.

DISCUSSION

LV Circumferential Strain and Torsion

Left ventricular circumferential strain or torsion did not change
at the basal, the mid-ventricular, or the apical level after PVR
compared to before PVR (Table 3; Figure 2). No difference in LV
circumferential strain or torsion was seen between TOF patients
at baseline and controls (Figure 2).

Pulmonary valve replacement was effective in our patient
cohort to reduce pulmonary regurgitation and RV end-
diastolic and end-systolic volumes. LV end-diastolic volume
increased after PVR, which has been shown by others before
(14), and which is most likely due to the interventricular
septum making way for LV filling after RV volume overload
was relieved. RV and LV ejection fractions were not indicators
of the improved physiology.

Interestingly, LV circumferential strain did not show a signifi-

Time to Peak Circumferential Strain
The fraction of phases to peak LV circumferential strain based on

the total number of phases per cardiac cycle did not differ before
vs. after PVR (Table 4).

cant change before vs. after PVR in the basal, mid-ventricular, or
apical slices either. Time to peak circumferential strain and LV
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TABLE 2 | Ventricular volumes and function before and after PVR.

Before PVR After PVR Controls p-Value before vs. after PVR p-Value before PVR vs. controls

Pulmonary RF (%) 50.3+ 129 124 +13.3 n/a <0.001* n/a

RVEDVi (ml/m?) 154 + 22 111 £ 32 91 +23 0.006" <0.001*

RVESVi (ml/m?) 79+ 15 57 +19 41+ 11 0.021* <0.001*

RVEF (%) 49+ 6 49+6 55+ 2 0.872 0.006*

LVEDVi (ml/m?) 78 + 12 ml/m? 90 +20 89 + 16 0.038* 0.107

LVESVi (ml/m?) 33 + 7 mi/m? 37+9 41+8 0.142 0.025

LVEF (%) 57 +6 59+6 54 +4 0.427 0.172

*Statistical significance assumed for p < 0.05.
Values are expressed as mean + SD.

PVR, pulmonary valve replacement; TOF, Tetralogy of Fallot; Pulmonary RF, pulmonary regurgitation fraction; RVEDVI, right ventricular end-diastolic volume indexed to body surface
area; RVESVi, right ventricular end-systolic volume indexed to body surface area; RVEF, right ventricular ejection fraction; LVEDVI, left ventricular end-diastolic volume indexed to
body surface area; LVESV, left ventricular end-systolic volume indexed to body surface area; LVEF, left ventricular ejection fraction.

TABLE 3 | Left ventricular circumferential strain and torsion before and after PVR.

Before PVR After PVR Controls p-Value before vs. after PVR p-Value before PVR vs. controls
Basal LV circumferential strain (%) -18.3+3.7 -20.5+3 -18.2+3.3 0.082 0.937
Mid-ventricular LV circumferential strain (%) -18.4 + 3.6 —-19.1+2 -18 £3.2 0.571 0.798
Apical LV circumferential strain (%) —-22.7+5.2 221 +4 -24.1+5 0.708 0.652
Systolic LV torsion (°/cm) 2.75 (1.23-9.51) 23+1.2 4425 0.285 0.755

Values are expressed as mean + SD where appropriate, otherwise as median (range).
PVR, pulmonary valve replacement; TOF, Tetralogy of Fallot; LV, left ventricle.
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FIGURE 2 | Left ventricular (LV) circumferential strain in patients with
Tetralogy of Fallot and in normal controls.

torsion were also unchanged before vs. after PVR. Patients did
not have different LV circumferential strain, LV torsion, or time
to peak circumferential strain values than controls either before
or after PVR.

Like many studies looking at the reproducibility of strain
measurements (9, 12), our data also show very good intra- and
inter-rater comparisons for LV circumferential strain at the basal,
mid-ventricular, and apical levels. Time to peak strain agree-
ment was highest in the apical slice. However, our LV torsion

measurements were not as well reproducible using this tissue
tracking technique.

The Left Ventricle in Fallot Patients

We did not show any impairment in circumferential strain in our
TOF patients compared to controls and no change after PVR.
Furthermore, our study confirms the reproducibility of tissue
tracking for LV strain analysis. However, the LV in TOF has been
shown to suffer together with the RV in the long term. Indeed,
adult patients with repaired TOF are presenting with an excess of
early onset heart failure (15). This notion is supported by small
animal models of chronic RV pressure loading, which show
upregulation of LV fibrosis and apoptosis (16, 17). Recent work
also suggests that serum biomarkers of heart failure are elevated
in this group and track with the degree of right ventricular vol-
ume loading (18).

Therefore, it seems reasonable to presume that our findings
are incongruent with these facts because our patients underwent
early intervention which preserved their LV function. Normal
values for LV circumferential strain in young adults by CMR fea-
ture tracking have been established in a large cohort by Augustine
et al. (19), with LV circumferential strains of —22 + 4% at the
base, —18 + 3% in mid-ventricular, and —21 = 38% (sic) in apical
slices. We found that our TOF patients had strain values largely
in this range. Our findings are supported by Kempny et al., whose
TOF patients had similar circumferential strain in a single mid-
ventricular slice compared to their normal controls (20).

Although Padiyath et al. (21) reported reduced LV mid-
ventricular circumferential strain in TOF patients compared to
their normal volunteers (21), it should be noted that their TOF
patients had strain values that were actually also within the normal
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TABLE 4 | Proportion of phases to peak circumferential strain by total number of phases.

Before PVR After PVR Controls p-Value before vs. after PVR p-Value before PVR vs. controls
Basal LV 0.44 + 0.1 0.43 +0.05 0.42 +0.08 0.912 0.721
Mid-ventricular LV 0.42 +0.08 0.38 + 0.06 0.44 £ 0.1 0.186 0.729
Apical LV 0.40 + 0.08 0.40 + 0.06 0.44 + 0.06 0.995 0.216
Values are expressed as mean + SD.
PVR, pulmonary valve replacement; TOF, Tetralogy of Fallot; LV, left ventricle.
TABLE 5 | Intraobserver variability.
Intraobserver variability, n = 10

Mean value Mean difference SD of differences Limits of agreement CV (%) ICC

Basal ¢ circ (%) -18 1.36 2.61 -0.26; 3.0 14.2 0.790
Mid e circ (%) -16.7 0.28 3.00 —1.58;2.13 13.7 0.681
Apical ¢ circ (%) -22 -1.14 2.44 -2.65; 0.37 8.5 0.944
Basal phases to peak strain 0.40 -0.02 0.05 —0.06; 0.01 11.5 0.849
Mid phases to peak strain 0.42 -0.02 0.13 —-0.10; 0.06 23.9 0.353
Apical phases to peak strain 0.40 0.01 0.02 —0.01; 0.02 55 0.961
Systolic LV torsion (°/cm) 3.43 1.42 2.96 -0.42; 3.25 66.8 0.250

Basal ¢ circ, basal left ventricular circumferential strain; mid € circ, mid left ventricular circumferential strain; apical € circ, apical left ventricular circumferential strain; basal phases

to peak strain, proportion of phases to peak basal left ventricular circumferential strain by total number of phases, mid phases to peak strain, proportion of phases to peak mid left
ventricular circumferential strain by total number of phases; apical phases to peak strain, proportion of phases to peak apical left ventricular circumferential strain by total number of
phases; LV, left ventricle; CV, coefficient of variation = SD of differences between two measurements, divided by mean of two measurements; ICC, intraclass correlation coefficient
(average measures).

Limits of agreement encompass the 95% confidence interval of the difference between measurements.

TABLE 6 | Interobserver variability.

Mean value Mean difference SD of differences Limits of agreement CV (%) ICC
Basal ¢ circ (%) -17.8 0.77 1.28 -0.02; 1.57 5.6 0.942
Mid ¢ circ (%) -16.3 -0.7 2.21 -2.07; 0.67 10.1 0.815
Apical ¢ circ (%) -22.4 -0.44 2.83 -2.19;1.32 6.1 0.922
Basal phases to peak strain 0.41 -0.05 0.08 —0.10; 0.00 17.9 0.263
Mid phases to peak strain 0.39 0.04 0.07 —0.01; 0.08 15.2 0.584
Apical phases to peak strain 0.40 0.01 0.04 —-0.01; 0.038 7.7 0.902
Systolic LV torsion (°/cm) 3.67 0.92 2.48 -0.62; 2.46 41.8 0.621

Basal ¢ circ, basal left ventricular circumferential strain, mid € circ, mid left ventricular circumferential strain, apical € circ, apical left ventricular circumferential strain; basal phases

to peak strain, proportion of phases to peak basal left ventricular circumferential strain by total number of phases; mid phases to peak strain, proportion of phases to peak mid left
ventricular circumferential strain by total number of phases; apical phases to peak strain, proportion of phases to peak apical left ventricular circumferential strain by total number of
phases; LV, left ventricle; CV, coefficient of variation = SD of differences between two measurements, divided by mean of two measurements; ICC, intraclass correlation coefficient

(average measures).

Limits of agreement encompass the 95% confidence interval of the difference between measurements.

range of the large healthy volunteer study (19). In keeping with
this, in the largest analysis of strain in TOF patients performed to
date (10), LV circumferential strain was also in the normal range
[-21.6; 95% CI (18.9, 24.5)]. This finding is mirrored by find-
ings from Moon et al. (3), again showing normal strain values in
TOF patients (circumferential strain 23%) but reduced strain in
a very small cohort that had adverse outcomes (17%, p = 0.003).
A reduction in circumferential strain may therefore be a late sign
of adverse LV myocardial condition.

LV Torsion
Young adults with repaired TOF with and without PVR both
show decreased LV twist on 3D echocardiography (22). There

is very little available literature on LV torsion measured by
CMR tissue tracking in patients with TOF. However, our data
showed that reproducibility for LV torsion was poor, and
others have shown considerable coefficients of variation in
healthy volunteers before (12). The higher variability of torsion
compared to circumferential strain is not surprising, because
torsion is calculated from two separate LV slices instead of one.
Further work is necessary before this analysis is applicable to
these patients.

Time to Peak Strain
Time to peak strain is easy to measure from strain curves
and was prolonged for longitudinal strain in the RV of TOF
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patients in an echocardiographic speckle tracking analysis
by Mueller et al. (23) but not in the LV [see also Ref. (24)].
However, as the LV primarily consists of circumferential fibers,
the circumferential direction of deformation could be more
indicative of dysfunctional LV mechanics, even more so in the
context of a flattened interventricular septum in TOF patients
with RV volume overload prior to PVR. The fact that our study
did not find any difference in time to peak LV circumferential
strain before and after PVR could be due to the relatively low
number of phases per cardiac cycle, so that differences in short
time intervals may have been missed.

Pulmonary Valve Replacement

All patients in this study had PVR surgery. In a similarly small
cohort of 13 patients with pulmonary regurgitation undergoing
transcatheter PVR, most of them with an underlying diagnosis
of TOF, Harrild et al. (25) found an increase in the amount of
LV circumferential strain by CMR tissue tracking, even though
mean values were higher than published normal (19) even prior
to PVR.

In our cohort of patients with repaired TOF, LV myocardial
deformation parameters were in normal ranges both before and
after PVR. Again, this may be due to an institutional bias to
replace a dysfunctional pulmonary valve early, before RV and LV
function might suffer.

Limitations

Patient recruitment for this analysis was retrospective. It is
possible that statistical significance for some parameters was
not reached because of the number of patients being too small.
However, post hoc analysis showed that at a significance level of
0.05 and 80% power, the study was empowered to show a 3%
difference in circumferential strain at the mid-ventricular level.
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Objective: This study sought to explore the diagnostic insight of cardiovascular magnetic
resonance (CMR)-derived wave intensity analysis to better study systolic dysfunction in
young patients with chronic diastolic dysfunction and preserved ejection fraction (EF),
comparing it against other echocardiographic and CMR parameters.

Background: Evaluating systolic and diastolic dysfunctions in children is challenging,
and a gold standard method is currently lacking.

Methods: Patients with presumed diastolic dysfunction [n = 18; nine aortic stenosis
(AS), five hypertrophic, and four restrictive cardiomyopathies] were compared with
age-matched control subjects (n = 18). All patients had no mitral or aortic incompe-
tence, significant AS, or reduced systolic EF. E/A ratio, E/E’ ratio, deceleration time,
and isovolumetric contraction time were assessed on echocardiography, and indexed
left atrial volume (LAVi), acceleration time (AT), ejection time (ET), and wave intensity
analyses were calculated from CMR. The latter was performed on CMR phase-contrast
flow sequences, defining a ratio of the peaks of the early systolic forward compression
wave (FCW) and the end-systolic forward expansion wave (FEW).

Results: Significant differences between patients and controls were seen in the
E/E’" ratio (8.7 £ 4.0 vs. 5.1 £ 1.3, p = 0.001) and FCW/FEW ratio (2.5 + 1.6 vs.
7.2 + 4.2 x 10°° m/s, p < 0.001), as well as—as expected—LAVi (80.7 + 22.5 vs.
51.0 £ 10.9 mL/m?, p < 0.001). In particular, patients exhibited a lower FCW (2.5 + 1.6
vs. 7.2 + 4.2 x 105 m/s, p < 0.001) in the face of preserved EF (67 + 11 vs. 69 + 5%,
p = 0.392), as well as longer isovolumetric contraction time (49 + 7 vs. 34 + 7 ms,
p < 0.001) and ET/AT (0.35 + 0.04 vs. 0.27 + 0.04, p < 0.001).
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Ntsinjana et al.

Non-Invasive Assessment of Ventricular Function

Conclusion: This study shows that the wave intensity-derived ratio summarizing systolic
and diastolic function could provide insight into ventricular function in children, on top
of CMR and echocardiography, and it was here able to identify an element of ventricular
dysfunction with preserved EF in a small group of young patients.

Keywords: systolic function, diastolic function, wave intensity analysis, ventricular mechanics, cardiovascular

magnetic resonance

INTRODUCTION

Assessment of systolic and diastolic dysfunctions in pediatric
patients poses difficulties due to the lack of a “gold standard”
diagnostic biomarker. Currently, ventricular function, in
particular diastolic dysfunction, is best assessed using catheter-
based techniques, though these are invasive in nature and present
technical limitations (1). Echocardiography offers a non-invasive
alternative, including detection of early myocardial dysfunction
before any detectable change in ejection fraction (EF) (2), but
it also presents limitations, partly due to the fact that existing
normal echocardiographic values have too broad a range in the
pediatric population (3).

In the adult population, up to 50% of elderly patients with heart
failure have a normal ejection fraction (HFNEF) (4). This entity
has also been observed in the pediatric literature, with several
pediatric cardiac diseases that can present with diastolic dysfunc-
tion in the face of a normal EE. These include congenital aortic
stenosis (AS) (5), hypertrophic cardiomyopathy (HCM) (6), and
restrictive cardiomyopathy (RCM) (6), where young patients had
findings consistent with diastolic dysfunction and normal EE
With the current diagnostic tests having potential limitations in
children (and also in adults), we sought to assess a novel index
obtained from wave intensity analysis [derived non-invasively
from cardiovascular magnetic resonance (CMR) data] in children
with a high likelihood of diastolic dysfunction but normal EF, in
order to gather better insight into their ventricular function.

Wave intensity represents energy flux per unit area carried by
waves traveling in the cardiovascular network (7). This hemo-
dynamic quantity carries information on interactions between
the heart and the vasculature, i.e., ventriculoarterial coupling
(8-10). Early work in this context suggested the potential of this
method to provide insight into ventricular filling mechanics and
speculated that it could help in the detection and characteriza-
tion of diastolic dysfunction (11). This article aims to explore the
diagnostic insight of CMR-derived wave intensity analysis in a
group of children with preserved EF and chronic diastolic dys-
function, as a way to better study systolic dysfunction in patients
with diastolic dysfunction.

MATERIALS AND METHODS

Patient Population

We retrospectively identified a total of 31 patients who had under-
gone both CMR and detailed echocardiogram and were labeled
to have presumed diastolic dysfunction. The datasets from these
patients were then subjected to strict inclusion criteria for further
analysis with wave intensity, namely:

(a) Dilated left atrium (LA) on CMR and echocardiogram
(Z-score > +2.0)

(b) Normal EF > 55% on CMR

(¢) No mitral valve stenosis or regurgitation

(d) No significant AS (Vi gradient < 30 mmHg) or aortic
regurgitation.

Eighteen subjects fitted the criteria, whereby no study patient
had mitral or aortic incompetence, significant AS or reduced
systolic EF:

o Nine patients had congenital AS—four patients had neonatal
balloon aortic valvuloplasty followed by Ross procedure (pul-
monary autograft aortic valve replacement and pulmonary
homograft procedure) to treat residual AS and five patients
had neonatal surgical valvotomy, followed by Ross procedure.

o Five patients had HCM with the evidence of dilated LA on
CMR or echocardiography, normal EF on CMR (>55%), no
left ventricular outflow tract obstruction, and no history of
myomectomy or alcohol ablation.

« Four patients had idiopathic RCM based on high end-diastolic
pressures (EDP) on previous catheterization, echocardio-
graphic features reported as restrictive physiology (dilated LA
and Doppler evidence of restriction), and normal EF (>55%).

Eighteen healthy age-matched controls with no current or
past evidence of phenotypic cardiovascular disorders served as
our control subjects.

Echocardiographic Data

All patients had an echocardiographic examination as a part of
their assessment. Diastolic function assessment included pulsed
Doppler of the mitral inflow and tissue Doppler imaging (TDI).
All measurements of diastolic variables were retrospectively
re-measured by a single echocardiographer. Conventional
pulsed Doppler indices of diastolic function, peak early (E) and
late (A) diastolic trans-mitral velocities, E/A ratio, and E-wave
deceleration time (DT) were measured from the spectral Doppler
signal of the mitral valve inflow, together with the isovolumetric
contraction time (IVCT). Pulsed-wave TDI velocities were
obtained from the septal mitral annulus (apical four-chamber
view). TDI measurements for each myocardial segment included
peak early diastolic velocity (E") and peak late diastolic velocity
(A"). Only tracings that demonstrated a clear E’ were used. Each
TDI velocity was measured on three consecutive cardiac cycles
and averaged for the analysis. The ratio of peak early diastolic
mitral inflow velocity and early septal TDI velocity (E/E’) was
calculated. Examples of echocardiographic data are provided in
Figure 1.
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FIGURE 1 | Echocardiographic data from a patient showing diastolic dysfunction: (A) trans-mitral Doppler E/A = 2.4, deceleration time = 111 ms; (B)
tissue Doppler imaging E’ = 0.07, a high E/E’ ratio of 18.1 signifying diastolic dysfunction.

CMR Data

Cardiovascular magnetic resonance data were acquired with a
1.5-T scanner (Avanto; Siemens Medical Solutions, Erlangen,
Germany). Flow quantification was performed using phase-
contrast sequences, with through-plane flow data acquired with
the use of retrospective cardiac gating. Appropriate velocity-
encoding values were set ~250 cm/s for through-plane flow
quantification. Indicative parameters for the flow phase-contrast
sequences were TR/TE = 27/3 ms, flip angle = 30°, and pixel
size = 1.25 X 1.25, with a field of view = 240 X 320 or smaller.
Acquisition parameters were adapted if necessary to optimize the
quality of the scan for each case. Retrospectively gated, balanced,
steady-state free precession cine images were acquired in the ver-
tical long-axis (two-chamber), four-chamber, and the short-axis
covering the entirety of both ventricles (9-12 slices). Myocardial
late gadolinium enhancement for tissue characterization was
performed in the long- and short-axis planes, using inversion
recovery prepared gradient recalled echo sequence 10-15 min
after injection of gadolinium (Dotarem®, gadoterate meglumine,
Gd-DOTA, 0.1 mmol/kg; Guerbet, Paris, France). Inversion time
was adjusted (250-350 ms) in order to null the normal viable
myocardium. All postprocessing was carried out using in-house
written plug-ins (OsiriX; Pixmeo, Geneva, Switzerland).

Left ventricular end-diastolic and end-systolic volumes were
measured and indexed for BSA (i). The stroke volume, EE, and
cardiac output were derived from these measurements. On top
of the functional data, LA area and length were also measured
from the two-chamber and four-chamber views, respectively,
at the end of ventricular systole. The LA area was obtained by
tracing its endocardial border excluding the pulmonary veins, LA
appendage, and mitral valve recess. These parameters were used
to calculate LA volume (LAV) using the formula (12, 13):

_ 8(A2ch)(A4ch)
3nL

LAV

where A2ch is the area of the two-chamber view, A4ch is the area
of the four-chamber view, and L is the shorter of the two LA length
measurements (L2Ch and L4Ch) from these views (Figure 2).

The aortic velocity waveforms were used to compute peak
velocity, acceleration time (AT), and ejection time (ET).

Wave Intensity Analysis
Wave intensity carries important information on ventriculoarte-
rial interactions as well as time-domain information on wave
reflections (7). By formulating wave intensity in terms of area
(A) and velocity (U) differentials, i.e. dI = dUdInA, as opposed
to the traditional pressure-based formulation, i.e., dI = dPdU,
the analysis can be performed non-invasively based on CMR
phase-contrast acquisitions. Wave intensity information was
derived from CMR data using a previously proposed methodol-
ogy (14). The image processing was carried out using an in-house
written plug-in (OsiriX), whereby images are semiautomatically
segmented to extract the A and U signals from the ascending
aortic flow sequence and these are then combined to compute dI.
The following two dominant waves are identified in a typical dI
pattern: a forward compression wave (FCW) at systolic ejection
and a forward expansion wave (FEW) at end systole (Figure 3).
Previous work has linked FCW with ventricular dP/dt and FEW
with diastolic time relaxation constant (z), suggesting dI as a clini-
cally useful parameter for concurrently assessing LV systolic and
early diastolic performance (15). Not only systolic and diastolic
dysfunctions are unlikely to occur in isolation, but furthermore
a desirable test for patients with heart failure has been suggested
to be a non-invasive assessment of systolic and diastolic left
ventricular functions together, not to uncouple systolic from
diastolic function (16). For this reason, a single, non-dimensional
parameter is proposed here and calculated as the ratio of dI peaks,
i.e., =FCW/FEW, as an indicator of ventricular function. The
rationale for choosing this parameter was based on the observa-
tion that systolic and diastolic dysfunctions often coexist, and
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FIGURE 2 | Balanced-SSFP cine images of: (A) two-chamber (2ch) view and (B) four-chamber (4ch) at end systole showing measurement of the left
atrial volume (LAV) by the biplane area-length method. The atrial endocardial border was traced to delineate left atrium (LA) area excluding the pulmonary
veins, LA appendage, and mitral valve recess. LA volume was measured as reported in the Section “Materials and Methods.”

the combined ratio would likely be more informative of cardiac
dysfunction than systolic/diastolic measures alone (17, 18).

Data Analysis

All data processing was carried out in Matlab (MathWorks,
Natick, MA, USA). Healthy controls and patients were compared
for the following parameters: E/A, E/E’, DT, and IVCT from
echocardiography; EF, indexed left atrial volume (LAVi) and
AT/ET from CMR; and FCW/FEW. Aortic distensibility (D) was
inferred from wave speed (c) according to the Bramwell-Hill
formula, ¢* = 1/pD, with p = density of blood and ¢ estimated as
a part of the CMR-based wave intensity analysis.

Statistical Analysis

Statistical analysis was carried out with commercial software
(SPSS v.22; SPSS Inc., Chicago, IL, USA). Data are presented as
mean + SD. Comparisons of continuous variables of unpaired
samples between groups (controls vs. patients) were performed
using unpaired two-tailed Student’s t-test, or Mann—-Whitney U
test for non-parametric data. Linear correlation among different
variables was assessed using the Pearson r coeflicient. A value of
p < 0.05 was regarded as statistically significant.

RESULTS

Baseline characteristics, CMR, echocardiography, and wave
intensity data between patients and healthy control subjects
are presented in Table 1. Baseline characteristics showed that
patients were age-matched with healthy controls (13.6 + 4.5 vs.
14.9 + 2.2 years, p = 0.259). There were no blood pressure differ-
ences between the two groups.

Echocardiographic Evaluation
Indices of conventional pulsed-wave Doppler across the mitral
valve and TDI are listed in Table 1. There was no significant

difference of E/A ratio and DT between patients and healthy
controls. E/E’ showed a statistically significant difference between
patients and controls (8.7 +£4.0 vs. 5.1 £ 1.3 p =0.001). IVCT was
significantly longer in patients compared to controls (49 + 7 vs.
34 +7 ms, p < 0.001).

CMR Evaluation

Left ventricular functional assessment showed no significant dif-
ferences of the indexed volumes (LV ESVi and LV EDVi) and EF
(67 + 11 vs. 69 =+ 5%, p = 0.392) between patients and controls.
The LAVi, as expected, was significantly larger in patients with
presumed diastolic dysfunction compared to healthy controls
(80.7 +22.5vs.51.0 +£ 10.9 mL/m?, p < 0.001, Table 1). On tissue
characterization imaging, four AS patients and one patient with
idiopathic RCM displayed endomyocardial fibroelastosis (EFE).
Furthermore, patients exhibited lower peak aortic velocity, as
well as significantly longer AT and similar ET, resulting in AT/
ET = 0.35 + 0.04 in patients and AT/ET = 0.27 + 0.04 in controls
(p < 0.001).

Wave Intensity Analysis

Peak FCW was significantly lower in patients compared with nor-
mal healthy controls (2.5 + 1.6 vs. 7.2 4.2 X 10~ m/s, p < 0.001),
while peak FEW was not significantly different (7.8 + 4.2 vs.
6.9 + 3.9 X 10°° m/s, p = 0.551). The ratio FCW/FEW was thus
significantly lower in patients (3.7 + 2.7 vs. 12.7 + 7.9, p < 0.001).
Pearson correlation of the FCW/FEW with well-known echo-
cardiographic and CMR biomarkers of diastolic dysfunction is
shown in Table 2. The FCW/FEW ratio had a significant moder-
ate negative correlation with E/E’ (r = —0.325, p = 0.027) and a
significant negative correlation with presence of EFE (r = —0.343,
p = 0.020), while the correlation with LAVi was just above the
significance threshold (r = —0.264, p = 0.060). Furthermore, a
significant negative correlation was found between FCW and
IVCT measured from echocardiography (r = —0.459, p = 0.012)
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FIGURE 3 | Example of wave intensity analysis methodology from a
patient, showing positioning of the slice for flow assessment (A) and
modulus (B) and phase (C) images of the phase-contrast acquisition.
Aortic velocity (D) and area (E) are semiautomatically extracted and
combined for wave speed calculation (F) and wave intensity analysis (G): c,
wave speed; A, area; U, aortic velocity; FCW, forward compression wave
(early systole); FEW, forward expansion wave (end systole).

and between FCW and AT/ET derived from CMR aortic velocity
data (r= —0.386, p = 0.018).

DISCUSSION

In this study, we demonstrate the diagnostic potential of a novel,
wave intensity analysis biomarker, derived from CMR flow data.
Importantly, the wave intensity data (i.e., reduced FCW) provided
insight into an element of load-independent systolic dysfunction
in children with normal EF and chronic diastolic dysfunction.
This observation was corroborated by prolonged IVCT on the face
of normal diastolic blood pressure; however, IVCT on its own is
limited by the fact that invasive pressure data is needed in order to

TABLE 1 | Summary of demographic, echocardiography, CMR, and wave
intensity data for patients and healthy controls groups.

Variables Patients (n = 18) Controls  p-Value
(n =18)
Demographic data
Age (years) 13.6 +4.5 149 +22 0.259
BSA (m?) 1.4+04 1.7+04 0.005*
Sex (F/M) 7/11 4/14 0.04*
HR (opm) 78 +12 72 +12 0.157
DBP (mmHg) 62 + 11 62 +10 0.940
SBP (mmHg) 104 + 14 106 + 10 0.520
Echocardiography data
E/A 23+11 25+1.2 0.625
Deceleration time (ms) 137.0 £ 53.1 1564.3 + 48.5 0.307
E/E 8.7+40 51+13 0.001*
IVCT (ms) 49+7 3447 <0.001*
CMR data
LV ESVi (mL/m?) 23.0+95 23.6 +6.7 0.817
LV EDVi (mL/m?) 68.4+11.9 75.2+12.6  0.099
ISV (ML/m2) 43+ 10 52 +8 0.010*
LV ejection fraction (%) 67 + 11 69 +5.0 0.392
Indexed left atrial volume (mL/m?) 80.7 +22.5 51.0+10.9 <0.001*
Peak U (cm/s) 62 + 16 90 + 14 <0.001*
Acceleration time (AT) (ms) 117+ 21 92 + 15 <0.001*
Ejection time (ET) (ms) 332 + 36 341 + 21 0.334
AT/ET 0.35 + 0.04 0.27 +0.04 <0.001*
WIA data
Distensibility (x10-% 1/mmHg) 43+37 6.5+4.3 0.116
Wave speed (m/s) 82+72 53+27 0.115
Peak forward compression wave 25+1.6 72+42 <0.001*
(FCW) (x10° m/s)
Peak forward expansion wave 7.8 +4.2 6.9+ 39 0.551
(FEW) (x107° m/s)
FCW/FEW 3.7+29 127+79 <0.001*
*0 < 0.05.

TABLE 2 | Values of Pearson’s coefficient (r) and p values for correlations
between forward compression wave/forward expansion wave ratio and
other parameters.

Variables Pearson’s (r) p-Value
Age 0.005 0.487
SBP 0.047 0.393
DBP 0.156 0.181
E/A 0.163 0.171
E/E -0.325 0.027*
Deceleration time 0.028 0.473
LV ejection fraction 0.226 0.093
Endomyocardial fibroelastosis -0.343 0.02*
Indexed left atrial volume -0.264 0.060
Distensibility 0.618 <0.001*
*0 < 0.05.

comment on systolic function. The systolic impairment was fur-
ther confirmed by observing aortic velocity waveforms, whereby
peak velocity is significantly lower in patients who concurrently
exhibit a longer AT. This indicates that peak aortic acceleration
was lower, i.e., lower inotropy (19). Overall, FCW could then be
anon-invasive marker for load-independent systolic dysfunction
in the face of normal EE

We have shown that the FCW/FEW ratio provided insight
in the physiology of patients with chronic diastolic dysfunction
despite normal EF when compared with more conventional
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non-invasive parameters. Such a non-invasive measurement
may prove particularly useful in the pediatric population, as
diagnostic tools that are adequate for use in adult populations
for the diagnosis of diastolic dysfunction fail to do so in pediatric
patients, including echocardiographic parameters routinely used
in the clinic (3).

Potential confounders for abnormal diagnostic tests were pur-
posefully eliminated in this study. All patients with mitral valve
disease, aortic incompetence, or residual stenosis and those with
reduced LV EF were excluded in an attempt to make the study
group more homogenous. Our primary objective was to test the
potential of the wave intensity data for assessment of sub-clinical
ventricular dysfunction. There was no difference in EF between
patients and control subjects but significantly increased LAVi
in the patient group. This is important as there is a significant
relationship between increased LAVi and elevated LV EDP as
well as echocardiographic indices of diastolic dysfunction, as
shown in adult patients (20, 21). We presume therefore that the
abnormally increased LAVi in the diseased subjects in our study is
due to chronic diastolic dysfunction, an entity previously shown
in pediatric echocardiographic studies (13). The combination
of these abnormal and normal measured parameters then gave
us this study cohort with normal EF in the presence of diastolic
dysfunction.

Our results agree with the literature with regard to echocar-
diographic parameters in children in that only the E/E" was sig-
nificantly different between patients and healthy control subjects
(3, 22, 23). As a proof of principle, the new biomarker was then
correlated with the established diagnostic tests for diastolic dys-
function, correlating with the two reliable indicators of diastolic
dysfunction, namely E/E’ and LAVi. An even stronger correlation
was found between FCW/FEW and EFE. EFE was detected in 28%
of the patients with presumed diastolic dysfunction, 80% of whom
had congenital AS as a primary cardiac diagnosis. Physiologically,
EFE renders the LV less distensible, thus potentially causing fur-
ther impairment of diastolic filling (24, 25). Though the majority
of our patient group did not have overt heart failure, many of
HENEF has been attributed to LV remodeling associated with
concentric hypertrophy and increased end-diastolic volume,
hence increased LV stiffness (26, 27). LV systolic and diastolic
dysfunctions have long been known to induce impaired relaxa-
tion; this has been proven to be true by a myocardial performance
index previously proposed by Tei et al. (18), showing a positive
correlation between myocardial performance index and 7. The
Tei index is, however, limited by pseudonormalization in the
face of HFNEF and largely susceptible to activation delay (28,
29). Instead, the wave intensity biomarker could be used to com-
plement and/or augment already existing parameters in those
patients with HFNEE. From a methodological perspective, this
postprocessing methodology does not impinge on scan time (i.e.,
does not require additional sequences acquisition) and has been
semi-automated to facilitate the analysis.

Limitations and Future Directions
The first limitation is the small number of patients studied,
partly due to strict inclusion criteria adopted to avoid clinical

confounders. Second, this study was performed on patients with
presumed rather than definitive diastolic dysfunction due to no
pressure—volume loop data being available as a reference standard;
however, we used acceptable non-invasive surrogates of diastolic
dysfunction. Third, out-of-plane motion in CMR flow sequences
may represent a problem for aortic area measurements. However,
this movement has been quantified in the range of <1 cm (30,
31), and assuming no significant tapering in the region of the
ascending aorta and constant regional wall properties, area
measurements should not be substantially affected. Finally, the
diagnostic potential of the proposed wave intensity ratio should
be tested in a larger cohort of prospective patients and we intend
to carry this out in the near future.

CONCLUSION

This study suggests a novel, non-invasive biomarker for assessing
sub-clinical ventricular dysfunction in pediatric patients, based
on CMR-derived wave intensity analysis, with diagnostic capa-
bilities that appeared to perform better that the standard available
parameters. This parameter could be easily implemented in rou-
tine CMR examinations (in both children and adults), providing
additional and complementary information on combined systolic
and diastolic performances.
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Diagnosis of ventricular dysfunction in congenital heart disease is more and more based
on medical imaging, which allows investigation of abnormal cardiac morphology and
correlated abnormal function. Although analysis of 2D images represents the clinical
standard, novel tools performing automatic processing of 3D images are becoming
available, providing more detailed and comprehensive information than simple 2D
morphometry. Among these, statistical shape analysis (SSA) allows a consistent and
quantitative description of a population of complex shapes, as a way to detect novel
biomarkers, ultimately improving diagnosis and pathology understanding. The aim of this
study is to describe the implementation of a SSA method for the investigation of 3D left
ventricular shape and motion patterns and to test it on a small sample of 4 congenital
repaired aortic stenosis patients and 4 age-matched healthy volunteers to demonstrate
its potential. The advantage of this method is the capability of analyzing subject-specific
motion patterns separately from the individual morphology, visually and quantitatively,
as a way to identify functional abnormalities related to both dynamics and shape.
Specifically, we combined 3D, high-resolution whole heart data with 2D, temporal infor-
mation provided by cine cardiovascular magnetic resonance images, and we used an
SSA approach to analyze 3D motion per se. Preliminary results of this pilot study showed
that using this method, some differences in end-diastolic and end-systolic ventricular
shapes could be captured, but it was not possible to clearly separate the two cohorts
based on shape information alone. However, further analyses on ventricular motion
allowed to qualitatively identify differences between the two populations. Moreover, by
describing shape and motion with a small number of principal components, this method
offers a fully automated process to obtain visually intuitive and numerical information
on cardiac shape and motion, which could be, once validated on a larger sample size,
easily integrated into the clinical workflow. To conclude, in this preliminary work, we have
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implemented state-of-the-art automatic segmentation and SSA methods, and we have
shown how they could improve our understanding of ventricular kinetics by visually and
potentially quantitatively highlighting aspects that are usually not picked up by traditional

approaches.

Keywords: ventricular mechanics, congenital heart disease, cardiac magnetic resonance, automatic segmentation,

statistical shape analysis

1. INTRODUCTION

Imaging plays a crucial role in the diagnosis of congenital heart
disease (CHD), allowing investigation of complex morphology
and correlated pathophysiology (1). In particular, echocardiog-
raphy and cardiovascular magnetic resonance (CMR) are used
to directly or indirectly derive parameters (e.g., ejection fraction,
valve inflow profile, strain, and strain rate) used to describe myo-
cardial shape and kinetics, aiding in the diagnosis of ventricular
dysfunction (2-5). While advanced image modalities can provide
detailed 3D anatomical data, their analysis in clinical practice is
often limited to simple 2D morphometry, which does not take
into consideration the contribution of the third dimension.
Moreover, the estimation of useful parameters from medical
images is mostly performed using manual methods, which are
time consuming and strongly rely on the specific expertise of the
operator, therefore prone to human error. This does not allow for
image-processing standardization and prevents the adoption of
more complex analyses in routine clinical practice.

Recently, sophisticated engineering techniques for automatic
medical image processing have been developed, which provide
faster and more accurate ways of extracting the large amount of
3D shape and temporal information carried by medical images.
This large amount of data is naturally suited for computer-based
analyses, such as statistical shape analysis (SSA) (6), a tool that
provides a consistent and quantitative technique of describing
complex shapes, ultimately leading to the discovery of novel
shape biomarkers or unexpected trends, clusters, or outliers (7).
By correlating cardiac shape with clinical or functional param-
eters by means of regression or classification techniques, SSA can
also be used in a predictive way (8-12). To date, most SSA studies
have focused on 2D cine images to explore motion features for
diagnostic or prognostic purposes (13-16), hence potentially
losing crucial 3D information that can only be provided by
high-resolution volumetric images, such as whole heart (WH)
datasets.

Here, we present a novel method that (i) combines 3D, high-
resolution WH data with 2D, temporal information provided by
cine images, to extract the most complete information out of the
data clinically acquired by CMR and (ii) uses a SSA approach
to consistently analyze 3D motion per se, allowing to gain
insight into ventricular kinetics by visually and quantitatively
highlighting aspects of ventricular motion that are usually not
picked up by traditional approaches. The wide anatomical and
functional variations encountered in CHD are ideal to test the
capability of this new tool for independent assessment of shape

and motion. In this study, we first present the implementation
of an automatic pipeline for the processing of volumetric WH
and dynamic cine CMR images, where the motion information
provided by the cine is propagated onto the WH images. By
exploiting an automatic, atlas-based segmentation method and
a shape analysis tool, our pipeline can generate a computational
surface mesh of the left ventricle (LV) and parametrize the
movement of each subject LV during the cardiac cycle. The
principal contributors of ventricular shape and motion, gener-
ated from the obtained surface meshes and shape deformations
via principal component analysis (PCA), are finally presented
with powerful visualization tools. We show the potential of
the developed methodology to qualitatively and quantitatively
evaluate the difference in both LV 3D shape and motion patterns
between healthy subjects and congenital repaired aortic stenosis
(AS) patients characterized by LV dysfunction. Results from
such analysis may provide novel shape and motion biomarker
information, which could ultimately improve the understanding
of complex cardiac disease.

2. MATERIALS AND METHODS

2.1. Population and Images

Clinically acquired data of 4 congenital repaired aortic stenosis
(AS) patients (14 + 2 years) and 4 age-matched (17 + 3 years)
healthy volunteers (control group) were retrospectively used for
this study. Ethical approval was obtained by the Institute of Child
Health/Great Ormond Street Hospital for Children Research
Ethics Committee, and all patients or legal parent or guardian
gave informed consent for research use of the data. The patients
were diagnosed with chronic ventricular dysfunction as a sequel
of congenital aortic stenosis (2 neonatal surgical valvotomy fol-
lowed by Ross procedure, 1 neonatal balloon aortic valvuloplasty
followed by Ross procedure, 1 neonatal surgical valvotomy
followed by balloon aortic valvuloplasty). Age, LV end-diastolic
volume (EDV), and ejection fraction (EF) of the sample popu-
lation are shown in Table 1. CMR data were acquired at Great
Ormond Street Hospital for Children (Great Ormond Street,
London, UK) with a 1.5-T scanner (Avanto, Siemens Medical
Solutions, Erlangen, Germany), in the patients as part of the clini-
cal follow-up. For each subject, the following two sets of images
were used in this study: (i) balanced steady-state free precession
(bSSFP) 3D WH (isotropic voxel size of 1.4 mm), acquired during
the mid-diastolic rest period in free breathing and with ECG-
and respiratory-gating and (ii) retrospectively gated bSSFP cine
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images, acquired in breath-hold (~20 frames per cardiac cycle)
in the short-axis (SAX) from the valves plane to the apex (slice
spacing ~8 mm, in plane isotropic voxel size of 1.4 mm).

2.2. Workflow

The workflow developed in this study is illustrated in Figures 1
and 2. The first step involved processing of the subject image data
(Figure 1, central panel). Highly detailed shape features from
the WH sequence were combined with the motion from cine
images, in order to provide synthetic high-resolution 3D images
throughout the full cardiac cycle (i.e., Motion propagation step
in Figure 1). An automatic segmentation method previously
developed was used to label the main cardiac structures of interest
(i.e., Automatic segmentation step in Figure 1), and triangulated
meshes were obtained from the segmented LV masks (see 2.3.1).
Each subject LV j was represented in terms of an anatomical
model, i.e., a template mesh LV zempiare and a set of deformations ¢
warping the template to each temporal occurrence ¢ of the cardiac
cycle (ie., Anatomical model step in Figure 1 and paragraph
2.3.2).

In the second step, LV anatomical models generated for
each subject were processed to perform shape and motion
analysis separately (Figure 2). LV; zemplare from each subject j was
scaled, rigidly aligned (Figure 2, 1), and inputted into our SSA
framework. For shape analysis alone (Figure 2, 2a), ED and ES

TABLE 1 | Age, LV EDV, and EF of the 4 AS patients and the 4 healthy
volunteers analyzed in this study.

Age (years) EDV (mL) EF (%)
Controly 19 151 63
Control, 13 130 73
Controls 20 119 62
Control, 16 96 66
AS; 14 113 80
AS; 14 147 51
ASs 17 132 68
AS, 1 64 68

meshes were analyzed across subjects (see 2.3.3). For motion
analysis (Figure 2, 2b), each estimated subject-specific motion
was used to deform a newly calculated general template shape
(LV superrempiare) from the full population geometrical inputs, allow-
ing study of subject-specific motion without the influence of the
subject-specific shape. The resulting temporal datasets were
analyzed with an SSA approach similar to that used for pure
shape (see 2.3.4).

2.3. Computational Framework

2.3.1. Subject Data Processing: Motion Propagation
and Automatic Segmentation

An automatic image-processing pipeline able to exploit and
combine both 3D WH and temporal information provided by
cine CMR images was developed and applied to each subject
set of images. First, initial 3D images of the heart (CINE;) were
obtained from the cine SAX stack via combination of all the
images acquired in the same phase of the cardiac cycle, t, based
on the trigger time. DICOM tags referring to slice spacing and
orientation were used to guarantee correct slice alignment.
Despite their low resolution in the long axis plane, CINE; images
retain the temporal information of the LV motion throughout
the full cardiac cycle. To integrate the motion information with
the detailed 3D spatial resolution provided by the WH dataset
WH, synthetic WH images (WHj,,,;;) were obtained for each of
the 20 acquisition frames via non-rigid image registration (17),
i.e., a transformation in which WH; is deformed and morphed
to replicate the LV configuration represented in each CINE;.
More specifically (18), all the CINE;; were scored depending on
the resemblance with WH,, the latter quantified by the sum of
squared difference between voxel intensities similarity measure
(8SD). A threshold was set as SSDz, = 0.5 * SSDjax, Where SSDiux
was the maximum value found for each subject, and CINE; with
SSDj: < SSDr, were classified as “highly similar,” while the others
as “poorly similar” In case of highly similar CINE; (usually in
the diastolic phase), WHs,.,j; was generated by directly registering
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FIGURE 1 | Image-processing pipeline to generate each subject LV anatomical model starting from cine and WH CMR images: (1) Synthetic WH
images were created by combining WH with the cine images (2) and segmented with our automatic segmentation method; (3) LV meshes were
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FIGURE 2 | After scaling and alignment (1), subject anatomical models were used to perform (2a) shape analysis on end-diastolic and end-systolic
shapes, and (2b) motion analysis after subject-specific shape was removed.
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FIGURE 3 | Schematic representation of the concept of anatomical model. Template and deformations ¢; toward each shape are estimated with an alternate
registration algorithm. The template is initialized as the mean shape and the deformations ¢; are estimated using a Large Deformation Diffeomorphic Mappings
framework (23, 24). Each deformation ¢; is defined by a set of momenta vectors g (arrows in the magnified panel) located at the control points grid.
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WH; to CINE;. In case of poorly similar CINE;; (usually in the
systolic phase) WHj,,.;; was generated by registering the previ-
ously obtained WHjy,,—1) to CINE;.. Image registration and trans-
formation were performed exploiting the open-source library
niftyreg (19). Each WH,,, was segmented using an in-house
atlas-based segmentation method previously validated (20, 21),
able to automatically label the main cardiac structures of interest.

2.3.2. Subject Data Processing: Creating LV
Subject-Specific Anatomical Models

For each subject, LV myocardium masks obtained from
segmentation were converted in surface meshes (LVj) and
used to build the subject anatomical model using the code
Deformetrica (22).

Briefly, a generic anatomical model is the ensemble of a
Template mesh, which represents the 3D average of the input
shapes, and a set of deformations ¢ of the 3D space warping the
template to each one of the input shapes (Figure 3). Specifically,
deformations are represented by a set of vectors—namely,
momenta fi—attached in the 3D space to a control point grid.
For the latter, the amount of control points k is chosen by the user,
while their position is automatically optimized to densely sample
the most variable regions of the template shape (22). Parameters
to be set by the user are the resolution 4, of the shape representa-
tion (i.e., how fine are the details we want to capture) and the
stiffness of the deformation A,, both in millimeters (9).

In this case, the template mesh (LVzmpiae) represented
the time-averaged subject-specific ventricle shape, and the

momenta warped the template to each temporal occurrence
within the subject-specific cardiac cycle. As suggested by Bruse
etal. (7), the parameters (i.e., resolution 4,, and transformation
stiffness 4,) required to run the computation of each subjects
anatomical model were iteratively tuned to maximize the
matching of the template with the original shapes. This was
quantified by computing the average euclidean surface dis-
tance between computed (i.e., template-matched) and original
shapes. These values were further averaged between the 20
frames to give a unique value for each subject. Surface distances
were computed as the pointwise minimum distance of the input
surface from a reference surface by exploiting The Vascular
Modeling Toolkit (25) (VMTK, Orobix, Bergamo, Italy;
www.vmtk.org) function vimt ksurfacedistance. In order
to minimize the effect of size and orientation on the next steps
of the analysis, all anatomical models were first scaled with
respect to each LV fempiare endocardial volume, and then rigidly
aligned (26) throughout a generalized procrustes analysis (27)
iterative process on the LV rmpie endocardial surfaces, imple-
mented with the functions available in the open-source library
niftyreg (19).

2.3.3. Shape Analysis

In order to quantitatively describe anatomical shape and motion
variations within a population, we herein extensively adopted an
SSA approach (7, 11). As the variation of the data within an ana-
tomical model is described by alarge number of momenta vectors,
output data are not trivial to analyze and interpret. Therefore, the
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FIGURE 4 | Shape analysis pipeline: for each subject, only ED and ES shapes are used to (1) build an anatomical model representing the LVep, LVes
shape variability within the population; (2) the momenta vectors are decomposed with a PCA and the resulting shape modes and shape vector are
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FIGURE 6 | WHs,,;: from 5 evenly spaced frames of the cardiac cycle FIGURE 7 | WHs,n,: with overlaid automatic segmentation from 5
of the subject j = Control,, obtained by propagating the subject’s evenly spaced frames of the cardiac cycle of the subject j = Control..
motion from the cine dataset onto the high-resolution WH image. Color code for main segmented structures: lemon-green, LV blood pool;

orange, LV myocardium; red and dark blue, papillary muscles; light blue,
aorta; brown, right ventricle; azure, right atrium; green, superior vena cava;
pink, inferior vena cava; white, pulmonary trunk.

second step required to analyze variability is to apply dimensional-
ity reduction [i.e., PCA (28)] to the momenta vectors, a common
mathematical technique that discards any redundant information =~ By deforming the template shape along the derived modes toward
while keeping principal contributors to variability. Specificall, ~ negative and positive extremes of each mode (+20), it is possible
momenta vectors are projected onto the space that maximizes  to visualize and thus qualitatively assess the dominant global and
their covariance, and only the components—also called modes—  local shape variations characterizing the examined population.
that contain most of the information are retained as descriptors. ~ The amount of information carried for each subject by each mode
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is summarized in the shape vector, i.e., a vector where each entry
represents how much the template has to be deformed along the
corresponding mode in order to match each specific input shape
(7, 10). Analysis of the shape vectors allows quantification of the
differences in shape within the population.

Shape analysis was applied separately to the end-diastolic (ED)
meshes (LVzp) and the end-systolic (ES) meshes (LVis) (Figure 4).
The two groups (i.e., 8 shapes each) were separately processed
using the abovementioned SSA framework, i.e., two anatomical
models were obtained from only ED and ES shapes, respectively,
generating LVep rmplates LVEs remplare, and associated deformations
(¢eny» (rsj). Both the anatomical models modes and shape vector
were then computed and analyzed.
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FIGURE 8 | LV;: meshes for the 4 control and 4 AS subjects obtained
by deforming subject-specific LV, rempiate (first column) with the
deformations estimated during the anatomical model computation, to
reproduce 5 evenly spaced frames of the cardiac cycle illustrated in
Figures 6 and 7 for each subject.

The shape variability expressed by each mode
(LVED,Template * 26modeenxs LVES Template 20 moders,x) Was first qualita-
tively observed. This visual description, in conjunction with the
respective shape vector coeflicients, was then used to numerically
characterize each subject LV 3D shape at ED or ES, eventually
highlighting shape similarities and differences within the joint
population of patients and control group.

2.3.4. Motion Analysis

To extend the SSA framework to the analysis of subject-specific
cardiac contraction, motion was interpreted as an ensemble of
relatively small, periodical variations of the same shape during
the cardiac cycle. In order to describe motion per se without
geometrical confounding factors, the effect of the subject-
specific shape had to be removed from each anatomical model,
hence retaining only the subject-specific motion information.
Therefore, we exploited the momenta vectors and control point
grids computed within each subject anatomical model (see 2.3.2),
and we used them to deform a generic template ventricle (namely,
LV superremplare), Obtained as the average shape of all the 8 subjects
LV templare (Figure 5, 1). As a result, LV syperrempiare deformed through-
out the cardiac cycle following each subject-specific contraction
pattern. The same SSA framework described above (see 2.3.3) was
then applied to this set of 160 shapes (20 frames for each of the 8
subjects, Figure 5).

The motion patterns characterized by each mode were
first qualitatively assessed by visual observation. By exploit-
ing the quantitative information given by the motion vector,
each subject’s LV contraction pathway was then numerically
described in terms of the identified motion modes. This
allowed us to consistently characterize each subject LV dynam-
ics independent from its shape within the same mathematical
framework, ideally providing insight into ventricular function
and dysfunction.

3. RESULTS

3.1. Subject Data Processing

Visual results from the image processing pipeline are shown
in Figures 6 and 7 for a healthy subject (Control,), where we
can observe realistic systolic contraction and myocardial wall
thickening on synthetic images (Figure 6), as well as an accu-
rate identification of the main cardiac structures performed by
our automatic segmentation method (Figure 7). Considering
our main focus on shape and shape variations more than on
cardiac volume quantification, our method allows fast and
consistent processing and segmentation of a large amount of
WH data, which would be otherwise challenging to process
manually.

The parametersrequired to run the computation of each subject
anatomical model were set to A,,= 13 mm and 4, =23 mm, leading
to an intersubject averaged surface distance between computed
(i.e., template-matched) and original shapes of 1.0 mm (max
surface distance = 2.5 mm in AS,, min surface distance = 0.4 mm
in AS,, standard deviation = 0.8 mm). The results of anatomical
model computation are shown in Figure 8 for each subject. In
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shape along the mode (red, high deformation; blue, low deformation).
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FIGURE 9 | Extreme features (+20) of each of the first 4 modes of the shape analysis on LV shapes at ED are shown in the canonical cardiac views
(horizontal long axis (HLA), SAX, and vertical long axis (VLA)). Each depicted shape was obtained by morphing the template shape with the extreme
deformation represented by each mode. Colormap represents the distribution of regional deformations within each mode, obtained by deforming the ED template
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FIGURE 10 | Boxplot showing the variability of the coefficients of the
shape vector of LVep shape analysis for the first 4 modes. Single values
are reported in Table 2. On each box, the central mark is the median, the
edges of the box are the 25th and 75th percentiles, the whiskers extend to
the most extreme data points not considered outliers.

particular, we show the LV e shape and examples of meshes
resulting from morphing the template with 5 of the estimated
deformations, evenly spaced across the cardiac cycle.

3.2. Shape Analysis

3.2.1. ED Shape Analysis

After PCA, the first four modes were considered the most relevant
for ED shape analysis, accounting for 76% (28%2Mode,, 19%Mode;,
16%Modes, 13%Mode,) of the total shape information present in
the population. Figure 9 illustrates the extreme features (+20)
represented by each mode, in the standard cardiac views. Each
depicted shape was obtained by morphing the template shape
with the extreme deformation represented by each mode, and the
colormap identifies the regions where the highest deformation (in
red) occurs. Upon visual inspection, all modes showed a general
rounding and circumferential expansion of the basal-mid walls,
while the apical region was thinning in Mode;_», and Mode, s,
and rounding in all the other modes, causing a shortening of the
ventricle. Mode,, which reflects the most dominant shape varia-
tion in the cohort of patients/controls, was locally characterized
by a bulging of the basal inferior and inferolateral walls and the
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TABLE 2 | Coefficients of the shape vector of LVe, shape analysis for the first 4 modes.

Subject Mode; Mode: Mode; Mode, Subject Mode; Mode: Mode; Mode,
Control -140 316 121 -20 AS; 816 17 -359 209
Control, -98 282 204 319 AS; -607 -356 -518 120
Controls -574 91 121 —46 ASs 390 81 111 —432
Control, -116 —224 34 —227 AS. 380 -652 346 114
Median -128 186 121 -33 Median 385 -137 -235 17
IQR 137 279 43 156 IQR 363 520 402 164

Control subjects (left) and AS (right). Within each mode, data are summarized in median + IQR.
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FIGURE 11 | Extreme features (+26) of each of the first 4 modes of the shape analysis on LV shapes at ES are shown in the canonical cardiac views
(HLA, SAX, and VLA). Each depicted shape was obtained by morphing the template shape with the extreme deformation represented by each mode. Colormap
represents the distribution of regional deformations within each mode, obtained by deforming the ES template shape along the mode (red, high deformation; blue,
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dilation of the mitral valve annulus in Mode, -, and by a local
outward expansion of the mid anteroseptum and anterior wall
in Mode, + 2. Mode; - 5, had an outward dilation and bulging of
the mid anteroseptum, the basal inferior and inferolateral walls,
while Mode, ; », did not show substantial local deformations. In
Modes _ 5., there was a bulging of the basal inferior wall, while
in Modes + 2., we observed a mild expansion of the mid anterior
wall. Finally, the region of the anteroseptum was predominantly
bulging in Mode,  »,, while the mid anterior wall was expanding
outward in Mode, ; 1.

Figure 10 shows a boxplot representing the variability of the
shape vector entries (Table 2) for control group and AS patients,
allowing to describe each subject LV shape numerically according
to the modes previously illustrated. In this example population,
overall the control group had an ED shape characterized by the
negative extreme of Mode,, the positive extreme of Mode, and
Modes, and a predominantly negative extreme of Modes. As
expected, the AS patients showed more variability within each
mode, with some subjects sitting within the control range of
variability, but single subjects being clearly outside the control
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range. Given the small sample size (n = 4 for each population),
no significant difference (p > 0.05 from Mann-Whitney U test)
could be found between the two groups medians, for each of the
mode. Following the visual results, ED shape of the AS patients
was therefore characterized by a local outward expansion of the
mid anteroseptum and anterior wall (Mode, + »,), outward dila-
tion and bulging of the mid anteroseptum, the basal inferior and
inferolateral walls (Mode, _,, and Mode; _,,) and mid anterior wall
(Modey +25), according to the descriptions above.

3.2.2. ES Shape Analysis

As for the ED shape analysis, the first four modes were con-
sidered the most relevant for ES shape analysis, capturing 75%
(28%Mode, 17%Mode,, 16%Modes, 14%Mode,) of the shape vari-
ability in our population. The deformations represented by each
mode are shown in Figure 11, as for the ED case. In ES, shape of
Mode, _», was characterized by an overall smaller size, especially
locally at the basal inferior and inferolateral walls. In Mode; + 5,
the base was shortening and the mid walls bulging outward, while
the mitral valve annulus was circumferentially smaller, and the
basal infero- and anteroseptum and mid inferolateral walls were
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FIGURE 12 | Boxplot showing the variability of the coefficients of the
shape vector of LVes shape analysis for the first 4 modes. Single values
are reported in Table 3. On each box, the central mark is the median, the
edges of the box are the 25th and 75th percentiles, the whiskers extend to
the most extreme data points not considered outliers.

reduced. In Mode, _ »,, the apex and the apical walls were bent
more anteriorly and toward the right, the basal lateral wall was
positioned more posteriorly, and the mitral valve annulus was
more dilated, while in Mode; , », the septum was positioned
more posteriorly. Shape in Modes _ ,, was generally shorter, the
apex rounder and slightly bent anteriorly and toward the right,
while in Mode; . »,, the mid walls were circumferentially shrunk,
especially in the apical lateral wall. Finally, in Mode, - »,, the septal
wall was slightly reduced, especially in the mid inferoseptum, and
in Mode2s, the apex was rounder and bent more posteriorly.

The ES shape vector entries variability for control group and AS
patients are represented in the boxplot in Figure 12 and Table 3.
As for the ED case, variance of the control group coeflicients was
overall less than that for the AS patients. In particular, coefficients
of the control group were all in the negative extreme for Mode;,
predominantly positive in Mode, and predominantly negative in
Mode; and Modes. Even though shape vector entries for single AS
patients showed differences from the control group, not all the
shape modes could clearly distinguish the two groups, similar to
the ED shape analysis. Also in this case, the small sample size
(n = 4 for each population) did not allow to show significant dif-
ference (p > 0.05 from Mann-Whitney U test) between the two
groups medians, for each of the mode.

3.3. Motion Analysis

After PCA, the first four modes were considered the most rel-
evant for motion analysis alone, accounting for 70% (52%Mode;,
7%Mode,, 6%Modes, 5%Mode,) of the population total variability
in motion information. Figure 13 illustrates the extreme motion
patterns represented by each mode, in standard cardiac views.
Similar to the shape example, here each figure was obtained by
morphing LVsuperrempiare With the extreme deformations repre-
sented by each mode (+20), with the arrows identifying local
motion direction and magnitude (red color highlights the regions
of highest motion). After qualitative visual assessment, Mode,
represented the overall ventricular contraction (Mode, - »,) and
expansion (Mode, + 2,), which characterize the systole-diastole
alternation typical of the cardiac cycle. On top of this general trend,
contraction in Mode, -5, prevailed in regions such as the basal and
mid anterior wall, but also mid lateral and mid inferior walls,
while the basal anteroseptum was the most affected by expan-
sion in Mode, + ».. Toward the negative extreme, in Mode;, _,, the
apex and apical portion of the lateral wall moved rightward, and
the basal anterolateral wall moved up, anteriorly and rightward.
Toward the positive extreme (Mode; +»,), the basal anteroseptum

TABLE 3 | Coefficients of the shape vector of LVes shape analysis for the first 4 modes.

Subject Mode; Mode: Mode; Mode, Subject Mode; Mode: Mode; Mode,
Controls -190 175 -220 -170 AS; 1,012 434 117 208
Control, —-299 533 -104 146 AS; -328 —-292 693 355
Controls -834 90 184 -262 ASs 792 -406 158 -413
Control, -212 -145 -214 -237 AS, —45 -512 —494 450
Median —256 133 -159 -203 Median 374 -349 135 281
IQR 226 234 184 152 IQR 963 322 323 326

Control subjects (left) and AS (right). Within each mode, data are summarized in median + IQR.
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FIGURE 13 | Extreme motion patterns (+2¢) represented by each mode of the motion analysis on LV shapes are shown in the canonical cardiac
views (HLA, SAX, and VLA). Each depicted shape was obtained by morphing the LVsuperrempiate Shape with the extreme deformation represented by each mode.
Arrows represents the direction and magnitude of the movement from the template (red color highlights the regions of highest motion).

and anterior wall moved downward, while the apical septum
moved posteriorly. Mode; _», was characterized by the basal por-
tion of the lateral wall moving upward and anteriorly, the mid
anterior and anterolateral walls moving upward and rightward,
and the whole apical region moving anteriorly. Mode; , », was
described by a downward movement of both the mid anterior
wall and the basal lateral wall, and by an upward-rightward move-
ment of the apical lateral wall. Finally, in Mode; - »,, the apical
septum and lateral walls were moving upward and posteriorly,
while in Mode; . 2., the basal and mid anterior and lateral walls
were contracting, with the apical septum moving anteriorly and
rightward. Looking at the valves plane, this moved upward in
Mode, 125, Mode; _»,, and Mode, - »,, while it moved downward in
all the other mode occurrences.

In Figure 14, we plotted the values of the motion vectors over
two cardiac cycles to understand which motion pattern was pre-
dominant in every subject, and in which part of the cardiac cycle.
As a proof of concept, we show the potentiality of this method in
quantifying local 3D variations in motion patterns, by showing
extreme results obtained with the examined population. The
trend of the shape vector coefficients relating to Mode, showed
to be consistent between all subjects, suggesting that the normal
overall pattern of contraction and expansion between systole
and diastole is maintained in both patients and control group.

Mode,, mostly accounting for basal and apical motion, resulted
to be expressed in a completely opposite way for Control, (purple
line) and AS; (red dashed line), during the whole cardiac cycle.
This can be seen in Videos S1-S3 in Supplementary Material,
where during the systolic phase the apex of AS; strongly moves
to the right, and the basal septum of Control; moves downward.
Extreme behaviors in Mode; were expressed by Control; (yellow
line) and AS; (azure dashed line), and in Mode, by AS,, AS; and
AS,, AS.. However, considering the less importance of these
modes compared to the first two, the visual effect on the overall
motion was more difficult to identify, which is why a quantitative
analysis like that shown in Figure 14 could help highlight small
issues in LV motion, not easily detectable at visual observation.

4. DISCUSSION

In this study, we presented an automated medical image processing
pipeline for qualitative and quantitative analysis of LV 3D shape
and motion patterns from clinically acquired CMR data, and
apply it to a sample population of AS patients and aged-matched
healthy volunteers. The main novelty of this work is the develop-
ment of an image analysis framework that allows combination of
temporal (cine) and high resolution spatial information (WH)
for 3D subject-specific shape and motion analyses, which are
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FIGURE 14 | Coefficients of the motion vector plotted against time (2 cardiac cycles are herein represented). Each line represents one subject, i.e.,
Control subjects are plotted in continuous line and AS in dashed line. Temporal variation of the coefficients resulting from our motion analysis is plotted for the first 4
modes. Arrows highlight the values where coefficients differ mostly between control-AS subjects comparison.
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usually considered separately due to the lack of comprehensive
and high-resolution 4D CMR image sequences. Dominant shape
and motion patterns in both diseased and healthy cohorts were
visualized in 3D and could be quantified for in-depth assessment
of cardiac function. Results showed that in congenital repaired
aortic stenosis, pure analysis of cardiac morphology can be
complemented by detailed motion analysis, highlighting regional
differences in ventricular contraction patterns.

Since our approach is based on image sequences currently
acquired in clinical practice, it does not require further acquisi-
tion protocols or increased scanning time. Our pipeline allows
using the full image data provided by clinical CMR acquisition,
and thus provides more insight than each image set by itself.
Shape analysis has been shown in the literature to be a promising
technique for differentiating healthy from pathological subjects,
and for quantitatively classifying and describing anatomical
shapes (9-12, 29, 30). When applied to ED and ES ventricles in
our example population, shape analysis allowed us to observe
and quantify differences between AS and controls for single
cases. However, due to the small sample size, we were not able
to claim any statistically significant difference between the two
populations. Specifically, due to the fact that the overall anatomi-
cal shape of this set of AS was not excessively abnormal, we do
not expect any significant shape difference between the two
populations, even in larger cohorts. Generalizing from this result
we can hypothesize that, depending on the examined population,

shape analysis alone may be not sufficient to robustly classify and
describe pathological states based only on anatomy differences,
especially in those subjects where the cardiac pathology mostly
arises due to contraction/functional deficiency and not as a con-
sequence of abnormal morphology. In this sense, our proposed
motion analysis method may represent a new tool to summarize,
complement, and enrich the information provided by separate
CMR imaging sequences. By removing the subject-specific shape
information, retaining only the 3D details related to the subject-
specific dynamics applied to a generic representative shape of
the population (LVsupertempiate), Our motion analysis method could
become useful for the visualization of differences in motion
between healthy and pathological subjects, which may otherwise
be hidden behind individual shape features. This tool could
hence be used for intuitive, easily comprehensible visualization
of motion differences and dominant patterns, even in clinical
practice. Moreover, if used in comparison with a quantitative
analysis of the motion vector, this technique could numerically
highlight cardiac motion differences that may be difficult to catch
by eye, hence facilitating objective patient diagnosis.

The main limitation of this work is the small sample size used
to test the computational framework. With a larger number of
healthy subjects, it would be possible to build a comprehensive
healthy population atlas, which would allow further, more
elaborate statistical analysis. We are currently working on
increasing the number of subjects to be included in the tested
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population, and also on performing further validation. It is to be
noted that our analysis pipeline is independent from a specific
anatomical region of the heart, i.e., it can be used for shape and
motion analysis on structures different from the LV, provided
that these are imaged in both WH and cine CMR sequences.
Other than for better understanding the pathology, results
(i.e., in particular motion propagation plus PCA) could also be
used as input for structural or computational fluid dynamics
computer simulations with moving boundaries, in particular to
provide subject-specific geometries and boundary conditions
for realistic analysis of ventricular mechanics or interaction with
cardiac devices.

In conclusion, this preliminary work demonstrates the feasibil-
ity of using statistical shape analysis in combination with motion
analysis based on CMR image data and its potential to detect new
shape and motion biomarkers, for a detailed visual and quantita-
tive analysis of cardiac function. Our processing pipeline is fully
automatic and requires only basic user input, which makes it an
attractive alternative to tedious manual segmentation, measure-
ments, and motion mapping as currently done in clinical practice.
Applying state-of-the-art automatic segmentation algorithms
in conjunction with statistical shape modeling tools to cardiac
image data allows detailed analysis of cardiac shape and motion
patterns, which may ultimately facilitate and improve diagnosis
and understanding of complex cardiac disease.
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Introduction: Hypoplastic left heart syndrome (HLHS) is a congenital condition with an
underdeveloped left ventricle (LV) that provides inadequate systemic blood flow postna-
tally. The development of HLHS is postulated to be due to altered biomechanical stimuli
during gestation. Predicting LV size at birth using mid-gestation fetal echocardiography
is a clinical challenge critical to prognostic counseling.

Hypothesis: We hypothesized that decreased ventricular filling in utero due to mitral
stenosis may reduce LV growth in the fetal heart via mechanical growth signaling.

Methods: We developed a novel finite element model of the human fetal heart in which
cardiac myocyte growth rates are a function of fiber and cross-fiber strains, which is
affected by altered ventricular filling, to simulate alterations in LV growth and remodeling.
Model results were tested with echocardiogram measurements from normal and HLHS
fetal hearts.

Results: A strain-based fetal growth model with a normal 22-week ventricular filling
(1.04 mL) was able to replicate published measurements of changes between mid-
gestation to birth of mean LV end-diastolic volume (EDV) (1.1-8.3 mL) and dimensions
(long-axis, 18-35 mm; short-axis, 9-18 mm) within 15% root mean squared deviation
error. By decreasing volumetric load (—25%) at mid-gestation in the model, which emu-
lates mitral stenosis in utero, a 65% reduction in LV EDV and a 46% reduction in LV wall
volume were predicted at birth, similar to observations in HLHS patients. In retrospective
blinded case studies for HLHS, using mid-gestation echocardiographic data, the model
predicted a borderline and severe hypoplastic LV, consistent with the patients’ late-
gestation data in both cases. Notably, the model prediction was validated by testing for
changes in LV shape in the model against clinical data for each HLHS case studly.
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Fetal Growth Model of HLHS

Conclusion: Reduced ventricular filling and altered shape may lead to reduced LV
growth and a hypoplastic phenotype by reducing myocardial strains that serve as a
myocyte growth stimulus. The human fetal growth model presented here may lead to a
clinical tool that can help predict LV size and shape at birth based on mid-gestation LV
echocardiographic measurements.

Keywords: HLHS, growth hormone, biomechanics, sarcomeres, computational model, patient-specific modeling,

mechanobiology

INTRODUCTION

Hypoplastic left heart syndrome (HLHS), one of the most severe
congenital heart defects, occurs when the left ventricle (LV) is
not adequate to provide sufficient blood flow to the systemic
circulation (1). Despite recent improvements in clinical manage-
ment, HLHS patients face substantial morbidity and mortality,
with a 1-year transplant-free survival of 64-74% (2-4). The role
of biomechanics in normal and pathologic cardiac development
in utero is an understudied topic. Experimental studies suggest
that perturbations in biomechanical stimuli during development
can result in HLHS (5-7). The treatment of HLHS can be one
of the most expensive neonatal diagnoses, so there is a need for
improved quantitative approaches.

Fetal growth occurs via hyperplasia (cell proliferation by cell
division) and hypertrophy (enlargement of cell size by addition
of sarcomeres) and is regulated by developmental stage, growth
factors, and hemodynamic load (8-11). During early stages of
gestation, when the cardiac structures are still developing, growth
is highly regulated by growth factors when hemodynamic load is
significantly low. However, after 10-14 weeks of gestation, when
the process of cardiac looping is complete and cardiac chambers
are fully formed structurally, hemodynamic load is gradually
increasing and accelerates hypertrophic cardiac growth signifi-
cantly (5, 8).

Several studies have shown that cardiac morphogenesis and
remodeling adapts in response to changes in biomechanical
stress or strain (11-16). Experimental studies in isolated cardio-
myocytes have reported sarcomere addition in series or parallel
leading to cellular hypertrophy in response to mechanical stretch
(13, 17, 18). Altered loading conditions significantly affect gene
expression changes at the cellular level via proliferation, mecha-
notransduction, and hypertrophy signaling pathways resulting in
increased mRNA and changes in cardiomyocyte size and shape
(8, 19-23). Embryonic sheep, chicken, and zebrafish models with
decreased ventricular filling also develop ventricular hypoplasia
(6,7, 14, 24, 25). Partial LV inflow obstruction in the fetal sheep
model at mid-gestation resulted in an early form of HLHS within
7 days of the surgical procedure as a 30% decrease in cardiac out-
put and a 70% decrease in LV/right ventricle ratio was reported
(6,13, 16, 26, 27). Additionally, studies have shown that restoring
blood flow to the LV can “hemodynamically rescue” the chick
model of HLHS (26, 28-34). Importantly, fetuses with narrowing
or obstruction of the foramen ovale, mitral valve, or aortic valve
frequently develop HLHS (35-37).

Based on these observations, it is likely that decreased biome-
chanical load associated with impaired ventricular filling can lead

to ventricular hypoplasia. Obstruction at the level of the mitral
valve (stenosis/atresia) or foramen ovale result in decreased
diastolic filling of the LV. This perturbed filling could result in
decreased passive stretching of ventricular cardiomyocytes, which
would alter the biomechanical-mediated signaling response,
thereby affecting cellular and organ level growth (13, 17, 18, 23).
Given the limited understanding of the molecular pathogenesis
of HLHS and the poor outcomes of current treatments, there is
an urgent need to characterize the effects of abnormal ventricular
filling and cardiac stretch on embryonic cardiomyocyte growth
in the ventricle.

Multiscale computational models of LV growthand remodeling
have been used to provide insight into the morphogenetic process
of cardiac looping in the embryonic chick heart, cardiac growth
in the postnatal rat, and the mechanical mechanisms regulating
cardiac remodeling in the adult heart (26, 28, 30-33, 38-41).
However, there has been limited use of in silico models to study
ventricular mechanics and growth in human congenital heart
disease. While there have been a limited number of simulations
examining the blood flow patterns in congenital heart disease
patients (42, 43), there have been no reports of computational
models of alterations in LV growth and morphogenesis in human
HLHS.

Computational growth modeling of healthy and diseased
human fetal hearts requires structural and functional measure-
ments that can accurately elucidate physiological behavior of the
heart (28, 31, 44). These data can provide unique information in
the fetal heart including the 3D geometry, mechanical param-
eters, and clinical measures of function. To build an accurate
computational model, reliable clinical and experimental meas-
urements are necessary at various fetal developmental stages.
To contextualize the findings of disease models and to identify
the functional differences from a normally developing heart, it is
critical to first understand and characterize the growth behavior
and mechanical properties of a normal human fetal heart under
varying physiological conditions. Therefore, we developed a
single ventricle model of an average-sized human fetal heart
to calibrate a normal strain-dependent growth law to serve as
a reference model. We sought to understand and quantify the
effect of mechanical loads on human fetal ventricular growth
using patient-specific computational models of HLHS patients
derived from fetal echocardiograms. Specifically, based on the
experimental observation that cardiac myocytes hypertrophy in
response to stretch as a stimulus (13, 45, 46), we test the hypoth-
esis that reduced ventricular filling observed at end-diastole can
predict reduced ventricular growth in HLHS patients with an
etiology of inadequate mitral valve patency. Computer-aided
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diagnostics employing predictive patient-specific models of fetal
ventricular growth in HLHS could allow for improved prenatal
counseling and potential early selection of candidates for in utero
interventions.

MATERIALS AND METHODS

Model Development Framework

We developed a computational model of human fetal LV growth
using the framework of a previously established strain-based
growth law (26, 32) (Figure 1). The human LV fetal growth model
uses a finite element (FE) model of LV geometry with empirical
myocardial material properties adjusted to match the human fetal
ventricular measurements at mid-gestation in normal hearts.
Experimentally measured LV dimensions were used to generate a
FE mesh in a prolate spheroidal coordinate system for describing
the ellipsoidal nature of the heart: a thick-walled truncated ellip-
soidal shell bounded by inner and outer surfaces. Twenty-four

different FE models of idealized LV fetal geometry at 22 weeks
of gestation were constructed to optimize the normal fetal LV
growth model (Data Sheet S1 in Supplementary Material). The
idealized LV geometry was selected based on retrospective error
analysis and computation of the least cumulative error for all
constraining model parameters and LV shape during growth. The
best-fit FE model was used as the reference model for growth
simulations.

Unloaded Fetal LV Geometry

In order to develop the human fetal growth model, we created a
FE mesh of the unloaded LV that matches fetal LV dimensions
obtained from median dimensions of 14 formalin-fixed human
fetal hearts at 22 weeks of gestation (47). Based on the median
dimensions, we constructed 24 idealized LV geometries in prolate
spheroidal coordinates with 4 radial (endocardium to epicardium)
and 5 longitudinal (apex to base) elements. The axisymmetric LV
FE mesh used for the simulations consisted of 30 nodes, 20 FEs
(5 longitudinal, 4 transmural, and 1 circumferential) with cubic
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FIGURE 1 | (A) Flowchart of left ventricle (LV) fetal growth model. Normative data from fixed fetal hearts were used to construct the unloaded LV geometry at

22 weeks. This geometry was inflated to LV end-diastolic pressure; the passive material properties were adjusted to match the LV dimensions and cavity volume.
Growth simulations were then performed to obtain the new LV end-diastolic geometry at each time step. The growth constants were then adjusted to match the LV
volumetric growth. The growth in the geometry was validated by comparing the resulting LV end-diastolic dimensions with the dimensions obtained from normal

fetuses using echocardiography. (B) Graphical representation of the sarcomere addition in series and parallel. Axial strain leads to sarcomere addition in series,
which translates to circumferential growth in the LV model. Transverse strain leads to sarcomere addition in parallel, which translates to longitudinal and wall
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Hermite basis functions for all prolate spheroidal coordinates
in the transmural (M) and longitudinal (p) directions and linear
basis functions for all coordinates in circumferential direction
(¢). Cardiomyocyte fiber angles were then incorporated into the
model by assigning an inplane angle of —37° (relative to circum-
ferential) at the epicardium, and 83° at the endocardium, with a
linear variation across the ventricular wall (48, 49).

End-Diastolic Fetal LV Geometry

We obtained the end-diastolic fetal LV geometry by passively
inflating the unloaded LV mesh. In order to model the resting
properties of the myocardium, we make use of the transversely
isotropic form of the constitutive model developed by Guccione
et al. (50) (Methods S1 in Supplementary Material). The passive
material properties of the myocardium were adjusted such that
the end-diastolic fetal LV geometry was constrained by clini-
cally measured median values of end-diastolic volume (EDV)
(51), EDP (52), and LV dimensions (inner length and diameter)
(47, 53) corresponding to 22 weeks of gestation (Table S1 in
Supplementary Material).

Growth Model

The inflated mesh was then set to grow from mid-gestation to
birth at a constant EDP with the parameters listed (Methods
S2 and Table S2 in Supplementary Material). Briefly, our group
previously developed a strain-based volumetric growth model
that deforms the stress-free tissue configuration B, to a grown
configuration Bg, which will generally not be stress free (Methods
S2 in Supplementary Material) (32). The biomechanical stimuli
for growth in these models are derived from maximal strains. The
growth deformation gradient tensors are defined with respect to
the local fiber orientation (with component Fyin the fiber direc-
tion, component F. in cross-fiber direction parallel to the wall,
and F,, the radial component, perpendicular to the two former),
which allows for the definition of a transversely isotropic growth
tensor (54).

Geometric Model Optimization

Twenty-four unique FE model geometries were constructed. All 24
FE model geometries have been listed with their parameter values
and explicitly shown in Data Sheet S1 in Supplementary Material.
These geometries were constrained by the median values of (a) ex
vivo unloaded fetal LV dimensions of LV length or long-axis (LA),
LV diameter or short-axis (SA), and LV wall thickness (WT), as
measured by morphometric analysis of 14 fixed hearts (47); (b)
end-diastolic LV geometry (LA and SA) as measured by echocar-
diography (53); and (c) clinical measures of end-diastolic func-
tion (EDP and EDV) as measured by in utero catheterization (52)
and echocardiography, respectively (51), at 22 weeks of gestation
(Data Sheet S1 in Supplementary Material). The 24 LV geometries
were constructed such that each FE model was unique with vari-
ous combinations of values of the seven constraining parameters
(unloaded LV LA, LV SA, and LV WT dimensions, EDP, EDV,
LV LA, and LV SA dimensions at end-diastole, at 22 weeks). Each
FE model had to satisfy the condition that every constraining
parameter is within the reported measurement/clinical range for
that parameter. The idealized LV geometry was selected based

on retrospective error analysis of each model (Methods S3 in
Supplementary Material). Error analysis was done by computing
cumulative z-scores for each model, such that each model was
fitted to the mean of aforementioned seven constraining model
parameters and mean of LV shape growth at incremental time
points from mid-gestation to birth. The larger the deviation of the
model values from the mean values, the higher the error value for
the model. For every model, individual z-scores were calculated
for all model parameters, i.e., clinical measures of unloaded
shape, loaded shape, EDV, and EDP at 22 weeks of gestation, and
for LV shape from mid-gestation to term. Individual z-scores of
all parameters and LV shape growth were summed up for each
model to compute the cumulative z-score corresponding to the
model (see Tables 1 and 2). The model with the lowest cumulative
z-score was selected as the optimum fetal model.

Model Simulations

The FE model developed in this study was numerically solved
using Continuity 6.4, a problem-solving environment for multi-
scale modeling of cardiac biomechanics and electrophysiology.
It is distributed free for academic research by the National
Biomedical Computation Resource and can be downloaded at
http://www.continuity.ucsd.edu/Continuity.

The different steps in performing the growth simulations
are shown in Figure 1. The unloaded fetal LV geometry was
inflated to the end-diastolic pressure to obtain the starting LV
end-diastolic geometry at 22 weeks of gestation. The growth
simulations were then performed by repeatedly applying the
growth laws to this end-diastolic geometry to directly compute
the grown end-diastolic geometry at each time step. Once the
growth simulations were performed, the growth time step that
accounts for rate of growth was adjusted to match the normative
EDV growth. These growth constants were then kept the same for
all subsequent simulations for the different cases.

The non-linear FE models were solved with a modified
Newton-Raphson iteration scheme. Integration was performed
with 3 X 3 X 3 Gaussian quadrature points. Convergence was
reached when both the sum of incremental displacements and
the sum of the residuals were lower than 10~ mm and 10~ N,
respectively. The Jacobian was calculated and factorized in the first
iteration of a new time step and when the solution was diverging.
The system of linear equations was solved using SuperLU (55).
Boundary conditions in the models were such that the apex was
only allowed to move along the LV LA, the base was constrained
in longitudinal direction, and the epicardium of the base was
constrained in circumferential direction.

Model fits to experimental data were evaluated based on
standard error from the data mean or root mean squared devia-
tion (RMSD) from the regression line of the experimental data.
The RMSD is calculated using the following formula,

I Voo Vo)

n

RMSD=

data

where Vi is the model-predicted EDV, Viegession is the EDV
calculated using the exponential regression fit to the data, and
Ndaw 18 the number of data points.
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TABLE 1 | z-Scores for geometry and function model parameters at the unloaded and loaded state prior to growth, and cumulative z-scores for each

dimension during growth from 22 to 40 weeks of gestational stage.

Pregrowth (22 weeks) Postgrowth
(22-40 weeks)
Model Unloaded dimensions Loaded End diastolic volume EDP Dimensions
dimensions
Short-axis (SA) Long-axis (LA) Wall thickness SA LA SA LA
1 0.26 0.24 4.08 1.15 1.13 1.62 1.09 5.55 5.88
2 1.77 1.35 3.55 2.46 0.16 0.75 1.09 2435 10.72
3 0.28 1.30 1.40 1.28 0.04 1.95 1.09 20.24 18.52
4 0.28 1.26 5.05 1.33 0.08 1.94 1.09 8.90 21.87
5 3.28 0.74 1.27 3.77 0.85 1.25 1.09 4451 12.29
6 4.83 0.64 2.91 5.02 0.99 2.25 1.09 67.86 5.60
7 2.53 0.74 2.04 3.16 0.70 0.40 1.09 32.38 6.80
8 3.24 0.19 1.43 3.71 1.38 1.66 1.09 43.98 9.39
9 1.74 0.19 1.84 2.44 1.22 0.20 1.09 22.56 8.51
10 1.78 0.74 0.10 2.52 0.63 0.46 1.09 21.76 9.81
11 1.46 0.43 2.03 2.21 0.95 0.63 1.09 18.48 5.32
12 2.67 0.37 0.81 3.25 0.63 0.55 1.09 34.72 9.71
13 2.21 0.38 0.21 2.88 1.01 0.11 1.09 27.73 9.56
14 1.93 0.74 0.06 2.65 0.64 0.32 1.09 23.87 9.31
15 2.22 0.74 1.94 2.90 0.68 0.09 1.09 28.16 8.57
16 1.74 0.24 3.76 2.41 1.33 0.02 1.09 23.92 5.24
17 1.18 0.99 0.28 0.53 0.39 0.72 0.74 14.99 9.73
18 0.59 0.79 0.30 1.83 0.67 0.71 0.74 7.1 8.19
19 0.29 0.88 0.39 1.57 0.57 0.80 0.74 12.37 4.21
20 0.29 1.02 0.33 1.58 0.44 1.05 0.74 6.95 8.69
21 0.29 0.96 0.38 1.56 0.49 1.06 0.74 8.41 6.68
22 0.06 0.88 0.36 1.55 0.57 1.03 0.74 9.40 5.11
23 0.00 0.96 0.38 1.32 0.49 0.97 0.74 5.44 6.71
24 0.00 0.84 0.42 1.30 0.62 0.95 0.74 5.29 5.25

Clinical Cases Explored by Model

Once the baseline parameters of the growth model were deter-
mined, various growth cases were simulated to determine the
effect of volumetric filling, preload, material properties, and
shape, on the LV growth. To determine the effect of ventricular
filling on growth, the same unloaded geometry was inflated to
different preloads by changing the end-diastolic pressure while
keeping the material properties constant, and then the growth
simulations were performed during which pressures were
maintained.

To quantify the effect of ventricular shape and WT on fetal
growth, the reference FE model shape was modified by either
changing SA to LA ratio or average WT of the LV, prior to infla-
tion. To achieve this, four unloaded geometries were constructed
with the same initial volume as the normal unloaded geometry.
Two geometries were developed by changing the location of the
epicardium nodes uniformly along the LV to yield a thick-walled
LV (thick; WT: +30%) and a thin-walled LV (thin; WT: —30%)
relative to normal. The other two were developed by manipulat-
ing the overall shape of the LV to yield “TallNarrow” (LA:SA:
+20%) and “ShortWide” (LA:SA: —20%) geometries. The four
geometries were then inflated at a (a) constant preload of 0.75 kPa
and (b) constant end-diastolic filling volume relative to unloaded
(EDV-V,) of 383 pL.

Patient-Specific Simulations

The fetal echocardiograms were conducted in the Pediatric
Cardiology Division of Rady Children’s Hospital, San Diego, and
Primary Children’s Hospital, Utah, following standard guidelines
set by the American Society of Echocardiography. All patient data
were retrospectively collected and de-identified. Measurements of
the hypoplastic LV were made retrospectively from the recorded
echocardiogram clips. Measurements were made in the four-
chamber view of the LV internal and external diameters (width)
at the base and mid-level, as well as the inner and outer length of
the cavity only when the image quality allowed clear definition of
the endocardium and epicardium.

Two case studies of HLHS patients were evaluated. The
patient-specific FE models were constructed using end-diastolic
LV dimensions measured at first clinical time point of study
(23.1 and 31 weeks of gestation, respectively). The unloaded
geometry was computed using the same material parameter
values as the normal fetal heart using the methods described
by Krishnamurthy et al. (49). Growth simulations were then
performed using the reference growth model parameter values
and the LV EDV at second clinical time point of study (30 and
39.1 weeks, respectively) was computed. The predictions from
the growth simulations were then independently tested by com-
paring the simulated LV end-diastolic dimensions at the second
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TABLE 2 | Cumulative z-scores for the model geometries pre- and
postgrowth with the minimum cumulative z-score highlighted in blue,
representing the selected model geometry for reference normal human
fetal growth model.

Model Cumulative z-score
Pregrowth Postgrowth Total
1 9.57 11.43 21.01
2 11.12 35.07 46.19
3 7.33 38.76 46.09
4 11.03 30.77 41.80
5 12.24 56.81 69.05
6 17.72 73.46 91.18
7 10.65 39.18 49.83
8 12.70 53.37 66.07
9 8.71 31.07 39.78
10 7.32 31.57 38.89
11 8.80 23.80 32.59
12 9.37 44.42 53.79
13 7.88 37.29 4517
14 7.42 33.17 40.60
15 9.67 36.73 46.40
16 11.47 29.16 40.63
17 4.84 24.72 29.56
18 5.63 15.29 20.93
19 5.24 16.58 21.82
20 5.46 15.63 21.09
21 5.47 15.09 20.56
22 5.19 14.51 19.71
23 4.87 12.16 17.03
24 4.87 10.55 15.41

clinical time point of study with echocardiographic measure-
ments for the same.

RESULTS

Human Fetal LV Reference Model

Upon z-score analysis of all geometric models constructed (Data
Sheet S1 in Supplementary Material), Model 24 resulted with the
lowest cumulative z-score and was chosen as the working refer-
ence human fetal LV model for normal growth (Tables 1 and 2).
The geometry of the unloaded FE mesh for the optimum model
at mid-gestation (Figure 2A) was within the experimentally
reported values of fixed LV hearts at 22 weeks of age (Figure 2B).
At end-diastole, the working reference fetal LV model geometry
fit at the high-end of the normal clinical range of reported values
for LV length and LV diameter (Figure 2C), albeit at the median
of clinical values of EDP (5.63 mmHg) and EDV (1.02 mL)
(Figures 2D,E).

Human Fetal LV Growth Model from Mid-
Gestation to Birth

Normal fetal LV growth is quantified from mid-gestation to term
and quantified as volumetric and shape growth of the LV cavity
and wall. Simulating fetal growth from mid-gestation to birth
in the reference human fetal LV model replicated the measured
end-diastolic LV cavity volume (Figures 3A,C) and LV geometric
dimensions (Figure 3B), and LV wall volume (Figure 3D) to

within 15% RMSD error based on echocardiographic measure-
ments (53, 56-61), in both forward and reverse directions, during
the third trimester of pregnancy. Specifically, the RMSD between
the model-predicted EDV and the exponential regression fit to
the EDV data is 0.89 mL. The maximum deviation occurred at
40 weeks, where the percentage of RMSD with respect to the
range of data is 13.4%. The RMSD between the model-predicted
SA diameter and the linear regression to SA data is 0.606 mm, and
the RMSD between the model-predicted LA lengths to the linear
regression to the LA data is 1.126 mm. The maximum deviations
from data occurred at 22 weeks in both cases and were within 0.55
and 0.61 SDs, respectively. The model wasable to accurately predict
the physiological unloaded state of the LV at around 12-14 weeks
(Figure 3C). However, greater deviation from clinical values is
observed for LV wall mass during forward and reverse growth for
early-fetal (0-14 weeks) growth (Figure 3D). The RMSD between
the model-predicted LV wall mass and the exponential regression
to the four different data sets were computed to be 0.99 mL (60),
1.11 mL (57), 1.14 mL (59), and 1.25 mL (58), respectively.

Human Fetal LV Growth Model Sensitivity
to EDV

In fetal echocardiograms, patients with narrowing or obstruction
of the foramen ovale, mitral valve, and/or aortic valve frequently
develop HLHS. Fetal sheep, chicken, and zebrafish models with
decreased ventricular filling also develop ventricular hypoplasia
(6, 14, 46). Decreasing the ventricular filling volume in the refer-
ence normal growth FE model at 22 weeks, while keeping the
material properties of LV constant (Figure 4A), resulted in drastic
decreases in LV cavity volume (Figure 4B) and LV wall volume
(Figure 4C) during fetal LV growth from mid-gestation to birth.
Simulated growth of a hypoplastic LV (reduced ventricular filling)
(—25%) resulted in significant reduction in LV EDV (—65%) and
LV wall volume (—46%) at birth (Figures 4B,C). A linear correla-
tion was determined between LV filling volume and LV cavity
growth/LV wall growth (Figure 4D). Every 10% decrease in LV
filling volume at mid-gestation resulted in a 25% decrease in LV
cavity volume and 17% decrease in LV wall volume at birth in the
reference model.

Human Fetal LV Growth Model Sensitivity
to LV Shape

Patient-specific changes in LV shape, as observed routinely during
clinical investigations, can result in deviations from the idealized
LV growth and might be prognostic of HLHS phenotype (62).
Modifying the reference FE model while maintaining constant
initial volume, preload, LV filling volume (EDV-V;), and material
properties (Figure 5A) showed that that thin-walled ventricles
grew larger in size and volume than the equivalent thick-walled
models (Figure 5B). The effects of changing ventricular length-
to-width ratio (Figure 5A) while holding other properties
constant were comparatively small. However, the ShortWide LV
did grow more than the TallNarrow model (Figure 5B). A steep
inverse linear correlation was determined between LV WT and
LV cavity growth (Figure 5C). Every 10% increase in LV WT at
mid-gestation resulted in a 6.8% decrease in LV cavity volume at
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wall thickness. (B) Bar graph showing comparisons for unloaded LV dimensions between morphometric measurements (white bars) from fixed fetal hearts (47) and
FE mesh (black bars) at 22 weeks of gestational age. (C) Fitting of simulated LV end-diastolic model geometry (black bars) against echocardiographic measures of
LV dimensions (white bars) (53) at 22 weeks of gestational age. Simulation set points (solid red dot) of EDP (D) and end-diastolic volume (EDV) (E) from human
patient data as measured by fetal cardiac catheterization (52) and echocardiography (51), respectively, at 22 weeks of gestational age.
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birth. Also, a shallow inverse linear correlation was determined
between LV LA:SA ratio and LV cavity growth (Figure 5C),
wherein, a 10% increase in LA:SA ratio at mid-gestation resulted
in a 2% decrease in LV growth at birth.

Patient-Specific Human Fetal LV Growth

Model Case Study 1

In a blinded case study, using echocardiographic data (for LV
geometry) from a severely hypoplastic fetus at 23.1 weeks as the
input, we constructed a patient-specific FE model (Figure 6A).
The patient-specific FE model was in good agreement with
the echocardiography data with highest variability in WT
dimension from apex to base (Figure 6A). At end-diastole, the
current patient-specific model presented with a significantly
lower ventricular filling volume at 0.187 mL, decreased LA:SA
ratio at 1.2, and decreased WT relative to a normal healthy
LV (Figure 6B). Based on our previous analysis of the refer-
ence model, the patient-specific case was predisposed to faster
growth as a function of altered geometry (thinner wall and lower

LA:SA). In contrast, the patient-specific case was predisposed to
much slower growth as a function of lower ventricular filling.
The simulated growth of the patient-specific model predicted a
severely hypoplastic LV at birth, consistent with the patient diag-
nosis (Figure 6C). The patient-specific growth model predicted
a consistent match in the observed reduction in the measured
LV cavity volume (Figure 6C) and end-diastolic LV geometric
dimensions (Figure 6D) at 30.1 weeks, to within 15% clinical
error based on echocardiographic measurements.

Patient-Specific Human Fetal LV Growth

Model Case Study 2

In a blinded case study, using echocardiographic data (LV
geometry) from a borderline hypoplastic fetus at 31 weeks as
the input, we constructed a well-matched patient-specific FE
model (Figure 7A). At end-diastole at 31 weeks, the patient-
specific model had a significantly lower ventricular filling
volume, increased LA:SA ratio, and increased WT relative to a
normal healthy LV (Figure 7B). Based on our previous analysis
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of the reference model, the patient-specific case was predis-
posed to slower growth as a function of both altered geometry
(thicker wall and higher LA:SA) and lower ventricular filling.
The simulated growth of the patient-specific model predicted a
borderline hypoplastic LV at birth, consistent with the patient
diagnosis (Figure 7C). The patient-specific growth model
predicted a consistent match between the measured LV cavity
volume (Figure 7C) and end-diastolic LV geometric dimensions
(Figure 7D) at 39 weeks, to within 15% clinical error based on
echocardiographic measurements.

DISCUSSION

In this study, we quantitatively investigated, in silico, the effect of
reduced ventricular filling at end-diastole, in patient-specific mod-
els of HLHS, on LV fetal growth. A novel FE growth model of the
healthy human fetal LV, using a previously described strain-based
growth law, with idealized average geometry at mid-gestation
using clinical data, has been presented as a reference human fetal
LV growth model from mid-gestation to birth. Model prediction
results from the two blinded case studies of HLHS patients are in
good agreement with the clinically observed values for LV cavity
volume growth and shape changes. To our knowledge, this is the
first study to attempt to investigate the biomechanical relation-
ship between LV filling at end-diastole and LV ventricular growth
in human fetal hearts with HLHS. The human fetal growth model
presented here is a significant step toward the development of a

clinical tool that may be used to predict LV size and shape at birth
based on mid-gestation LV filling.

Computational Models of Fetal Growth
and HLHS

The specific biomechanical stimuli that trigger cardiac growth
are not completely understood. There is general agreement in the
field that an increase in stress or strain at organ level and/or cel-
lular level leads to a growth response in the heart (13, 16, 26-28,
30-34). Most cardiac growth models have been formulated,
wherein growth is regulated by changes in mechanical stress and/
or strain (13, 16, 26, 27). These computational models are based
on the experimental observation that at the organ level, volume
overload or pressure overload triggers eccentric or concentric
hypertrophy, respectively, via changes in regional wall stresses
and strains (13, 16, 26-28). Pena et al. constructed simplified
ellipsoidal meshes of the human fetal heart from in vivo echo-
cardiographic measurements at different gestational ages, which
were then used to optimize for the material properties using FE
analysis (28). However, they did not directly apply a growth law.
They found that while the active tension of the models increased
with gestational age, there was not a significant change in the pas-
sive material properties. Ohayon et al. used a global stress-based
growth law applied directly to the unloaded geometry to simulate
global human fetal LV growth (26, 28, 32). Though able to predict
the growth of the fetal LV, this model is not based on sarcomere
addition along the fiber and cross-fiber direction that happens
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FIGURE 4 | (A) Passive inflation of unloaded left ventricle (LV) reference finite element model to varying ventricular filling volumes by varying ventricular loading.
Simulated LV cavity volume (B) and LV wall volume (C) growth under varying ventricular filling conditions. (D) Relationship between ventricular filing and LV cavity
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in cardiac growth. In this model of fetal growth, interpreting the
direct effects of stresses and strains along the local fiber directions
on LV growth are difficult as global growth has be transformed to
the local fiber directions.

The changes in LV WT are mediated by cellular remodeling
of cardiomyocytes via sarcomere addition in series or parallel.
We applied a previously described strain-dependent growth law
acting locally at each gauss point based on the fiber and cross-
fiber strains, which has been used to describe both eccentric
and concentric remodeling in dogs and neonatal rat growth, in
our fetal heart model (31, 51, 52, 56, 61). Earlier studies have
reported a monoexponential increase in fetal LV EDV and a
linear increase in fetal systolic and diastolic pressures during the
course of human gestation (26, 32, 63). Thus, it would suggest that
fetal heart growth is largely driven by volume overload as the bio-
mechanical stimuli. Accordingly, growth in our model is driven
via maximal fiber and cross-fiber strains at each gauss point. In
addition, decrease in ventricular flow is routinely documented in
the experimental models and clinical studies of HLHS.

The single ventricle model for normal fetal growth is a sig-
nificant step toward building subject-specific models based on

fetal echocardiography data. To the best of our knowledge, this is
the first computational model that describes LV growth behavior
in the human fetus by integrating information on LV geometry
and function from multiple clinical measurements and predicts
patient diagnoses based on mid-gestation echocardiographic
geometry. Our fetal human growth model is based on ideal-
ized LV geometry at mid-gestation and is able to replicate the
later-gestation fetal LV volumetric and geometric growth (size
and shape) observed clinically with less than 15% error. Fetal
LV dimensions obtained from retrospective echocardiographic
images are valuable measurements as they provide routine clini-
cal information about ventricular structure in HLHS patients
(49, 51, 52, 56, 61). Fetal ventricles are of smaller scale relative
to adult ventricles, which compounds the difficulty of taking
accurate measurements from echocardiography, especially for
LV WT measurements. This was reflected in the significant vari-
ation within the four experimental data sets of fetal LV wall mass
(57-60). All four data sets employed different experimental tech-
niques to acquire data that would have led to technical variability
within these data. Of the four data sets for WT, our model was
able to match the results of only one data set within acceptable
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values (60). Notably, St John Sutton et al. was the only group
to compare their in vivo measurements to explanted LV mass
measurements (60). More validation with serial data consisting
of paired measurements for LV dimensions (LA, SA, and WT)
will be required to improve model results given the scatter in
data. This becomes pertinent as LV growth is strongly influenced
by WT in our model.

Patient-Specific Human Fetal LV Growth
Model Case Studies

In case of subject-specific data obtained from echocardiograms
of fetuses diagnosed with HLHS, measurements were only
made when the structures were visibly clear and delineated.
Nonetheless, there is the possibility of introducing error due to
intraobserver variability. Additionally, error can be greater in
hypoplastic LV measurements due to their smaller LV size rela-
tive to normally developing LV. In order to assess LV geometry
accurately for these case studies, six geometric measurements
of LV dimensions were provided at different LV planes from
apex to base from the 2D echocardiogram four-chamber view.
For both patient-specific cases, model predictions matched the
clinical data for LV EDV and shape reasonably well. Specifically,
the model predicted the shape better for the borderline HLHS
case than the severe HLHS case. Interestingly, the biggest
discrepancy in shape results for the borderline HLHS case was
observed in the LV WT growth. Additionally, the prediction for

EDV was much better for the severe HLHS case than for the
borderline HLHS case. Nonetheless, in both cases, the model
was able to predict the clinical diagnosis of the fetal subject.
Ideally, using MRI data and LV inflow, data would allow for
more constraints on the developed mesh and, therefore, a more
faithful patient-specific geometry. However, early-fetal MRI is
a developing field and not a routine clinical procedure as yet.
Additionally, LV inflow data were not available for the current
case studies. Also, measurements at more than two time points
would be valuable in validating the patient-specific model and
its predictive capability. In future studies, protocols need to be
developed to ensure consistent methods between patients and, if
possible, reduce manual error by having multiple experts obtain
measurements.

It is noteworthy that the ventricular geometry was imaged at
end-diastole when the heart experiences a significant amount
of load. An unloading algorithm developed by Krishnamurthy
et al. was used to predict the unloaded configuration of the 3D
FE model under normal preload and passive material properties,
which may not hold true for the patient-specific case (49). This
unloaded LV configuration is important computationally and
biomechanically, as it serves as the reference unstressed state for
calculation of the developed strains in the model. However, the
predicted unloaded geometry is able to successfully deform to
the measured end-diastolic geometry, demonstrating promising
results. Repeating this with a larger set of patients would serve to
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validate the algorithm as well as the ability of the growth model
to predict dimensions at a future time point.

In addition to ventricular filling at EDV, altered shape plays
a significant role in altering local strain distribution contribut-
ing to LV growth in our model. A greater understanding of
the strain distribution experimentally may shed insight into
the mechanism underlying the significant wall thickening
observed in hypoplastic hearts. Earlier studies report variable
systolic strain distribution in hemodynamic chick model of
HLHS (28, 49). Further investigation into the role of LV shape
and diastolic strain distributions along with myocardial passive
material properties is merited to fully comprehend mechanisms
underlying HLHS. We quantified the effect of both shape
and ventricular filling on LV growth in our model. Once the
patient shape is accounted for by using echocardiography data,
then based on volumetric filling and shape changes, one can
attempt to predict normal and hypoplastic LV growth by using
our model. In the future, it would be invaluable to generate a

biventricular mesh of the fetal heart with fetal circulation in
order to improve the physiological relevance of the model as
well as understand the interactive effects between the ventricles
in a normal and diseased state. This would be specifically useful
in a clinical case such as HLHS where the right ventricle often
compensates for the compromised structure and function of
the LV.
Model assumptions and limitations:

(a) Thesimplified ellipsoid shape of the LV used for the reference
normal model of fetal growth represents an idealized geom-
etry of the LV. Even in “patient-specific” cases, the FE model
is a simplified axis-symmetric representation of the actual
LV geometry derived from six-planar measurements of 2-D
echocardiography in the four-chamber view. However, the
volume calculations and shape calculations based on this LV
geometric approximation match the clinical data reasonably
well.
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(b) The FE model assumes an initial stress-free state of the
myocardium and residual stresses are not factored in.
More human fetal data are needed to substantiate these
assumptions.

(c) In fetal heart growth, cell proliferation substantially contrib-
utes to cardiac growth (24, 44, 64). Studies in animal models
of sheep have attempted to quantify the contribution of
hyperplasia to cardiac growth and shown that this decreases
significantly during the third trimester of pregnancy.
However, these data and the kinematics of this process, spe-
cifically in human fetal hearts, still remain to be elucidated.

(d) We assume that there is no change in passive material prop-
erties during growth. An earlier study by Pefia et al. supports
this (28).

(e) The kinematics of LV growth allows the radial displacement
of the base while the apex is free to move.

(f) Growth of the heart is mediated by loading and biome-
chanical tissue strain, without other stimuli such as growth
hormones.

Clinical Perspective

Hypoplastic left heart syndrome can be diagnosed by fetal
echocardiography between 18 and 22 weeks of gestation (44, 64,
65). However, borderline cases of HLHS can go undetected in
many early to mid-gestation fetal exams. Studies have reported
that neonates with prenatal diagnosis of HLHS show improved
hemodynamic stability in addition to providing the opportunity
to plan management and counseling for the family (64, 65).
Patient-specific computational modeling of developing fetuses
with HLHS could serve to improve prenatal diagnosis by provid-
ing insight into the biomechanics and growth behavior of the
affected ventricle. The methods developed in this study aim to
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facilitate understanding of fetal growth behavior undergoing
normal development and provide a benchmark model for nor-
mal growth in the human fetal LV, enabling comparison with
patient-specific fetal LV models. Ultimately, with further testing
and refinement, the model has potential to aid a clinician in
counseling, surgical planning, and management of HLHS with
consideration of rescue options for borderline cases of HLHS.

CONCLUSION

The human fetal growth model is a novel tool that may be used
to understand biomechanical mechanisms underlying HLHS and
ultimately quantitatively predict the degree of LV hypoplasia to
potentially guide timing of clinical intervention aimed at rescuing
the hypoplastic LV in HLHS patients.
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Ultrasound is commonly thought to underestimate ventricular volumes compared to mag-
netic resonance imaging (MRI), although the reason for this and the spatial distribution of
the volume difference is not well understood. In this paper, we use landmark-based image
registration to spatially align MRI and ultrasound images from patients with hypoplastic
left heart syndrome and carry out a qualitative and quantitative spatial comparison of
manual segmentations of the ventricular volume obtained from the respective modalities.
In our experiments, we have found a trend showing volumes estimated from ultrasound
to be smaller than those obtained from MRI (by approximately up to 20 ml), and that
important contributors to this difference are the presence of artifacts such as shadows
in the echo images and the different criteria to include or exclude image features as part
of the ventricular volume.

Keywords: volume estimation, ventricular function, ultrasound imaging, cardiac magnetic resonance, image
registration

1. INTRODUCTION

Accurate estimation of ventricular volumes is critical for a number of clinical applications,
particularly in patients with congenital heart disease (CHD). In hypoplastic left heart syndrome
(HLHS), the left heart structures are underdeveloped to the extent that they are unable to support
the systemic circulation. The right ventricle (RV) is dilated and hypertrophied as a consequence,
supporting the systemic circulation on its own. This results in abnormal RV geometry.

Ultrasound (US) is the most widespread cardiac imaging modality. However, image quality
can be poor compared to other non-invasive techniques such as cardiac magnetic resonance
(CMR) imaging. CMR is considered to provide reference images of the heart (1) and hence CMR
images are frequently used to estimate reference values for cardiac shape, size, and function, as
discussed by Kjaergaard et al. and Greupner et al. (2, 3). Previous studies, for example Bell et al. (4)
have compared ventricular volumes obtained from CMR and echo. Moreover, numerous studies,
summarized in Ref. (5), showed that echo-derived end-diastolic volumes (EDV) systematically
underestimate EDV values derived from CMR images by up to 20 ml in average and up to 34% in
relative terms. These differences are more significant in CHD patients than in healthy subjects or
in other patient groups.

The objective of this study is to investigate the spatial distribution of the difference in reported
EDV between MR-derived segmentations and echo-derived segmentations in HLHS patients.
In particular, we analyze what features of the image lead to differences in contour delineation, and
where these differences occur. The contribution of this paper is to describe the spatial distribution
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of differences between volume estimates obtained from paired
CMR and echocardiographic (echo) images.

2. MATERIALS AND METHODS

2.1. Patient Selection and Data Acquisition
We study multimodal images acquired from 5 patients with
hypoplastic left heart syndrome (HLHS), 3 post-Norwood 1,
and 2 post-Hemifontan, with an age range of 0.18-3.40 years,
and weight in the range of 4.93-15.4 kg. These patients under-
went a research ultrasound examination immediately after the
clinical MR examination, both under general anesthesia (GA).
Transthoracic ultrasound volumes were acquired using a Philips
iE33 system and a cardiac X5-1 3D transducer, from subcostal
windows.

Cardiac magnetic resonance (CMR) imaging was performed
using a 1.5 T MRI scanner (Philips Intera Achieva, Philips
Healthcare, Best, Netherlands). RV volumes and function were
obtained as part of a comprehensive functional evaluation.
In accordance with our unit protocol for CMR evaluation of
HLHS, a single stack of contiguous 6-8 mm balanced SSFP slices
(TR 1.8 ms, TE 3.5 ms, FOV 180-320, 40 phases per cardiac cycle,
6-12 lines per segment depending on heart rate, acquired resolu-
tion 1.2 mm X 1.2 mm to 1.8 mm X 1.8 mm) oriented in a plane
equivalent to the short axis of the tricuspid valve were obtained
in an end-expiratory breath-hold of 4-7 s per slice.

This study was carried out in accordance with the principles of
the Declaration of Helsinki. Ethical approval was granted by the
local ethics committee “Advanced Echocardiography in Pediatric
Patients” at Guy’s and St. Thomas’s and King’s College London
(09/H0802/116) after informed consent was obtained from the
patients parents.

2.2. Ventricle Segmentation

Segmentations on both MR and ultrasound images were done
manually. Semiautomatic methods based on processing of the
image data, such as model based segmentation, level sets, region
growing, and other methods can introduce a bias in the compari-
son because MR and ultrasound images perform very differently
on them. Consequently, we have used the manual segmentation
tool provided by the MITK software (6) to segment both modali-
ties. The segmentation was carried out by contouring the endo-
cardium on a stack of short-axis planes and then interpolating the
contours to form a volume.

2.3. Ultrasound to MR Image Alighment

Echo to CMR alignment (registration) is a challenging prob-
lem. Image features are normally not consistent between the
two modalities because not all structures that are visible in the
ultrasound image (e.g., trabeculae, valves) are also visible in the
CMR image. Moreover, view-dependent artifacts characteristic
to ultrasound imaging (e.g., shadows, reverberations) lead to
erroneous image features that obviously are not present in the
CMR image. Last, structures that are visible in both modalities
are captured in a very different way: for example, ultrasound
image formation can cause thickening or narrowing of these
structures depending on the angle of incidence of the ultrasound

wave, while no such view dependency takes place in CMR image
acquisition. As a result, most automated and semi-automated,
image- or feature-based registration algorithms fail to align CMR
and echo images accurately.

For this study, we have carried out image alignment by
manually selecting corresponding ventricular landmarks in both
modalities and calculating the rigid transform (rotation and
translation) between the two landmark sets. An independent
operator carried out registrations for all patients to ensure that
the same alignment was used when comparing segmentations
carried out by different experts.

Landmark selection is done as follows: first, the base-to-apex
axis was found (Figures 1A,B). Along this axis, a point at mid-
height of the ventricle (represented in the figure by a white dot)
is selected to produce a short-axis slice (Figure 1C). On this
short view, the in-plane axes are rotated and translated so that
one plane is parallel to the diaphragm, and the other passes by
the closest papillary muscle (Figure 1D) while maintaining the
slicing planes orthogonal to each other.

Without changing the orientations of the slicing planes, the
crosshair is translated following the through short-axis direction
to the atrioventricular valve plane (Figures 1E,F). At that loca-
tion, six landmarks are selected: the center of the atrioventricular
valve (1), the inferior (2), anterior (3), left (4) and right (5) sides
of the valve annulus, and the ventricular apex (6). Following the
same process, corresponding landmarks are selected in the CMR
image (Figures 1G,H). The rigid transformation between the two
point sets was found using the least squares method described by
Arun et al. (7).

Figure 2 shows the image registration results for 5 patients.
A superimposition of the medial short-axis slice from both CMR
and echo images, for each patient, is shown. A selection of movies
showing the achieved alignment and its consistency over time are
included in Supplementary Material.

2.4. Regional Division of the RV

In order to carry out a regional analysis of the difference in
estimated volume, we need to divide the ventricular volume
into sectors. There is little literature on regional analysis of the
right ventricle (RV) in Fontan patients like those with hypo-
plastic left heart syndrome (HLHS). For repaired Tetralogy of
Fallot (ToF) patients, Zhong et al. (8) proposed a 15-segment
subdivision.

This subdivision is, however, not well suited for single ventricle
circulation because of the essential differences in RV morphology
between the two cases. In repaired ToF, the RV morphology is
not very different from a normal RV. In Fontan circulation, there
is no functional left ventricle (LV), hence the RV supports the
systemic circulation and has adapted its morphology becoming
more globular, toward the shape of a normal LV.

For this reason, other means of describing the RV anatomy in
a standardized way have been proposed. Menon et al. (9) carried
out regional analysis from 2D echocardiography by dividing the
myocardium in a parasternal long-axis view into four sections
and in a four chamber view into 6 segments. Wong et al. (10)
carried out a 3D analysis on RV morphology and function in
HLHS using a population-based atlas, which defined ventricular

Frontiers in Pediatrics | www.frontiersin.org

December 2016 | Volume 4 | Article 133


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive

Gomez et al.

Volume Difference with Multimodality Imaging

FIGURE 1 | Selecting corresponding landmarks in echo and CMR images. (A) Long axis slice. (B) RVOT view. (C) Short-axis view with arbitrary rotation.
(D) Short-axis view parallel to the diaphragm. (E) Valve-plane landmarks. (F) Valve and apex landmarks. (G) CMR landmarks. (H) CMR landmarks.

FIGURE 2 | Alignment results. The figure shows a 2D short-axis slice of the aligned volumes for 5 patients. The CMR image is shown in the background in
grayscale and the echo image is overlaid on top using a red-to-yellow colormap. A selection of movies showing the achieved alignment and its consistency over
time are included in Supplementary Material. (A) Pat 1. (B) Pat 2. (C) Pat 3. (D) Pat 4. (E) Pat 5.

anatomy with respect to the position of the LV remnant. This
representation allowed the estimation of regional strain dividing
the RV into basal, medial, and apical layers.

Inspired by the divisions carried out by Menon et al., Zhong
et al, and Wong et al. (8-10), and taking into account the
standard AHA 17 segment division for the LV proposed in Ref.
(11), in this paper, we propose to divide the 3D RV shape into 14
segments as indicated in Figure 3. Along the RV axis, four layers
are defined: apical, medial, basal, and valvular. The apical layer
consists of a single sector. The medial layer and the basal layer
are divided into 4 and 6 sectors, respectively (similar to the LV
AHA division). The valvular layer is divided into 3 sectors that
cover half of the circle reflecting the asymmetric shape of the
RV, and cover the “shoulder” area underneath the inflow valve.
This layer covers the upper anterior wall (1), the upper lateral
free wall (2), and upper inferior free wall (3). The basal layer,
situated below the valvular layer, starts at the intersection point
with the anterior (4), lateral (5), and inferior (6) parts of the free
wall and the inferoseptal (7), lateral-septal (8), and anteroseptal

(9) sectors. The medial layer includes four sectors covering the
anterior (10), the lateral free wall (11), the inferior (12), and
the septal (13) sectors. The apical layer includes a single sector
(14). Figure 3A shows a representation of a RV for reference.
Figure 3 shows a 3D representation of the segment division for
one patient from the echo-derived segmentation and from the
CMR-derived segmentation. Colors are matched by the bulls-eye
plot diagram in Figure 3D, which is used as model for the results
in the remainder of this paper. The orientation of the bulls-eye
plot and the denominations “anterior” (A) and “inferior” (I) are
consistent with that in Ref. (11). We have replaced the septal
and lateral names in (11) by right (R) and left (L), because we
believe this is a more straightforward and intuitive notation in
systemic RV patients.

An advantage of the landmark selection process described in
Sec 2.3 is that it allows to define the segment division automati-
cally since the RV axis is defined by points 1 (center of tricuspid
valve) and 6 (RV apex), and the superior-to-inferior direction is
defined by the points 2 and 3.
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RV orientation

Echo segments

Our proposed bulls-
eye plot for a systemic
RV

CMR segments

FIGURE 3 | Segment division on the RV. Representation of the RV and its main axes (A). Example of segment division for patient 2 from echo (B) and CMR (C).
Bulls-eye plot representation of the proposed 14-segment systemic RV division (D). Annotations indicate left (L), right (R), inferior (I), and anterior (A).

2.5. Experiments and Data Analysis

Three experts carried out EDV segmentations on 5 pairs of
pre-aligned MR and ultrasound images, as described in Sec. 2.2.
These images were spatially aligned as indicated in Sec. 2.3. The
resulting aligned segmentations were divided into 14 segments as
described in Sec. 2.4.

The resulting end diastolic volumes (EDVs) are compared
globally (AEDV = EDV.y, — EDVeyr) in absolute terms, and
also regionally. For the regional analysis, the difference between
echo-derived and CMR derived regional volumes is expressed as
a fraction of the total EDV volume estimated from CMR:

EDV —EDV
AEDV, = recho LR for every region r (1)
EDV,,.

This allows us to compare the obtained values across patients.
In order to compute statistics on segmentations from multiple
experts, the average segmentation was computed by averaging the
binary masks representing the EDV segmentations followed by
a thresholding operation where voxels with an intensity greater
than 0.5 were kept.

In addition to the numerical analysis, we have carried out a
qualitative analysis by comparing the average segmentation con-
tours at four different short-axis planes uniformly spaced along
the RV axis for each patient.

3. RESULTS

3.1. Numerical Results

Global EDV differences are shown in Table 1. The numbers
reflect the average + SD over all experts, for each patient and
each modality, in milliliters. The numbers reported are within the
normal range and variability to other studies in the literature as
reported by Simpson et al. (5).

Large variability in the CMR derived volumes in patient 1 are
associated to low echo image quality (as shown in Figure 6, top
left), which led to large differences on how experts decided to
include some structures like the papillary muscles.

TABLE 1 | Ventricular volumes at end diastole in milliliters, including
segmentations from all experts.

Patient Echo CMR EDVicro—EDVem,
1 29.69 + 2.67 57.73 + 16.98 —28.05 + 14.75
2 18.27 +1.27 27.70 + 5.58 —9.44 + 4.37
3 31.17 +£ 2.54 51.17 + 8.59 —20.00 + 9.61
4 26.23 + 5.90 24.95 £ 10.12 1.29 £ 7.74
5 2117 +3.28 26.97 + 9.87 -5.79 + 6.96

The results of the regional analysis of EDV differences are
shown in Figures 4 and 5. Figure 4 shows the average relative
difference in regional EDV bulls-eye plot for each patient, in
percentage. There is a common pattern across all datasets where
the highest disagreement is near the apex, decreasing gradually
near the valve plane.

Figure 5 shows the integrated results from all patients as a
bar chart. This representation has been chosen instead of the
bulls-eye plot in order to accurately show the average values as
well as the SD as error bars. The sector number corresponding to
each bar is indicated next to the bar. Note that, in the basal layer,
the order of the bars has been modified so that sectors that are
approximately aligned vertically are represented as bars that are
aligned horizontally.

The results shown in Figure 5 are consistent with the results
shown in Figure 4E. The highest average disagreement takes
place at the apex, with a —14.2% relative difference between
echo-derived volume and CMR-derived volume. The spatial dis-
tribution of the error in the medial layer is uniformly distributed
and close to —5% in average. In the basal and the valvular layers,
the difference between the two modalities is significantly smaller.
Interestingly, in sectors near the outflow tracts (1, 2, 4, and 5),
there is a high variance across patients and operators. The qualita-
tive results in the next section expand on the potential reasons
for this.

3.2. Qualitative Results

Figure 6 shows a selection of short-axis, end-diastole views of
both CMR and echo including the outline of both echo and
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FIGURE 4 | Regional volume difference relative to the global CMR-derived volume, in percentage. (A) Pat 1. (B) Pat 2. (C) Pat 3. (D) Pat 4. (E) Pat 5.
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FIGURE 5 | Average regional volume difference relative to the global (CMR)
echo-derived volume, in percentage. The error bars indicate + SD.

Medial Apex
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-derived volume between the regional CMR derived volume and the

image (top row) and on the aligned CMR image (bottom row).

FIGURE 6 | Qualitative results. Visual comparison of the echo-derived segmentation and the CMR-derived segmentation superimposed on the aligned echo

CMR-derived segmentations (after alignment), to illustrate
the most significant findings of this study. The ventricular
segmentation from echo is represented as a red contour and the
CMR-derived segmentation as a green contour. A comprehensive
collection of short-axis views for all patients at different planes is
included in Supplementary Material.

The 2D slices in Figure 6 illustrate sources of systematic
differences between EDV segmentations carried out using
CMR images and echo images. On the first column on the
left, a very significant difference between the two contours

can be observed. Echo-derived segmentation was particularly
challenging in this patient due to the low-image quality
(compared to images from other patients). Additionally, the
echo-derived contour was drawn excluding trabeculae from the
segmentation. In the CMR image, where the visibility of the
endocardium is poor, the segmentation appears to run closer
to the myocardium.

On the second column from the left, it can be seen that image
quality is relatively high in both modalities, but the difference
comes from the contours delineating different structures. The
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echo-derived contour (in red) correctly follows an image edge
(top row), and the CMR-derived contour (in blue) also follows an
edge in the CMR image (bottom row). The edge in the echo image
represents the trabeculations, which are not visible in the CMR
image, where the contour follows the myocardium. A similar
effect can be observed in the third column (patient 3).

The fourth column shows the effect of lack of boundary defini-
tion in the ultrasound image on the resulting segmentation. In
this case, overall image quality is high, but the anterior wall is not
visible due to shadowing from the air in the lung. As a result, the
delineated contour does not match the real structure, which is vis-
ible in the CMR image. This finding is reflected in our proposed
bulls-eye plot in Figure 4D.

The fifth column illustrates disagreement due to lack of
boundary definition. An unclear boundary was delineated as a
true boundary on the echo image, while it was considered part of
the ventricular cavity in the CMR.

4. DISCUSSION

In this paper, we have investigated the spatial distribution of
RV volume differences by comparing ventricular segmentations
from CMR and from echo after aligning the two modalities on
patients with HLHS. We have found a similar level of overall
volume difference (up to a 20 ml) between echo and CMR
as in related literature, summarized in (5). We have found
that there are two major causes for this volume difference.
First, the lack of boundary definition in some echo images as
a consequence of shadowing artifacts produces large errors in
the segmentation. These kind of artifacts occur more commonly
near the anterior-free ventricular wall because of the proximity
to the lungs.

The second finding, perhaps more interesting, is that the
trabeculations in the right ventricular surface are captured in a
very different way in the CMR images and in the echo images.
Mostly, CMR images show the inner RV surface as flat and free
from the characteristic foldings and complex structures that are
visible in the echo images. In these cases, the CMR segmenta-
tion lies closer to the epicardium. This partly explains the
consistent bias for echocardiography to produce lower volumes
than MRL

A third, less significant cause of volume disagreement appears
to be the lack of agreement between experts on where to finish
the ventricular segmentation near the inlet and outlet of the RV.

In the case where echo image quality is significantly low, for
example in patient 1 (Figure 6, top left), the segmentation process
can be very challenging and the difference with CMR-derived
volumes can be extremely large. A larger study is required to
ascertain whether patient 1 is representative, in terms of image
quality, of this patient group.

A limitation of the manual registration is that it can introduce
a bias due to operator dependency inherent to a manual process.
This would not affect overall segmentations (since segmentations
are carried out before registration). We believe the impact of this
potential error is relatively small since manually picked land-
marks are commonly used as reference (12, 13) when a ground
truth registration is not available. An interesting consideration

of the proposed landmark-based registration method is that
although excellent image alignment can be achieved, the land-
mark set alignment can yield a relatively large residual error (up
to 4 mm). The reason for this residual error is that landmarks
do not necessarily provide a very good pairwise correspondence,
but still provide an accurate groupwise correspondence. For
example, points (2-5) are picked at the intersection of specific
axes with the visible valve annulus contour, but this contour can
be captured differently in CMR and echo, which is consistent with
the endocardial segmentations done on CMRI and echo images
that we have shown.

The limited number of patients and the lack of a ground truth
volume measurement prevents us from making a strong state-
ment on which volume estimate is more accurate; however, our
data suggest that, when high-quality echo data are available, RV
estimates can be as good as those from CMR. This can be of par-
ticular clinical significance if not only ED volumes are required
but also time-resolved volume estimations are sought, because
echocardiography is uniquely placed to provide high temporal
and spatial resolution images of the heart.
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VIDEO S1 | Fused visualization of 3D echo and stack-cine CMR from
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VIDEO S2 | Fused visualization of 3D echo and stack-cine CMR from
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VIDEO S3 | Fused visualization of 3D echo and stack-cine CMR from
patient 3.

VIDEO $4 | Fused visualization of 3D echo and stack-cine CMR from
patient 4.

Frontiers in Pediatrics | www.frontiersin.org

December 2016 | Volume 4 | Article 133


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive
http://journal.frontiersin.org/article/10.3389/fped.2016.00133/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fped.2016.00133/full#supplementary-material

Gomez et al.

Volume Difference with Multimodality Imaging

REFERENCES

. Grothues E Smith GC, Moon JC, Bellenger NG, Collins P, Klein HU, et al.
Comparison of interstudy reproducibility of cardiovascular magnetic res-
onance with two-dimensional echocardiography in normal subjects and in
patients with heart failure or left ventricular hypertrophy. Am J Cardiol (2002)
90(1):29-34. doi:10.1016/50002-9149(02)02381-0

. Kjaergaard ], Petersen CL, Kjaer A, Schaadt BK, Oh JK, Hassager C. Evaluation
of right ventricular volume and function by 2D and 3D echocardiography
compared to MRI. Eur ] Echocardiogr (2006) 7(6):430-8. doi:10.1016/j.
euje.2005.10.009

. Greupner J, Zimmermann E, Grohmann A, Diibel H-P, Althoff T, Borges AC,
et al. Head-to-head comparison of left ventricular function assessment with
64-row computed tomography. ] Am Coll Cardiol (2012) 59(21):1897-907.
doi:10.1016/j.jacc.2012.01.046

. Bell A, Rawlins D, Bellsham-Revell H, Miller O, Razavi R, Simpson
J. Assessment of right ventricular volumes in hypoplastic left heart syn-
drome by real-time three-dimensional echocardiography: comparison with
cardiac magnetic resonance imaging. Eur Heart ] Cardiovasc Imaging (2014)
15(3):257-66. doi:10.1093/ehjci/jet145

. Simpson ], Lopez L, Acar P, Friedberg M, Khoo N, Ko H, et al. Three-
dimensional echocardiography in congenital heart disease: an expert con-
sensus document from the European Association of Cardiovascular Imaging
and the American Society of Echocardiography. ] Am Soc Echocardiogr (2016)
17(10):50894-7317.

. Wolf I, Vetter M, Wegner I, Béttger T, Nolden M, Schobinger M, et al. The
medical imaging interaction toolkit. Med Image Anal (2005) 9(6):594-604.
doi:10.1016/j.media.2005.04.005

. Arun KS, Huang TS, Blostein SD. Least-squares fitting of two 3-D point
sets. IEEE Trans Pattern Anal Mach Intell (1987) 9(5):698-700. doi:10.1109/
TPAMI.1987.4767965

. Zhong L, Gobeawan L, Su Y, Tan J-L, Ghista D, Chua T, et al. Right ventricular
regional wall curvedness and area strain in patients with repaired tetralogy of

10.

11.

12.

13.

Fallot. Am J Physiol Heart Circ Physiol (2012) 302(6):H1306-16. doi:10.1152/
ajpheart.00679.2011

. Menon SC, Minich LL, Casper TC, Puchalski MD, Hawkins JA, Tani LY.

Regional myocardial dysfunction following Norwood with right ventricle to
pulmonary artery conduit in patients with hypoplastic left heart syndrome.
J Am Soc Echocardiogr (2011) 24(8):826-33. doi:10.1016/j.ech0.2011.05.008
Wong J, Lamata P, Rathod RH, Bertaud S, Dedieu N, Bellsham-Revell H, et al.
Right ventricular morphology and function following stage I palliation with a
modified Blalock-Taussig shunt versus a right ventricle-to-pulmonary artery
conduit. Eur ] Cardiothorac Surg (2016). doi:10.1093/ejcts/ezw227

Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Laskey WK, Pennell
DJ, et al. Standardized myocardial segmentation and nomenclature for tomo-
graphic imaging of the heart. Circulation (2002) 105(4):539-42. doi:10.1161/
hc0402.102975

Fitzpatrick ], West ], Maurer C. Predicting error in rigid-body point-based
registration. IEEE Trans Med Imaging (1998) 17(5):694-702. doi:10.1109/
42.736021

Pantazis D, Joshi A, Jiang J, Shattuck DW, Bernstein LE, Damasio H, et al.
Comparison of landmark-based and automatic methods for cortical surface
registration. Neuroimage (2010) 49(3):2479-93. doi:10.1016/j.neuroimage.
2009.09.027

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Gomez, Oktay, Rueckert, Penney, Schnabel, Simpson and
Pushparajah. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org

107

December 2016 | Volume 4 | Article 133


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive
https://doi.org/10.1016/S0002-9149(02)02381-0
https://doi.org/10.1016/j.euje.2005.10.009
https://doi.org/10.1016/j.euje.2005.10.009
https://doi.org/10.1016/j.jacc.2012.01.046
https://doi.org/10.1093/ehjci/jet145
https://doi.org/10.1016/j.media.2005.04.005
https://doi.org/10.1109/TPAMI.1987.4767965
https://doi.org/10.1109/TPAMI.1987.4767965
https://doi.org/10.1152/ajpheart.00679.2011
https://doi.org/10.1152/ajpheart.00679.2011
https://doi.org/10.1016/j.echo.2011.05.008
https://doi.org/10.1093/ejcts/ezw227
https://doi.org/10.1161/hc0402.102975
https://doi.org/10.1161/hc0402.102975
https://doi.org/10.1109/42.736021
https://doi.org/10.1109/42.736021
https://doi.org/10.1016/j.neuroimage.2009.09.027
https://doi.org/10.1016/j.neuroimage.2009.09.027
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

=

§ frontiers

in Pediatrics

ORIGINAL RESEARCH
published: 26 April 2017
doi: 10.3389/fped.2017.00078

OPEN ACCESS

Edited by:
Giovanni Biglino,
University of Bristol, UK

Reviewed by:

Neil W. Bressloff,

University of Southampton, UK
Yasuhiro Fuji,

Okayama University, Japan

*Correspondence:
Christopher J. Arthurs
christopher.arthurs@kcl.ac.uk

Joint first authors.

Specialty section:

This article was submitted
to Pedlatric Cardiology,

a section of the journal
Frontiers in Pediatrics

Received: 11 January 2017
Accepted: 31 March 2017
Published: 26 April 2017

Citation:

Arthurs CJ, Agarwal R John AV,
Dorfman AL, Grifka RG and
Figueroa CA (2017) Reproducing
Patient-Specific Hemodynamics in
the Blalock-Taussig Circulation Using
a Flexible Multi-Domain Simulation
Framework: Applications for Optimal
Shunt Design.

Front. Pediatr. 5:78.

doi: 10.3389/fped.2017.00078

Check for
updates

Reproducing Patient-Specific
Hemodynamics in the
Blalock-Taussig Circulation Using

a Flexible Multi-Domain Simulation
Framework: Applications for Optimal
Shunt Design

Christopher J. Arthurs’, Pradyumn Agarwal?*, Anna V. John? Adam L. Dorfman?,
Ronald G. Grifka® and C. Alberto Figueroa®*

"Division of Imaging Sciences and Biomedical Engineering, King’s College London, King’s Health Partners, St. Thomas’
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For babies born with hypoplastic left heart syndrome, several open-heart surgeries are
required. During Stage |, a Norwood procedure is performed to construct an appropriate
circulation to both the systemic and the pulmonary arteries. The pulmonary arteries
receive flow from the systemic circulation, often using a Blalock-Taussig (BT) shunt
between the innominate artery and the right pulmonary artery. This procedure causes
significantly disturbed flow in the pulmonary arteries. In this study, we use computational
hemodynamic simulations to demonstrate its capacity for examining the properties of
the flow through and near the BT shunt. Initially, we construct a computational model
which produces blood flow and pressure measurements matching the clinical magnetic
resonance imaging (MRI) and catheterization data. Achieving this required us to deter-
mine the level of BT shunt occlusion; because the occlusion is below the MRI resolution,
this information is difficult to recover without the aid of computational simulations. We
determined that the shunt had undergone an effective diameter reduction of 22% since
the time of surgery. Using the resulting geometric model, we show that we can compu-
tationally reproduce the clinical data. We, then, replace the BT shunt with a hypothetical
alternative shunt design with a flare at the distal end. Investigation of the impact of the
shunt design reveals that the flare can increase pulmonary pressure by as much as 7%
and flow by as much as 9% in the main pulmonary branches, which may be beneficial
to the pulmonary circulation.

Keywords: hypoplastic left heart syndrome, Blalock-Taussig shunt, computational hemodynamics, simulation,
multi-domain, CRIMSON

1. INTRODUCTION

Each year in the United States, 1 out of every 4,344 babies are born with hypoplastic left heart
syndrome (HLHS) (1). Soon after birth, they develop respiratory distress, elevated heart rate,
and hypoxemia. A multi-stage surgical program is required to construct pathways for blood flow
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to both the systemic and pulmonary circulations using only
the single (right) ventricle. The Norwood procedure is the first
stage of the surgical repair and is performed within the first
week of life. The main pulmonary artery is detached from the
branches, then connected to the hypoplastic aorta, creating a
single arterial vessel. Then, a cylindrical 3.5- or 4.0-mm diam-
eter tube, known as the Blalock-Taussig (BT) shunt, is placed
between the innominate artery and the main pulmonary artery
(MPA), allowing blood to supply the pulmonary circulation.
This BT shunt operation is followed by two additional proce-
dures, the Glenn procedure (performed at 4-6 months of age),
and the Fontan procedure (performed at 18-36 months of age).
During the Glenn procedure, the BT shunt is disconnected from
the MPA and replaced with flow from the superior vena cava.
Even in the best cases, the Norwood procedure can have sev-
eral complications, including low cardiac output, arrhythmias,

respiratory insufficiency, and stenosis of the pulmonary arteries
oraorta (2). These complications can be affected by the function
of the shunt. The first stage (Norwood) is crucial, as any com-
plication can be magnified at subsequent operations, leading
to increased morbidity and mortality. Currently, the mortality
rate of the Norwood procedure is 15-25% (2). Over the years,
the Norwood procedure has been refined. However, in spite of
the refinements, there remain several shortcomings, such as the
inability to adapt to the growing child, a high incidence of
stenosis developing at the site of the pulmonary artery anasto-
mosis, and even complete shunt occlusion. If stenosis develops
at the pulmonary artery anastomosis, this markedly alters the
amount and velocity of blood flow delivered to the pulmonary
circulation, leading to adverse hemodynamics and propensity
for developing progressive stenosis, all of which can add to mor-
bidity and mortality. Therefore, there is interest in applying the
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FIGURE 1 | The complete 3D-0D multi-domain model, including the closed-loop LPN circuit representing the physiological circulation of this patient.
The single functioning ventricle, atrial septal defect, and collateralization are all modeled. A representative volume rendering of the velocity field is shown at one
instant in time; red indicates high velocity and blue low velocity. Abbreviations: RC, right common carotid; RS, right subclavian; LC, left common carotid; LS, left
subclavian; SVC, superior vena cava; IVC, inferior vena cava; RPV, right pulmonary vein; LPV, left pulmonary vein; DAO, descending aorta; LPA, left pulmonary
artery; RPA, right pulmonary artery; RAVV, right atrio-ventricular valve; V, ventricle; NAV, neo-aortic valve. See Tables 1-3 for all component parameter values.

Frontiers in Pediatrics | www.frontiersin.org

109

April 2017 | Volume 5 | Article 78


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive

Arthurs et al.

Reproducing BT Shunt Hemodynamics

tools of computational hemodynamics to this problem (3, 4). In
this study, we investigate the computational reproduction of the
hemodynamics, following BT shunt placement, and the impact
of an alternative shunt design. To do this, we create a complex,
patient-specific circulatory model, designed to reproduce the
hemodynamic data recorded in a 4-month-old HLHS patient.
We utilized our in-house geometric modeling, closed-loop
circulatory design, and Navier-Stokes computational hemo-
dynamics simulation package (5-7). These tools allow us to
develop highly customizable lumped parameter model circuits
that can capture complex facets of the patient’s presentation,
including aortic atresia and mitral stenosis, as well as a large
atrial septal defect and evidence of bilateral aortopulmonary
collateralization with discrete collaterals to the right lung. Then,
we use the model to consider an alternative, flared design for
the BT shunt.

ESEIENT) el

FIGURE 2 | The three-element Windkessel model, which is used to
create boundary conditions at the vascular outflows of the three-
dimensional domain. Note that Pq is given a fixed value in initial simulations,
but once the full closed-loop circulation is created, it becomes a solution
variable determined by the downstream venous system model to which it is
connected.
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FIGURE 3 | The patient-specific time-varying elastance function
created using a combination of data and exponential decay fitting.
The red region was derived from patient recordings of flow through the
neo-aortic valve and continuous pressure recording in the ventricle. The blue
region for which no data were available was produced using Gaussian
extrapolation. This gives the time-varying relationship between pressure and

flow in the patient’s ventricle.

2. MATERIALS AND METHODS
2.1. Patient Data

Clinical data were acquired for a 4-month-old child who was
born with hypoplastic left heart syndrome. The patient had
undergone a Stage 1 Norwood procedure at 5 days of age, in
which the innominate artery was connected to the MPA via a
3.5 mm diameter modified BT shunt. At 4 months of age, during
pre-hemi-Fontan cardiac catheterization, the pulmonary arterial
pressures were measured using left and right pulmonary venous
wedge pressure measurements. During the same procedure,
pressures were measured in the ascending and descending aorta.
In an additional pre-hemi-Fontan research procedure, cardiac
MRI and MRA were performed, providing data on ventricular
end-systolic and end-diastolic volumes and flows through the
superior and inferior vena cava, the ascending and descending

TABLE 1 | Parameter values for the three-element Windkessel models
attached directly to the three-dimensional domain.

Rp Rd C
RC 0.50931 2.68885 0.71603
LC 0.50004 2.43319 0.74383
RS 0.50878 2.6307 0.74512
LS 0.45264 2.10615 0.84197
DAo 5919 x 10~* 0.28437 5.01933
RPA 3.277 x 1072 0.1361 1.76235
LPA 3.108 x 102 0.31950 1.00099

Rp, proximal (closer to the aorta) resistance (Pa s mm~=3); Rd, distal resistance
(Pa s mm=); C, compliance (mm?® Pa~').
See Figure 1 and its caption for the names and abbreviations of the vascular regions.

TABLE 2 | Parameter values for the three-element Windkessel-like
sections of the loop-closing circuit.

Rp Rd c
SvC 0.15500 1.807 x 102 284.73779
VG 0.22075 2.261 x 102 135.95630
RPV 2.693 x 102 2.040 x 102 72.05470
LPV 1.027 x 10-2 8.970 x 103 132.96730

Rp, proximal (closer to the aorta) resistance (Pa's mm=); Rd, distal resistance
(Pa's mm=); C, compliance (mm?® Pa~').
See Figure 1 and its caption for the names and abbreviations of the vascular regions.

TABLE 3 | Parameter values for the remaining (i.e., not covered by Table 1
or Table 2) sections of the loop-closing circuit.

Component Value

RA valve open resistance 3.3x 107
RA valve inertance 6.667 x 10-°
Neo-aortic valve (NAV) open resistance 1.0x10°
Neo-aortic valve (NAV) inertance 1.0x 10°
Collateral 1 resistance 9.69600 x 102
Collateral 2 resistance 0.05

Atrial septal defect resistance 3.0x 10

Resistances have units Pa s mm=, inductances have units Pa s> mm~=. See Figure 1
and its caption for the names and abbreviations of the vascular regions.
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aorta, the left and right pulmonary arteries (LPA; RPA), and veins
(LPV; RPV).

2.2. Geometric Modeling and

Discretization

A patient-specific computer-aided design (CAD) model of the
arteries of the chest region was segmented from MRI image
data of the patient using the geometric modeling tools within
CRIMSON. This model contains the following vessels: ascending
and descending aorta, left and right subclavian arteries, left and
right common carotid arteries, left and right pulmonary artery,
and surgically placed BT shunt. The model consists of one inlet
(i.e., the ascending aorta) and seven outlets (i.e., all other vessels
described above). The extent of the model is sufficient to capture
complex blood flow in the BT shunt and the pulmonary artery
anastomosis. The hemodynamic description of this circulation is
displayed in Figure 1. In preparation for finite element simulation,
alinear tetrahedral finite element mesh was generated, consisting

8

Baseline (B) B |LW

d |3.5]|3.5

T 0 d [35]45

df @ Lue | N/A | 4.9
A

Dimensions (mm)

Long Wide (LW)

FIGURE 4 | The two shunt designs which we will consider in this
paper. The baseline shunt is the design that was used in the patient. The
Long Wide flared shunt is a hypothetical alternative, which we evaluate
numerically. The diameters are as they would be at the time of manufacture,
without any occlusion. The shunts are both 14 mm in length.

of 231,484 nodes and 1,215,138 elements. A preliminary simula-
tion was performed using this mesh, and an adaptive field-based
mesh refinement strategy, striving to ensure the mesh was suf-
ficiently refined for our studies was subsequently employed (8).
This approach produced additional meshes consisting of 659,851
nodes and 3,722,358 elements, and finally 872,046 nodes and
4,993,559 elements; the final reported results use this finest mesh.
All simulations were performed using a time-step of 0.1 ms, and
the time integration scheme utilized, the generalized a-method,
provided second-order accuracy and unconditional stability (9).

2.3. Model Boundary Condition Design

A multi-domain modeling approach (10) was used to characterize
the hemodynamics, whereby the full 3D non-linear incompress-
ible three-dimensional Navier-Stokes equations are used in the
image-based CAD portion of the model, and a series of customiz-
able 0D lumped parameter networks (LPN) are used to model the
distal pulmonary and systemic circulations, as well as the patient’s
collateral circulations and ventricular function, in a closed-loop
manner. This 3D-0D multi-domain, closed-loop modeling
approach has been previously used successfully to represent com-
plex hemodynamics involving dynamic autoregulation (11, 12)
and single-ventricle physiology (13). The CRIMSON Netlist
Editor Boundary Condition Toolbox (NEBCT) enables the
definition of complex cardiovascular LPN circuits and to easily
account for atrial and ventricular septal defects, valve abnormali-
ties, as well as abnormal collateral branches. All simulations were
run under the assumption of rigid walls.

2.4. Model Boundary Condition Design

and Parameterization

Design and parameterization of the 0D LPN in order to achieve
the full multi-domain closed-loop (10) model shown in Figure 1
proceeded in several stages. First, three-element Windkessel
boundary conditions were applied at all outlet faces of the model

Aortic Root Pulse

Aortic Root Systolic
Aortic Root Diastolic
Aortic Root Mean
Mean Descending Aortic
Mean RPA

Mean LPA

in Figure 1.

Pressure Values: Simulated vs. Patient Data
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FIGURE 5 | A comparison between the pressures achieved in the baseline simulation and the pressures recorded in the patient at various locations
throughout the model. Each bar is marked with the percentage error in the simulated value relative to the patient recording. All assessed locations are visible
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(14), and the inflow at the neo-aortic valve was imposed accord-
ing to PC-MRI flow recordings from the patient. The Windkessel
model is shown in Figure 2; the equation for this model, relating
pressure, Psp, and flow, Qsp at the three-dimensional interface,
and with C the compliance of the vascular bed, Rp the proximal
resistance, R, the distal resistance, and P, the distal pressure, is
given by

dp.
ﬁCRd +PSD _Pd +Q3D(Rd _Rp)_

dQsD RdeC — 0’
dt

1
with suitable physiological initial values for Qsp and Psp, and with
Psp fixed to zero in the initial simulations. Note that in the final
complete closed loop, P; shown in Figure 2 becomes a solution
variable determined by the state of the downstream vasculature
model, as opposed to the fixed value that it was given during
initial parameterization.

Iterative simulations were performed using the CRIMSON
stabilized incompressible Navier—Stokes flow solver on 80 cores of
the University of Michigan’s Flux High Performance Computing
(HPC) cluster ConFlux, or 256 cores of a SGI UV 1000 HPC
system at King’s College London. The resistances of the three-
element Windkessel models were adjusted until the correct mean
blood flow was observed at each outlet (targeting within 10% of
the PC-MRI data), and the mean aortic root pressure matched
the patient data. The Windkessel compliances were further tuned
to approximately achieve the correct pulse pressure in the aortic
root (targeting within 10% of the cardiac catheterization data).

Next, the flow through the neo-aortic valve was extracted
from PC-MRI data, integrated in time and subtracted from the
patient’s end-diastolic volume as given in the clinical report. This
produced a systolic ventricular volume curve. This curve was
aligned with the continuous pressure recording data taken inside
the ventricle, and the pressure curve was point-wise divided by
the volume curve. The result produced the patient-specific time-
varying ventricular elastance during the period when the aortic
valve is open. In order to complete the elastance function for
the entire cycle, a single Gaussian curve was used to extrapolate
the patient-specific systolic elastance on both sides. A Fourier
smoothing was applied, ensuring that the interpolated function
was C'-continuous throughout. Finally, the curve was scaled to
ensure the peak elastance was not changed by the smoothing
step. The resulting time-varying elastance function is shown in
Figure 3. The red segment of the curve shows the patient-specific
systolic portion of the elastance function, the blue corresponds
to the Gaussian extrapolation of the remaining diastolic portion.
A single-ventricle model with an atrial septal defect, informed by
the clinical reports, was drawn using the CRIMSON Netlist Editor
Boundary Condition Toolbox (NEBCT) (5-7) (see Figure 1), and
the constructed elastance function was imposed on the ventricle
using the CRIMSON Dynamic LPN Framework. Further LPN
circuitry was drawn in the NEBCT, representing the inferior
and superior vena cava, left and right pulmonary veins, and the
aorto-pulmonary collateralization (Collaterals 1 and 2, Figure 1).
The drag-and-drop circuit design tools of CRIMSON NEBCT
permitted the creation of a physiological circulation, which

Aortic Root

Atrial Septal Defect

Descending Aortic

Inferior Vena Cava

Left Pulmonary Vein

Right Pulmonary Vein
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cardiac output; all remaining patient data values were direct measurements.

Mean Flow Values: Simulated vs. Patient Data

15
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FIGURE 6 | A comparison between the flows achieved in the baseline simulation and the heart rate-adjusted flows from the patient at various
locations throughout the model. Each bar is marked with the percentage error in the simulated value relative to the patient recording. All assessed locations are
visible in Figure 1. Note that the patient data for the atrial septal defect flow were computed by subtracting the patient data vena cava flow from the patient data
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would have otherwise been a difficult and arduous task. NEBCT
also made straightforward any iterative redesign required during
model development. The resulting closed-loop, single-ventricle
circulation is shown in Figure 1.

The heart model was divided into a series of 0D components
representing the right atrial, left atrial, and right ventricular
compartments, including only the valves connecting directly
to the single functioning ventricle. The atrial septal defect was
modeled so that blood from the systemic venous and pulmo-
nary venous circulation drains into the right ventricle through
the tricuspid valve. The pulsatile contraction and relaxation
of the right ventricle was modeled using the patient-specific
elastance function described above, giving the time-varying
ratio of the ventricular pressure to the difference between the
ventricular volume and the unstressed ventricular volume (11).
The valves were modeled via diodes that permit flow only in

the forward direction. This heart model was connected to the
neo-aortic valve surface of the ascending aorta. Due to the
closed-loop approach, regional flows in the different systemic
and pulmonary beds drain into a model of the venous system,
thus enforcing the proper continuity of flow within the circula-
tory system. The final step of the parameterization was to fine-
tune the closed-loop LPN component parameters to recover
the hemodynamics (e.g., flow splits and pressures) observed
in the individual. This required multiple iterative simulations,
which were performed manually. While further tuning of the
model parameters could have been performed, we were will-
ing to tolerate some percentage of error, especially in cases
where the absolute errors were small, since local small absolute
errors have minimal global impact. The numerical values for
parameters of all the LPN given in Figure 1 are summarized
in Tables 1-3.
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2.5. Computational Derivation of the
Percentage of Shunt Occlusion

During parameterization of the model, it was determined that it
was impossible to achieve the patient data pressures recorded in
the aorta and pulmonary arteries, while simultaneously achiev-
ing the patient-recorded flow through the BT shunt. This gave
a fundamental indication that the resistance to flow of the BT
shunt was no longer consistent with a BT shunt tube having the

originally specified 3.5-mm diameter corresponding to the post-
operative conditions. We determined that a suitable resistance
could be achieved by reducing the shunt diameter by 22%; this
corresponds to a 40% area occlusion in the shunt after 4 months.
BT shunt stenosis or occlusion is a well-documented complica-
tion (15-17). Due to limitations in the resolution of the available
MRI data, it was not possible to directly observe this degree of
occlusion in the original dimensions of the shunt. Thus, this
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FIGURE 8 | Pressures at all the boundaries of the three-dimensional domain. At most locations, the pressures are indistinguishable from one another. Note
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has been embedded in a volume-rendering of the MRI image data, and a non-dimensionalized pressure coloring has been used on the surface of the geometry.

Frontiers in Pediatrics | www.frontiersin.org

114 April 2017 | Volume 5 | Article 78


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive

Arthurs et al.

Reproducing BT Shunt Hemodynamics

illustrates how computational simulations can enhance the avail-
able data on the individual without the need for further invasive
assessments.

2.6. Examining the Hemodynamic Impact
of an Alternative BT Shunt Design

Upon completion of a baseline model reproducing the patient’s
clinical data, we used the model to investigate the impact of an
alternative BT shunt on the hemodynamics in the pulmonary
arteries. To achieve that, we adjusted the three-dimensional geo-
metric model by replacing the original (cylindrical) shunt with a
flared design, having nominal dimensions as shown in Figure 4.
In light of the reduction in baseline shunt diameter described
above, for the flared shunt, we also reduced all nominal diameters
by 22%. After anisotropic mesh refinement, a finite element mesh
of the geometric model of the Long Wide alternative shunt was
created, consisting of 860,884 nodes and 4,707,343 elements.
We then simulated the use of this shunt, without changing the
parameters of the LPN circuit from those determined for the
baseline case.

The impact of the different shunt designs on the hemodynam-
ics in the PAs was evaluated by examining the resulting differences
in mean pressure and mean flow in the left and right pulmonary
arteries.

TABLE 4 | Breakdown of the change in hemodynamic parameters in the
LPA and RPA, caused by the shunt flaring.

LPA pressure RPA pressure LPA flow RPA flow
Baseline 16.5 15.6 3.6 6.9
Long wide 17.6 15.9 3.9 71
Change (%) 7 2 9 3

Pressures are given in millimeters of mercury and flows in milliliters per second.

TABLE 5 | The impact of shunt flaring on pressure in, and flow to, the
pulmonary arteries.

Baseline shunt Long wide flared shunt

Mean aortic pressure (mmHg) 52.9 52.9
Mean pulmonary pressure (mmHg) 16.0 16.7
Shunt pressure gradient (mmHg) 36.9 36.2
Mean shunt flow (ml s7) 10.4 11.0
Shunt resistance (mmHg mi-' s) 3.5 3.3

TABLE 6 | The disagreement between the patient data and the
hemodynamic parameters of the baseline shunt when using implant-time
dimensions and the agreement that was obtained by reducing the shunt
diameter by 22% in our simulations.

Patient Shunt Shunt

data conforming to with 22%

implant-time diameter

dimensions occlusion
Mean aortic pressure (mmHg) 56.4 58.5 52.9
Mean pulmonary pressure (mmHg) 14.7 38.6 16.0
Shunt pressure gradient (mmHg) 41.7 19.9 36.9
Mean shunt flow (ml s~7) 9.7 9.6 10.4
Shunt resistance (mmHg mi-' s) 4.3 2.1 3.5

3. RESULTS

3.1. Flow and Pressure Indices in the

Baseline Shunt

The baseline shunt model successfully reproduced the patient’s
hemodynamic data, given by the clinical report, the PC-MRI,
and the cardiac catheterization data. Figures 5 and 6 show a
comparison between computed and measured flow and pressure
indices at different locations of the aorto—pulmonary circulation.
Aortic root mean, pulse, systolic and diastolic pressures, and
mean flow are recovered through the carefully adjusted patient-
specific elastance function given in Figure 3. Fourteen of the 16
reported indices lie within 10% of the data. The biggest discrepan-
cies are observed in the mean LPA pressure (28% error) and in
the superior vena cava flow (27.8% error, which corresponds to
a small absolute discrepancy of 2.92 ml/s). We note that despite
the relatively large error in mean LPA pressure, both LPA and
RPA pressures lie between the LPA and RPA mean pressure
values recorded in the patient. Therefore, we claim that our
model performs well in reproducing the hemodynamics for the
baseline BT shunt case (with the noted 22% diameter reduction),
indicating that we have created an accurate model and a solid
foundation on which to perform further investigations into
the impact of creating a flare on the distal end of the BT shunt.
We remark that our baseline simulations indicate that the flow
through Collateral 1 was 4 ml/s and the flow through Collateral
2 was 8.6 ml/s; comparable information was not available among
the clinical recordings.

3.2. Comparative Impact of Shunt Flaring

on Pulmonary Artery Hemodynamics
Figures 7 and 8 show a comparison of the hemodynamics
between the two studied shunt geometries, given in terms of

Coarsest
Mesh

1,215,138 Elements

First
Refinement

Second
Refinement

3,722,358 Elements 4,993,559 Elements

FIGURE 9 | Cut-through views of the finite element meshes within the
pulmonary arteries and shunt in the baseline shunt design case. Three
levels of mesh refinement are shown; the refinements were generated
algorithmically, based on a local velocity gradient error indicator (8). Notice
the high level of refinement occurring in the shunt and the LPA.
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time-resolved flow and pressure waveforms at each of the inlets
and outlets of the three-dimensional model. The geometry is
shown embedded within a three-dimensional volume-rendering
of the original MRA data, providing anatomical context. We
observe that suitable pressure and flow patterns are reproduced
at all locations. In general, the pressure and flow traces at each
outlet were not strongly affected by the shunt geometry, with
the exception being the left and right pulmonary arteries. In the
pulmonary arteries, we see that the waveforms for the two cases
display different patterns of high-frequency oscillation within
the data. This is likely indicative of the disturbed flow patterns
within the pulmonary arteries being highly sensitive to the model
geometry, due to the large Reynolds number flow through the BT
shunt (in the baseline shunt, peak systolic Re = 1,830; shunt diam-
eter 2.71 mm, peak systolic volumetric flow = 14,800 mm® s7/,
viscosity = 0.004 Pa s, density = 0.00106 g mm?). The maximum
difference in LPA and RPA mean flows between the two models
is 9%, and occurs in the LPA.

Figure 8 shows that the baseline shunt model presents
lower mean pressure values in the LPA and RPA, of 16.51 and
15.55 mmHg, respectively. Conversely, the Long Wide flared
shunt presents larger mean pressure values in LPA and RPA, 17.59
and 15.85 mmHg, respectively. This illustrates the impact of the
smaller resistance to flow offered by the longer and wider flare
compared to the baseline model.

A full numerical comparison of the impact of flaring on pres-
sure and flow in the LPA and RPA is given in Table 4. We observe
that flaring leads to an increase in mean pressure and flow in both

the left and right pulmonary arteries, but there is considerable
asymmetry in the effect; the LPA receives three times as much
additional flow as the RPA with the flare present.

3.3. Comparison of Shunt Properties

In Table 5, we see the impact of shunt flaring on pressure in
and flow to the pulmonary arteries. Total flow to the pulmonary
arteries increases by 6%, and mean pulmonary pressure increases
by 4%. These results indicate that flaring may be beneficial if
additional flow to the pulmonary arteries is required.

4. DISCUSSION

4.1. Determining Shunt Occlusion from the

Computations

In the initial simulations using the originally specified dimen-
sions of the BT shunt, we were unable to find a set of parameters
which allowed reproduction of the clinical data. The best-case
results obtained had mean aortic root pressure of 58.5 mmHg,
mean pulmonary pressure of 38.6 mmHg, giving an approximate
pressure gradient across the BT shunt of 19.9 mmHg, and mean
BT shunt flow of 9.6 ml/s. This compared to the patient data indi-
cating that the mean aortic root pressure should be 56.4 mmHg,
the mean pulmonary pressure 14.7 mmHg, and the approximate
pressure gradient across the BT shunt 41.7 mmHg, with a mean
BT shunt flow of 9.7 ml/s. Thus, considering only the BT shunt,
the simulation produced a 52% error in the pressure gradient
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estimate, while the error in the BT shunt flow was only 1%. This
indicated that the resistance, and thus the assumed geometry of
the BT shunt was incorrect. Using the Hagen—-Poiseuille equation,
we estimated that the diameter of the shunt should be reduced
by 22% to achieve the correct resistance. Subsequent numerical
simulations proved this estimate to be accurate, allowing us to
recover the mean pressure in and flow to the pulmonary arter-
ies with an error tolerance of 10%, compared to the previous
52% error. Specifically, with this geometry we achieved mean
aortic root pressure of 52.9 mmHg, mean pulmonary pressure of
16.0 mmHg, giving an approximate BT shunt pressure gradient of
36.9 mmHg and a mean BT shunt flow of 10.4 ml/s. These values
are summarized in Table 6, and correspond to errors relative to
the patient data of 11 and 7%, respectively.

We have not directly confirmed that the diameter of the shunt
has uniformly reduced by 22% along its length. Rather, we state
that this or an equivalent change must have taken place in the
patient in order to account for the observed results. An alternative
scenario would be a greater level of narrowing at one end of the
shunt, resulting in the same through shunt-equivalent resistance.
Due to the resolution of the MRI images, we were not able to assess
how the BT shunt geometry has truly changed in the patient.

4.2. Determination of Model Parameters

Significant effort was required during manual parameter tuning
of our closed-loop LPN model. While the present work demon-
strates the feasibility of such an approach, an important future
development will be to begin using data assimilation techniques

to determine these parameters algorithmically, and to a large
extent, automatically (18, 19). This will be an important develop-
ment, allowing us to examine and compare multiple such clinical
cases.

4.3. Impact of Shunt Flaring on Pulmonary

Artery Hemodynamics

The results show that there is potential for achieving increased
pulmonary pressure and blood flow by using flared BT shunts,
including changes in flow of up to 9% in the LPA. While it is
clear that more pressure or flow is not automatically beneficial,
such increases may have clinical value; given that a common
complication after BT shunt placement is shunt stenosis, a shunt
capable of delivering more flow may reduce the impact of the
narrowing on PA hemodynamics (15-17). We believe that inves-
tigation of further alternative shunt designs is warranted. The
flare we have used is relatively short, but we have demonstrated
the feasibility and power of this modeling technique, laying a
solid foundation for further investigation of alternative flared
designs.

There may be limitations in terms of the widest possible flare,
given the size of neonatal pulmonary arteries, but given that the
largest diameter considered was 4.5 mm, and that the healthy
40-week gestation diameters for the main, left, and right pulmo-
nary arteries has been reported to be 9.23, 5.65, and 5.49 mm,
respectively (20), it is not inconceivable that the use of such flares
may be clinically possible.

RPA Pressure Long Wide

LPA Pressure Long Wide
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FIGURE 11 | Comparison between the pressure at the RPA and LPA outflows in the Long Wide shunt model, using three different levels of finite
element mesh refinement. The results are shown over a full cardiac cycle. The coarsest mesh consisted of 231,740 nodes and 1,216,259 elements; the First
Refinement mesh consisted of 549,040 nodes and 2,919,044 elements; and the Second Refinement mesh consisted of 860,884 nodes and 4,707,343 elements.
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4.4. Pulmonary Artery Mean Pressure
Discrepancy with Data

The clinical report indicated a pressure difference between the
left and right pulmonary arteries of 3.6 mmHg. The largest such
difference we could achieve computationally was 1.7 mmHg,
which represents a significant discrepancy with the data. Most
likely this indicates that some unknown factor, probably geo-
metric, is not included in our model, although it may also be
an error in the clinical measurement. For this reason, during
parameterization, we chose to accept pulmonary artery pres-
sures anywhere within the 3.6 mmHg range reported in the
data (i.e., any values in the range 12.9-16.5 mmHg). Thus, the
errors in the mean LPA and RPA pressures shown in Figure 5
should be understood within this context. Indeed, if we instead
considered any simulated LPA and RPA pressure lying in this
range to be of low error, then together with the 10% error
tolerance used for all other values, the accuracy of our base-
line simulation is even greater: fifteen of the sixteen reported
indices considered in Figures 5 and 6 achieve or exceed our
accuracy target.

4.5. Disturbed Flow in the Pulmonary
Arteries and Numerical Accuracy

Flow within the pulmonary arteries was observed to be highly
disturbed. This is apparent from the high-frequency oscillations
which are present in the LPA and RPA pressure and flow wave-
forms, shown in Figures 7 and 8. By these measures, the degree

of flow disturbance does not appear to be strongly dependent on
the shunt geometry in the cases examined.

To eliminate the possibility of this oscillatory behavior being a
numerical artifact, we attempted to eliminate numerical error by
increasing the resolution of the finite element mesh. Mesh refine-
ment was performed using an offline anisotropic adaptive mesh-
ing strategy, whereby a coarse mesh was generated, the simulation
run, then a local error indicator based upon the hessian of the
velocity field was used to perform mesh refinement (8). This
strategy was repeated twice, resulting in three successively finer
meshes, with the additional nodes and elements concentrated in
regions of higher error. This can be seen in Figure 9, where we see
that the shunt and LPA receives most of the refinement, whereas
the mesh of the aorta and systemic vessels remains relatively
unchanged. The pressure over one cycle in the LPA and RPA in
the baseline shunt case with these levels of mesh refinement is
shown in Figure 10. The coarsest mesh consisted of 231,484 nodes
and 1,215,138 elements; the First Refinement mesh consisted of
659,851 nodes and 3,722,358 elements; and the Second Refinement
mesh consisted of 872,046 nodes and 4,993,559 elements. The
final results reported in this work were obtained using the Second
Refinement mesh, and we see from Figure 10 that the level of
convergence of the pressure waveform is sufficient (i.e., there is
a reasonably small difference between results obtained with the
second and first refinements), and that the oscillations do not
reduce with mesh refinement.

The same strategy was employed for the Long Wide shunt
model. The three meshes, from coarsest to finest, had 231,740
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FIGURE 12 | Pressure isosurfaces at peak systole in the shunt and pulmonary arteries, with one isosurface every 2 mmHg in the inclusive range 4
and 20 mmHg. Comparison is presented between baseline (left column) and the Long Wide alternative (right column) shunt. The views provided are approximately
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nodes and 1,216,259 elements; 549,040 nodes and 2,919,044 ele-
ments; and 860,884 nodes and 4,707,343 elements, respectively.
The convergence of the LPA and RPA pressure in this case is
shown in Figure 11. The finest mesh was used for the results
reported here, and this figure shows that the mesh is sufficiently
refined for us to have confidence in the results.

Further evidence in support of the level of flow disturbance in
the PAs is provided in Figure 12, where highly complex pressure
isosurfaces at peak systole are shown for both the baseline and
Long Wide shunt cases, using the most refined mesh for each. It
is thus likely that the complexity of these flow patterns explains
the high-frequency oscillations in the reported flow and pressure
LPA and RPA waveforms. In a pulsatile flow such as this, it is
possible that the maximum Reynolds number attained in the
shunt (1,830) is associated with turbulence. Direct numerical
simulations (DNS) would be required to further resolve the
small scales of the flow and to properly quantify turbulence (21).
Currently, there are no suitable mathematical turbulence models
for pulsatile cardiovascular flows (22). However, this is beyond
the scope of the present work.

To conclude, these results suggest that the oscillations are a
genuine physical phenomenon, not uncharacteristic of the mod-
erately high Reynolds numbers of the flow through the BT shunt
(max. Re = 1,830). Further evidence for this being a physical
phenomenon is given by the fact that the clinical pressure record-
ings taken in the PAs was observed to be qualitatively noisier than
that taken in the aorta.

5. CONCLUSION

In the present work, we have demonstrated that we can reproduce
the hemodynamics in a highly complex physiological case of a
4-month-old child who has a BT shunt, as measured by a rich
patient dataset with sixteen points of comparison. The achieved
fidelity to data was very good; as discussed above, fifteen of the
sixteen indices examined can be considered to agree well with the
patient data. The demonstration of the capability of this modeling
approach to accurately and simultaneously reproduce many pres-
sure and flow values is striking and will create a valuable starting
point for further studies.

We were able to use simulations to enhance the information
available in the MRI data and the pressure recordings. Specifically,
we discovered that the resistance between the systemic circula-
tion and the pulmonary arteries through the BT shunt was not
what would be expected for a tube cleanly attached to each vessel
and retaining its original effective internal diameter without any
stenosis developing within it or near its points of anastomosis,
and computing that the effective diameter of the BT shunt has
reduced by 22% since the time of the initial surgery. This value
corresponds to a 40% area reduction.

Examining the impact of flaring the shunt on the hemody-
namics within the pulmonary arteries indicates that increases in
PA pressures and flows are possible with the use of flared shunts.

Further work should examine the impact of the shunt design
on the wall shear stress and oscillatory shear index within the
pulmonary arteries, as well as examining other hemodynamic
indices of interest, such as platelet activation potential (PLAP),
which may be relevant given the disturbed hemodynamics caused
by the shunt (23-25). It should also be determined whether other
alternate shunt designs can have further hemodynamic benefits.
The work should be extended to investigate whether the same
conclusions drawn here regarding the effective decrease in lumi-
nal diameter of the BT shunt also hold for other patients.

The creation of the highly complex simulation model
(Figure 1), together with the modified versions with the different
BT shunt designs, was enabled by the flexibility of our computa-
tional hemodynamics modeling and simulation package (5-7).
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