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Preface

Surgical and perioperative care for patients with congenital heart disease have improved
significantly over the past decades. With high levels of patients now reaching adulthood, new
challenges arise. The increasing adult population of congenital heart disease patients, now
present themselves with severe morbidity in later life. Therefore, research in this patient
population has added focus to the management of late onset morbidity, besides early paediatric
intervention. The same trend is seen in research on patients with Tetralogy of Fallot, the most
prevalent cyanotic congenital heart disease. This patient population faces high rates of right
ventricular dysfunction, largely caused by leakage of their pulmonary valve. Surgical and
percutaneous pulmonary valve replacement effectively remedies right ventricular dysfunction,
but durability of artificial valves and re-intervention options are limited. Technological
advancements in the field of cardiovascular imaging could be of great help in the optimisation
of treatment timing in this patient population. In this thesis, the potential of using three-
dimensional cardiac ultrasound will be investigated to enhance understanding of right ventricle
pathophysiology in patients with Tetralogy of Fallot.

The Biomedical Engineering group of the Erasmus MC Cardiology department has over 50
years of experience in the field of cardiovascular imaging. Its multidisciplinary team focuses
on investigating unprecedented imaging techniques to improve treatment of patients with
cardiovascular disease. In close collaboration with clinicians from the Cardiology department,
efficient development, validation, and implementation of novel techniques is achieved. The
research performed during this thesis is a perfect example of an investigation that was only
feasible due to the unigque ecosystem present at Erasmus MC.

This thesis was performed to conclude my master’s degree in Technical Medicine, with a track
in Imaging & Intervention. With special interest in cardiology and an educational background
on the leading edge of technology and healthcare, this project seamlessly merged my core
interests into a clinically relevant master thesis project. The project challenged me to augment
my technical skills in programming and geometry, and to transform research findings to clinical
implications. | was encouraged to gain experience on an academic level, leading to the
submission of an abstract to this year’s EuroEcho-Imaging conference. Additionally, I got the
opportunity to participate in patient care in different parts of the Cardiology department, giving
me valuable insight in the highly specialised care provided at Erasmus MC.

Last seven months of work have led to this master thesis. The work consists of a medical paper
highlighting the main findings obtained during this research, with in-depth technical
elaborations on used techniques and calculations in the Supplements at the end of the
manuscript.

Jop Schneijdenberg
Rotterdam, August 2024
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Abstract

Introduction: Tetralogy of Fallot (ToF) is a congenital heart disease requiring surgical correction in early childhood. Despite
high surgical success rates, patients face severe morbidity during adulthood, primarily relating to the right ventricle (RV).
Underlying pathophysiological processes remain largely unknown, but are commonly attributed to RV remodelling. Improved
understanding of RV remodelling is essential for advancements in clinical decision making, requiring advanced monitoring
techniques. Three-dimensional echocardiography (3DE) forms a promising option for the quantification of morphological and
functional RV remodelling.

Aim: To identify global and regional differences in morphological and functional RV characteristics between ToF patients and
healthy controls, using 3DE imaging. A software application will be developed to calculate global and regional mean curvature
(MC) and directionally decomposed ejection fraction (dEF) to enhance understanding of RV remodelling in ToF patients.
Methods: Three-dimensional dynamic RV meshes were obtained from RV-focused 3DE studies of 50 ToF patients and 50
healthy controls, using commercially available software (TomTec 4D RV-Function). Regional morphological RV remodelling
was assessed over nine regions using MC. Global and regional functional RV remodelling was evaluated over three regions
using dEF in longitudinal (LT), radial (RD), and anteroposterior (AP) motion directions. A custom software application was
developed for the calculation of both parameters, after which values were analysed and statistically compared within and between
ToF patients and healthy controls. Correlations between dEF and left ventricular ejection fraction (LVEF) were investigated.
Results: RV remodelling was found to be a heterogeneous process, with different expressions throughout regions. Morphological
RV remodelling was most evident in the posterior boundary, apex, and RV outflow tract regions, showing highly significant
decreases of MC in ToF compared to healthy controls (p<0.001). Functional RV remodelling showed the most significant
reduction of dEF in the AP motion direction in ToF patients compared to healthy controls (p<0.001), most evident in the anterior
free wall region. The AP component of dEF was the only motion direction that did not show significant correlation with LVEF.
Conclusion: The posterior boundary, apex, and RV outflow tract regions showed largest decreases in curvature, making them
highly interesting for further investigation. Deterioration of RV function was mostly assigned to decreased contribution of the
AP wall motion direction to dEF, which showed no significant correlation with LVEF. Therefore, deterioration of the AP
component of dEF was identified as a distinct feature of RV remodelling, making it an interesting candidate for advanced
assessment of functional RV remodelling in ToF patients. Future research in ToF patients should focus on longitudinal follow-
up, allowing for the identification of regions with significant remodelling over time. With the development of the software
application, morphological and functional RV remodelling in any patient population can be investigated.

Keywords: Tetralogy of Fallot; Right Ventricle; Three-Dimensional Echocardiography

leads to deoxygenation of the systemic circulation and
cyanosis (4).

1. Introduction

1.1. Tetralogy of Fallot
Tetralogy of Fallot (ToF) is the most common cyanotic

congenital heart disease (CHD) (1). Patients with ToF have ToF patients require surgical repair in early childhood (5).

an underdeveloped infundibular septum, leading to a
combination of four cardiac features: a ventricular septal
defect (VSD), right ventricle (RV) outflow tract
obstruction, an overriding aorta, and RV hypertrophy
(Figure 1A) (2, 3). In ToF patients, RV pressure is elevated
to ensure adequate circulation to the lungs in the presence
of the RV outflow tract obstruction. This increase in RV
pressure results in RV hypertrophy and causes
deoxygenated blood to shunt from the RV into the left
ventricle (LV) through the VSD. This hemodynamic change

During surgical correction of ToF, the VSD is closed with
a patch, eliminating the shunt and redirecting LV flow
towards the aorta. The RV outflow tract obstruction is
relieved by RV muscle resection, and the pulmonary
stenosis is addressed through valvotomy and transannular
patching (Figure 1B) (6). Complete separation of systemic
and pulmonary circulation is achieved as a result, restoring
unobstructed flow to the aorta and pulmonary artery (7).

Even though surgical ToF repair manages to mimic
physiological circulation, patients often face recurrent
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Figure 1: A) Heart showing four cardiac features associated with the congenital heart disease ToF, B) heart after surgical
repair of ToF, showing three performed repairs. Adaptation from Tale et al. (8). RV: right ventricle.

hemodynamic issues as they progress into adulthood. A
major cause of problems is related to pulmonary
regurgitation as an iatrogenic effect of pulmonary stenosis
relief as part of surgical ToF correction. Chronic pulmonary
regurgitation leads to long standing RV volume overload,
which eventually causes progressive RV dilatation and
potentially RV dysfunction (5, 7). Adverse RV remodelling
is associated with ventricular arrhythmias and sudden
cardiac death in ToF patients. Cardiac conduction disorders
and LV dysfunction have been identified as additional
prognostic factors for the occurrence of adverse events in
ToF patients (9, 10).

Adverse events as a result of RV dysfunction can be
prevented by timely pulmonary valve replacement. Optimal
timing of this intervention is of the essence. On the one
hand, early valve replacement is encouraged as RV function
fails to improve after pulmonary valve replacement if
irreversible remodelling of RV function has already
occurred (11). On the other hand, prosthetic pulmonary
valves have limited durability and can only be replaced a
limited number of times, advocating more conservative
intervention (12, 13). However, the optimal criteria for
pulmonary valve replacement in patients with repaired ToF
remain uncertain (14).

For further optimization of pulmonary valve replacement
timing, improved understanding of pathophysiological
processes underlying changes in RV morphology and
function is required. To achieve this, new monitoring
techniques will have to be investigated for the
quantification of RV remodelling in ToF patients (15, 16).

1.2. Echocardiography
Echocardiography is the most commonly used, first-line
imaging modality for diagnosis and monitoring of patients
with CHD. Its capabilities to assess cardiac morphology,
physiology, pathophysiology, and function are essential for
clinical management and prognosis of CHD patients (14,
17). Additional advantages of this technique include its

non-invasive and real-time character, availability, and low
cost (18).

In ToF patients, careful assessment of the RV is crucial.
However, evaluating RV function and size using
echocardiography is challenging due to its complex shape
and anatomical location in the thorax. The RV has an
asymmetrical crescent shape, making it impossible to rely
on geometrical assumptions based on two-dimensional
cross-sections. Additionally, RV function of ToF patients
shows regional differences, making single two-dimensional
measurements inadequate for the representation of RV
function (17-19). Consequently, RV imaging must be
performed by acquiring views from multiple angles to gain
full insight in severity of disease. However, the RV is
located directly behind the sternum, regularly causing
artefacts in required imaging windows (18, 20, 21).

A potential solution may be found in the use of 3D
echocardiography (3DE) for monitoring the RV in ToF
patients. This imaging modality, with its ability to capture
3D images, eliminates the need for geometrical assumptions
by visualising the entire RV in a single volume, allowing
for regional quantifications (18, 22). Moreover, 3DE offers
advantages over other cardiac imaging modalities, such as
magnetic resonance imaging, due to its higher availability,
lower cost, and shorter acquisition time (16, 23).

From 3DE studies, 3D endocardial surface models of the
right ventricle can be obtained using commercially
available semi-automatic segmentation tools (24, 25). Such
tools provide 3D dynamic RV endocardial surface meshes
that can be used for elaborate geometrical analyses of RV
morphology and function by offline post-processing.

The analysis of 3DE based dynamic RV endocardial surface
meshes is relatively new in cardiac imaging. Therefore,
golden standard parameters for its use in geometrical RV
analysis have not yet been established. Current applications
mainly consist of volumetric measurements of end-diastolic
volume (EDV) and end-systolic volume (ESV) for the
calculation of ejection fraction (EF) (26). Though right
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ventricular ejection fraction (RVEF) can be used to
represent global systolic function of the ventricle, its
dependency on load, interventricular mechanisms, and
valve leakage presents challenges for its interpretation (18).
Therefore, new regional parameters must be investigated to
be able to improve -current understanding of RV
remodelling through the quantification of RV morphology
and function (16).

1.3. 3DE parameters

A previous literature review identified regional curvature
and directionally decomposed EF as promising parameters
for the regional quantification of RV morphology and
function (Appendix 1: Literature review). Curvature was
selected as a valuable parameter for RV morphology, as it
can be calculated over any segment of the RV surface,
providing new insights on regional morphological changes
in patients with ToF. Several studies have identified
regional variations in morphological RV remodelling,
revealing distinct patterns across different cardiac disorders
(27-29).

Directionally decomposed EF was identified as a
comprehensive parameter for 3DE based evaluation of
global and regional RV function in patients with ToF. This
parameter allows for quantification of ventricular
contraction components along the three main anatomical
axes of the RV. Previous publications using this parameter
have shown that specific directions of wall motion are
affected differently across various cardiac disorders (28, 30-
32). Therefore, analysis of this parameter could yield in-
depth insight in RV contraction patterns, enhancing the
understanding of  disease-specific  functional RV
remodelling.

1.4. Aim

The aim of this thesis is to identify global and regional
differences in RV morphological and functional
characteristics between ToF patients and healthy controls,
using 3DE imaging. To achieve this, a software application
will be developed to calculate RV curvature and
directionally decomposed EF. This study will explore the
global and regional differences of these parameters and
their relation with cardiac electrical conduction and LV
function, thereby enhancing our understanding of RV
remodelling in ToF patients.

2. Methods

2.1. Study population and study design

A retrospective study was performed on 50 ToF patients
and 50 healthy controls. Data of ToF patients who had
undergone dynamic RV-focused 3DE examinations
between January 2014 and March 2023 in our specialist
CHD centre were extracted from a research database. A
control group was composed of age- and gender-matched
healthy volunteers who had undergone similar 3DE
examination for research purposes. All 3D transthoracic
echocardiograms (TTE) were reviewed by an experienced
sonographer (DB), and those with moderate to good RV 3D
image quality were considered for inclusion in this study.

2.2. 3D echocardiography

RV-focused full volume 3DE studies were taken from an
apical window. Studies were performed during breath hold,
using a Philips ultrasound system (EP1Q7, X5-1 matrix
array transducer, Philips Healthcare, Best, The
Netherlands). Recordings were either four to six beat full
volume acquisitions, or made with single beat HeartModel
software (Philips Healthcare). Offline semi-automatic
segmentation of dynamic 3DE data was performed using
commercially available software (4D RV-Function 2.0,
TomTec Imaging GmbH, Unterschleissheim, Germany).
Contours were checked and manually adjusted by an
experienced sonographer (DB) if necessary. Output
consisted of 3D dynamic RV surface renderings, commonly
referred to as ‘beutels’. Beutels were exported from
TomTec as a set of RV triangulated mesh files, one per
frame of the dynamic 3DE study. The number of files in a
set varied per patient, depending on heart rate and frame rate
of the acquisition.

2.3. 3D RV analysis

A software application for beutel analysis (RV-Dynamics)
was previously developed in-house in C++ (33). RV-
Dynamics was adapted and extended with additional
functionalities for RV morphology and RV function
quantification as part of this thesis. For each patient, a
complete set of RV triangulated mesh files was loaded into
the application for analysis.

2.3.1. RV morphology

RV morphology was quantified by the calculation of mean
curvature (MC). Curvature is defined as the inverse of the
radius of the circle osculating the curve of a surface. An
osculating circle is a circle touching the curve, such that the
circle and curve touch without crossing. Hereby, the
curvature can be represented by the radius of the circle. MC
quantifies average curvature at a specific point on a 3D
surface, by averaging curvature of the surface in multiple
angles of intersection perpendicular to the surface (34).
Negative MC signifies a locally concave surface, zero MC
a flat surface, and positive MC a convex surface which is
assessed from a viewpoint outside the beutel (Figure 2). MC
was computed in accordance with calculations in the article
of Meyer et al. (35), for each vertex separately in end-
systolic (ES) and end-diastolic (ED) frames (Supplement
S.1 Curvature). The ED frame was defined as the frame
with largest RV volume and the ES frame was defined as
the frame with smallest RV volume (36).

ToF patients are known to develop RV dilatation as a result
of volume overload, leading to overall reduction of
curvature (15). Volume correction was performed to
compensate for RV dilatation effects, allowing for more
precise quantification of morphological RV remodelling.
An adaptation of the method proposed by Addetia et al. (27)
was applied. MC were divided by a normalisation term for
volume correction. The normalisation term corresponded to
the curvature of a sphere, having the same volume as the
RV of the patient. For ED MC, volume correction was
performed using EDV. For ES MC, volume correction

10
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Figure 2: Demonstration of mean curvature calculation for vertex v, quantified in multiple planes (yellow and green) as the
inverse of the radius (r; and r,) of circles osculating the surface between all neighbouring vertices (blue). Convex surfaces
result in positive, flat surfaces in zero, and concave surfaces in negative mean curvature values.

was performed using ESV. As a result, ED and ES volume
corrected MC values were generated, expressed as a
percentage of the curvature of above-mentioned sphere
(Supplement S.1.5 Volume correction).

For regional MC calculation, eleven different regions were
defined based on literature and expert opinion (28, 37, 38).
This subdivision aimed to enable detailed assessment of
regional remodelling effects of the RV, by quantifying
specific morphological features. Regions comprised the RV
inflow tract (RVIT), RV outflow tract (RVOT),
infundibulum, anterior free wall (AFW), inferior free wall
(IFW), lateral free wall (LFW), septum, septal body (SPB),
anterior boundary (ABD), posterior boundary (PBD), and

Pulmonary valve Tricuspid valve

apex (APX) (Figure 3). Vertices were each assigned to one
of these regions, after which the regional average was
determined for the calculation of regional MC (Supplement
S.1.6 Region definition). The SPB region contains a
selection of vertices located on the RV septum, representing
most explicit curvature of the septum. The infundibulum
region was not analysed due to its complex saddle shape
which cannot be meaningfully assessed using MC as a
parameter. Regional MC calculations were performed in
ED and ES for all regions, except the infundibulum and
septum. Volume correction of regional MC values was
performed using partial EDV and ESV. These volumes
were spanned between the regional endocardial surface and
the ED or ES centre of mass respectively, resulting in
volume corrected regional mean curvature (vcrMC) values.

Tricuspid valve Pulmonary valve

Infundibulum v i
RVIT — o
e o * $ v
RVOT — g
L]
ABD %
Septum ;’ . '.’} ’
e ®,,
AFW —a r
"
LFW G ol
\ no‘;
IFW / ; et
PBD Jei
.4
SPB P
T : -
o APX - ——W

Septal side
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Figure 3: Regional division of vertices on the endocardial surface for regional mean curvature calculation. RVIT: right
ventricular inflow tract; RVOT: right ventricular outflow tract; ABD: anterior boundary; AFW: anterior free wall; LFW: lateral
free wall; IFW: inferior free wall; PBD: posterior boundary; SPB: septal body; APX: apex.
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Pulmonary valve Tricuspid valve

— Anteroposterior (AP) axis
Radial (RD) axis
— Longitudinal (LT) axis

Figure 4: Axis definition and beutel orientation seen from a
septal view. Anteroposterior (blue), radial (green) and
longitudinal (red) axes originating from the RV centre of
mass in the end-systolic frame.

Regional differences in curvature were visualised by
projecting a heat map over the beutel of an individual
patient, colour-coding vertices depending on their volume
corrected MC value (Supplement S.1.7 Visualisation).

2.3.2. RV function
Detailed quantification of RV function was achieved
through the decomposition of RV contraction into three
orthogonal anatomical directions. RV wall motion was
decomposed in anteroposterior (AP), radial (RD), and
longitudinal (LT) direction, in line with literature findings
(39, 40).

To ensure consistent axis definition for all patients,
standardised orientation and alignment of all meshes was
performed before analysis. A new coordinate system was
defined with axes in AP, RD, and LT direction,
corresponding to the x-, y-, and z-axis respectively. The
origin of the coordinate system was located on the RV
centre of mass in the ES frame (Figure 4) (Supplement S.2.1
Axis definition).

Accordingly, wall motion of RV meshes was decomposed
into AP, RD, and LT direction components conforming to

Anteroposterior

the newly defined axes. For the computation of directional
components of wall motion, either the x-, y-, or z-coordinate
of all vertices was allowed to change whilst keeping the
other two coordinates constant on their ED value. As a
result, three sets of directionally decomposed meshes were
created, each allowing for the quantification of wall motion
in either the AP, RD, or LT direction (Figure 5).

From these meshes, decomposed EF (dEF) could be
calculated in AP, RD, and LT direction as a measure for
directional RV function. EF is defined as the ratio between
stroke volume and EDV. Stroke volume is calculated by
subtraction of ESV from EDV (Formula 1). By using ESV
calculated from decomposed meshes, EF brought about by
wall motion in one specific direction can be quantified
(Supplement S.2.2 Mesh decomposition).

__ EDV-ESV

EF oy (1)

To study ratios between the three dEF components, relative
decomposed EF (rdEF) was determined. Each dEF value
was divided by the sum of all three dEF values. As a result,
changes in contribution of each dEF component to global
EF could be studied, independent of overall RV function
(Supplement S.2.3 Relative decomposed EF).

For regional assessment of dEF and rdEF, four different
regions were defined based on literature and expert opinion
(38, 41). This subdivision aimed to enable detailed
assessment of regional RV function, and to quantify
differences between regions. The subdivision contained
fewer and larger regions than the division used for regional
MC calculations. Regions comprised the AFW, IFW, LFW,
and septum (Figure 6). Vertices were each assigned to one
of these regions, forming a regional surface on the RV
mesh. Regional dEF and rdEF were computed by
calculating partial EDV and ESV spanned between the
regional endocardial surface and ES centre of mass, using
Formula 1. Regional function of the septum was not
included in analysis, as decomposed motion did not prove
meaningful in that region (Supplement S.2.4 Region
definition).

Radial Longitudinal

Figure 5: Demonstration of total wall motion and decomposed wall motion in anteroposterior, radial, and longitudinal direction,
showing end-diastolic volumes (black meshes) and end-systolic volumes (blue beutels).
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Figure 6: Regional division of vertices on the endocardial surface for regional dEF and rdEF calculation. AFW: anterior free

wall; LFW: lateral free wall; IFW: inferior free wall.

2.4. Relation with cardiac electrical conduction and
LV function
The correlation of verMC, dEF, and rdEF with the
electrocardiogram (ECG) characteristics QRS-duration,
heart axis, and the presence of a RBBB in ToF patients was
calculated to investigate the influence of RV remodelling
on electrical conductivity of the heart.

The correlation of dEF and rdEF with echocardiography
derived left ventricular ejection fraction (LVEF) was
investigated in the ToF population to assess the relation
between RV function and LV function.

2.5. Statistical analysis

Data distributions were examined through histograms and
the Shapiro-Wilk normality test. Normally distributed,
continuous variables were expressed as mean + standard
deviation and compared using a Student’s t-test. Non-
parametric variables were presented as median and
interquartile ranges (IQR) and compared using a Mann-
Whitney U test. Pearson’s and Spearman’s coefficients
were calculated for correlation assessment of parameters
with normal and non-normal distribution respectively. RV
morphology and function parameters were all considered as
non-parametric variables to allow for interregional
comparison. A p-value below 0.05 was considered
significant. Statistical analysis was performed in SPSS for
Windows (Version 28.0, SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Baseline characteristics
Baseline characteristics of the study population are shown
in Table 1. RV EDV was significantly higher in ToF
patients in comparison to healthy controls (p<0.001).
Additionally, ToF patients showed significant reduction in
RVEF (p<0.001) and LVEF (p<0.001) compared to healthy
controls.

3.2. RV morphology in ToF
Calculated verMC values are shown in Table 2. Differences
between ToF and healthy controls appeared to be larger in
ES than in ED. Largest decreases in vcrMC were found in
the PBD, APX, and RVOT regions in both ED and ES
(p<0.001), signifying a bulging and less convex regional
morphology in ToF patients compared to healthy controls.

Despite reduction in both ED and ES, the PBD did show a
marked increase in verMC from ED to ES. The SPB region
was the only RV region that showed concavity throughout
the cardiac cycle in both populations. SPB vcrMC values
were less negative in ToF, representing septal flattening
compared to the more concave interventricular septa in
healthy controls.

An increase in vcrMC, rather than a decrease, could only be
seen in the IFW region in ToF patients compared to healthy
controls. The AFW and LFW regions of the free wall
showed slightly decreased verMC. The ABD region was the
only region showing no significant difference in ToF
patients in both ED (p=0.054) and ES (p=0.074).

Regional MC calculations showed significant differences
between ToF and healthy controls over all regions before
volume correction. Larger differences between ED and ES
values of regional MC were seen in healthy controls than in
ToF patients, suggesting more dynamic contraction in
healthy controls (Supplement S.3 Supplementary results,
Table S3).

An illustrative case of one ToF patient and one healthy
control is shown in Figure 7, allowing qualitative
comparison between both groups. Decreased convexity can
be seen in the PBD, APX, and RVOT regions comparing
the ToF patient beutel with the healthy control beutel.
Increased convexity is shown in the IFW, and decreased
concavity is visualised in the SPB. Maintained verMC can
be seen in the ABD and AFW regions.
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Table 1: Baseline characteristics.

Variable ToF Controls p-value
(n=50) (n=50)

Age, years 38 [22 - 46] 34 [25 - 47] 0.717
Female, n (%) 18 (36) 18 (36)
BMI, kg/m? 23.4+29 23.6+3.1 0.697
BSA, m? 19402 19402 0.289
RV EDVi, mL/m? 95 [77 - 120] 61 [50 - 70] <0.001
RVEF, % 45+7 57+4 <0.001
LVEF, % 54 [50 - 58] 63 [58 - 66] <0.001
Surgical interventions

Transannular patch, n (%) 23 (46)

Pulmonary valve re-intervention, n (%) 27 (54)
Severe pulmonary regurgitation, n (%) 5 (10)
Severe pulmonary stenosis, n (%) 19 (38)
Severe tricuspid regurgitation, n (%) 3 (6)
ECG

Sinus rhythm, n (%) 47 (94)

QRS-duration, s 135 [114 - 161]

Heart-axis, ° 42 + 68

RBBB, n (%) 40 (80)

Paced, n (%) 2(4)

Values are presented as mean + standard deviation or median [interquartile range]. ToF: Tetralogy of Fallot; BMI: body mass
index; BSA: body surface area; RV EDVi: right ventricular end-diastolic volume indexed to BSA; RVEF: right ventricular
ejection fraction; LVEF: left ventricular ejection fraction; ECG: electrocardiogram; RBBB: right bundle branch block.

Table 2: End-diastolic and end-systolic volume-corrected regional mean curvature in ToF and healthy controls.

End-diastolic End-systolic
Region ToF Controls p-value ToF Controls p-value
(n=50) (n=50) (n=50) (n=50)
Global 106 [102 - 108] 112 [108 - 116] <0.001 105 [99 - 110] 116 [112 - 125] <0.001
Free wall 81 [80 - 86] 84 [78 - 90] 0.352 76 [72 - 81] 80 [74 - 93] 0.027
AFW 56 [50 - 68] 70 [55 - 83] 0.014 47 [41 - 59] 53[43-73] 0.188
LFW 7971 -85] 81 [74 - 87] 0.448 76 [66 - 86] 86 [74 - 104] 0.004
IFW 110[101 - 116] 102 [96 - 112] 0.029 104 [93 - 113] 95 [84 - 103] 0.012
ABD 539 [484 - 593] 492 [441 - 578] 0.054 554 [490 - 607] 497 [439 - 587] 0.074
PBD 262 [243 - 288] 294 [264 - 329] <0.001 303 [255-330] 371[322-426] <0.001
APX 481 [448 - 531] 554 [486 - 619] <0.001 439 [386 - 479] 547 [467 - 669] <0.001
SPB -50 [-62 - -42] -64 [-83 - -52] 0.001 -48 [-58 - -38] -62 [-77 - -52] <0.001
RVIT 100 [90 - 109] 107 [98 - 122] 0.003 100 [85 - 107] 115[94 - 130] 0.001
RVOT 109 [96 - 125] 131 [115 - 141] <0.001 108 [88 - 122] 129 [114 - 140] <0.001

Values are presented as percentages, median [interquartile range]. ToF: Tetralogy of Fallot; AFW: anterior free wall; LFW:
lateral free wall; IFW: inferior free wall; ABD: anterior boundary; PBD: posterior boundary: APX: apex; SPB: septal body;
RVIT: right ventricular inflow tract; RVOT: right ventricular outflow tract.
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Healthy control
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Septal side

Max

Free wall side

Figure 7: Illustration of volume corrected mean curvature values of a representative ToF patient and a healthy control in end-
diastole, showing the septal and free wall side of the RV beutel. Decreased convexity is seen in ToF versus healthy controls in
the (1) posterior boundary, (2) apex, and (3) right ventricular outflow tract. Increased convexity is shown in the (4) inferior free
wall. Decreased concavity is visualised in the (5) septal body. Maintained volume corrected mean curvature can be seen in the
(6) anterior boundary and (7) anterior free wall. ToF: Tetralogy of Fallot; Max: maximum volume corrected mean curvature

value; Min: minimum volume corrected mean curvature value.

3.3. RV function in ToF
Decomposition of RV wall motion for the calculation of
dEF revealed significant reduction in EF over all
decomposition directions, comparing ToF patients to
healthy controls (p<0.001). Largest reduction in dEF was
found in the AP direction, followed by the RD and LT
direction respectively (Table 3).

Relative changes in directional contributions identified the
AP component of RV wall motion as the largest contributor
to RVEF in both ToF patients (38% [31 - 42]) and healthy

controls (40% [37 - 44]). rdEF in AP direction was slightly,
but significantly, reduced in ToF patients compared to
healthy controls (p=0.004). On the contrary, a significant
increase (p=0.009) of rdEF in longitudinal direction was
found in ToF patients (28% [26 - 33]) compared to healthy
controls (26% [23 - 31]) (Table 3). Decrease of rdEF in AP
direction and complementary increase of rdEF in LT
direction signifies more severe deterioration of dEF in AP
direction than in LT direction in patients with ToF. The RD
component of rdEF showed no significant change between
both populations (Figure 8) (Appendix 2: Abstract
EuroEcho).

Table 3: Decomposed and relative decomposed RV ejection fraction in ToF and healthy controls.

Decomposed EF Relative decomposed EF
Direction ToF Controls p-value ToF Controls p-value
(n=50) (n=50) (n=50) (n=50)
Anteroposterior 21 [17 - 24] 31[26 - 35] <0.001 38[31-42] 40 [37 - 44] 0.004
Radial 19 [15 - 23] 24 [22 - 30] <0.001 33[29 - 39] 32[29 - 38] 0.649
Longitudinal 16 [14 - 18] 20 [17 - 24] <0.001 28 [26 - 33] 26 [23 - 31] 0.009

Values are presented as percentages, median [interquartile range]. EF: ejection fraction; ToF: Tetralogy of Fallot.
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Figure 8: Comparison of relative decomposed RV ejection fraction in anteroposterior, radial, and longitudinal directions
between ToF patients and healthy controls. ToF: Tetralogy of Fallot.

Regional assessment of dEF identified the LFW as the
region with highest regional EF in healthy controls,
followed by the IFW and AFW respectively (Table 4). In
all three regions, each direction of decomposed EF was
significantly decreased except for the component in LT
direction in the AFW. Additionally, the AFW showed a
comparable pattern in dEF and similar pattern in rdEF as
the global RV. In this region, a significant decrease of rdEF
in AP direction was found in ToF patients (36% [28 - 44])
compared to healthy controls (44% [37 - 53]). An increase
was seen for rdEF in LT direction with 32% [28 - 37] in

ToF, compared to 26% [22 - 30] in healthy controls.
Changes in rdEF were less evident in other RV regions.

3.4. Correlation of LVEF with RV function

A significant correlation of 0.412 was found between dEF
in the RD direction and LVEF (p=0.003). dEF in the LT
direction also showed a significant correlation of 0.455 with
LVEF (p<0.001). These correlations signify a positive
coupling of RV dEF in RD and LT direction to LVEF. The
AP component of dEF did not show significant correlation
with LVEF (Figure 9). rdEF in AP, RD, and LT direction
did not show significant correlation with LVEF.

Table 4: Regional decomposed and regional relative decomposed RV ejection fraction in ToF and healthy controls.

Decomposed EF Relative decomposed EF
Region Direction ToF Controls p-value ToF Controls p-value
(n=50) (n=50) (n=50) (n=50)
Total 37[32-45] 50[46-55] <0.001
= Anteroposterior 20[14-24] 31[24-37] <0.001 36[28-44] 44 [37-53] <0.001
|5:" Radial 16 [11-20] 21[16-25] 0.006 33[23-37] 31[23-35] 0.356
Longitudinal 16 [15-19] 18[14-21] 0.273 32[28-37] 26[22-30] <0.001
Total 46 [42-52] 65[62-68] <0.001
= Anteroposterior 21[17-25] 32[28-37] <0.001 38[35-42] 39[36-46] 0.101
S Radial 19[15-22] 26[21-32] <0.001 34[28-38] 33[27-40] 0.852
Longitudinal 16[14-19] 21[18-25] <0.001 29[25-33] 26[23-31] 0.086
Total 52 [47-57] 64 [62 - 66] <0.001
= Anteroposterior 21[17-25] 28[25-32] <0.001 35[32-43] 39[35-44] 0.046
= Radial 20[16-24] 23[19-28] 0.003 33[28-37] 31[28-38] 0.210
Longitudinal 17[15-20] 21[19-25] <0.001 28[27-34] 30[24-34] 0.482

Values are presented as percentages, median [interquartile range]. EF: ejection fraction; ToF: Tetralogy of Fallot; AFW:

anterior free wall; LFW: lateral free wall; IFW: inferior free wall.
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Table 5: Correlation between LV ejection fraction and decomposed and relative decomposed RV ejection fraction in patients

with ToF.
Decomposed EF Relative decomposed EF
Direction Correlation coefficient p-value Correlation coefficient p-value
Anteroposterior 0.272 0.056 -0.156 0.281
Radial 0.412 0.003 0.178 0.216
Longitudinal 0.455 <0.001 0.029 0.840

Values are presented as Spearman’s coefficients. EF: ejection fraction; ToF: Tetralogy of Fallot.

3.5. Correlation of ECG characteristics with RV
morphology and function
The investigation of correlations between the computed
parameters for RV morphology and function and ECG
characteristics did not yield any significant results.

4. Discussion

A software application was developed for the quantification
of global and regional RV morphology and function using
3DE imaging. This application allowed for the objective
assessment of verMC and dEF of the RV, demonstrating the
ability to differentiate between ToF patients and healthy
controls. The PBD, APX, and RVOT regions were
identified as key regions contributing to morphological RV
remodelling in ToF patients. Functional RV remodelling
was best observed in the AFW region. The AP component
of dEF proved to be the largest contributor to RVEF, and
also showed the largest reduction in ToF patients compared
to healthy controls. This component did not show
significant correlation with LVEF, whereas dEF in RD and
LT direction did show a significant correlation.
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Additionally, larger differences in curvature between ToF
and healthy controls were observed in ES than in ED. The
PBD, APX, and RVOT regions exhibited the most notable
decreases in convexity, while the SPB region showed a
decreased concavity in ToF. In contrast, the morphology of
the ABD and AFW regions remained similar between ToF
and healthy controls, but RV function showed the most
changes in the AFW region. No significant correlation of
verMC and dEF with cardiac electrical conduction
characteristics was identified.

This study demonstrated that RV remodelling is a
heterogeneous process across different regions, enhancing
our understanding of RV remodelling in ToF patients. To
the author’s knowledge, no study of this size has yet been
performed.

4.1. Implications of morphological RV remodelling
A wide variety in regional MC changes between ToF
patients and healthy controls was observed across different
regions of the RV. This finding is consistent with other
published studies which also report significant diversity in
morphological changes between RV regions (28, 42).
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Figure 9: Scatterplots showing correlations between LV ejection fraction and decomposed RV ejection fraction in A)
anteroposterior, B) radial, and C) longitudinal direction. Spearman’s correlation coefficients (r) were calculated.
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The PBD region of the RV in ToF patients was identified as
one of the regions with the most significant decrease in
convexity compared to healthy controls. Despite its
flattening in ED, this region showed a large increase in
curvature between ED and ES. Therefore, this region
reflects behaviour that has also been observed in other
studies, where RV presents preserved function despite
dilatation (43). Another region that showed highly
significant curvature changes in ToF patients was the APX.
This change corresponds with the extensively investigated
apical flattening observed in ToF patients (28, 42, 44, 45).
The specific flattening of the apex may be attributed to
anatomical variation in the myofiber structure in the RV of
ToF patients, as reported by Sanchez-Quintana et al. (46).
Calculation of verMC could be a good parameter to assess
apical flattening in patients with ToF. Additionally, RVOT
curvature showed significant differences between ToF and
healthy controls. The RVOT region is particularly affected
in ToF patients, since RVOT obstruction relief is a major
part of surgical correction. The decreased curvature in this
region, compared to healthy controls, may result from the
valvulotomy and the use of a transannular patch to alleviate
RVOT obstruction (47). Besides flattening of convex
regions of the RV, the SPB region showed a decrease in
concavity in ToF patients compared to healthy controls.
Septal flattening is a well-known phenomenon in volume
overloaded RV (48, 49). Two studies on RV curvature have
even reported a change from concavity to convexity in case
of pressure and volume overload of the RV (27, 28).
However, convexity was not observed in this population of
ToF patients. This discrepancy could be due to the different
regional definitions used in this research compared to
earlier publications. Additionally, baseline differences in
cardiac function between the population in this study and
those in previous research could contribute to the differing
findings.

Whereas most curvatures moved towards zero in ToF
patients, there was higher curvature in the IFW. The IFW
was the only region showing increased convexity in ToF
patients compared to healthy controls. This phenomenon
has been identified before in ToF patients as basal bulging
(42). The cause of basal bulging has not yet been identified,
but a role in the occurrence of tricuspid regurgitation has
been suggested (45).

Addetia et al. also investigated regional curvature, but in
patients with pulmonary arterial hypertension (PAH)
instead of ToF patients. They observed smaller curvature
differences between ED and ES in PAH patients than in
healthy controls, which was attributed to a loss of dynamic
changes during the cardiac cycle in PAH patients (27).
Similar changes were seen during this study, where
differences between ED and ES in regional MC values
before volume correction were smaller in ToF patients than
in healthy controls. These observations completely
disappeared after volume correction, and were therefore
attributed to dilatation effects seen in ToF patients. This
difference observed between ToF patients and PAH patients
could be regarded as a difference between volume and

pressure overloaded RV, as suggested in an earlier study
(28). An observation that has not been reported in earlier
studies, is the larger differences in curvature present in ES
compared to ED in both ToF patients and healthy controls.
This finding may provide a new perspective on current
parameters for the assessment of the RV. Measurements of
RV dimensions are mostly performed in the ED frame, in
accordance with guidelines (18). Measurement of these
parameters in ES may provide new insights and result in
better discriminative power.

4.2. Implications of functional RV remodelling

The investigation of wall motion in various anatomical
directions provided insights into the heterogeneity of
functional RV remodelling. It was found that EF resulting
from wall motion in the AP direction was the largest
contributor to RVEF in both ToF patients and healthy
controls. Conversely, dEF in the LT direction was identified
as the smallest contributor to RVEF. This result contrasts
with findings of Bidviene et al., who reported that dEF in
the LT direction was the largest contributor and dEF in the
AP direction was the smallest contributor to RVEF (28, 30).
The population in the studies of Bidviene et al. was notably
younger and mostly female, with more severe RV
degradation due to increased dilatation and a high
percentage of transannular patch use. Differences found in
contributions of the AP and LT components to RVEF in this
study may reflect varying patterns of RV remodelling at
different stages of the disease.

From the results of this investigation, the effectiveness of
functional ultrasound parameters can be disputed. Currently
recommended functional parameters for the quantification
of RV function, such as tricuspid annular plane systolic
excursion (TAPSE), peak lateral tricuspid annular systolic
velocity (S’) and Doppler tissue imaging, solely quantify
longitudinal RV contraction (17-19). However, from the
results of this research, it can be concluded that dEF in LT
direction shows least deterioration in ToF patients when
compared to the RD and AP components of dEF.
Assessment of RV function through the decomposition of
EF in three anatomical directions could lead to new insights,
allowing for more detailed identification of functional
remodelling, potentially in an earlier stage of disease.

While the LT component of dEF showed the least
deterioration in ToF patients compared to healthy controls,
the AP component showed the most deterioration. Analysis
of the correlation between dEF and LVEF revealed that the
AP component of dEF did not correlate significantly with
LVEF, in contrast with the RD and LT component. This
suggests that the deterioration of dEF in the AP direction is
a distinct feature of RV remodelling. Consequently, this RV
characteristic may not be effectively quantified by LVEF,
making the AP component of dEF a valuable measure for
assessing advanced functional RV remodelling in ToF
patients. Further research is needed to evaluate its clinical
significance.
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Regional assessment of dEF indicates that the AFW of the
RV may play a crucial role in the functional remodelling of
the RV. Patterns observed in rdEF in the global RV were
similar to the patterns observed in the AFW. This pattern
consisted of a significant decrease of rdEF of the AP
component, a significant increase of the LT component and
preserved rdEF of the RD component. These findings
suggest that the AFW could be a region of interest for
research after functional remodelling of the RV in patients
with ToF. The AFW region is located directly below the
pulmonary valve and is part of the RVOT. Earlier research
already identified remarkable anatomical changes in the
AFW region in patients with ToF compared to healthy
individuals, which could be an explanation for the found
pattern (46). Regional differences in RV function,
especially surrounding the RVOT, have been associated
with functional impairment in patients with ToF
underlining the importance of regional RV function
assessment (50, 51).

4.3. Lack of correlation with ECG characteristics
This study did not manage to correlate ECG characteristics
with verMC, dEF, or rdeF. Correlations with QRS-
duration, heart axis, and the presence of an RBBB were
investigated, but neither showed significant results.
However, electrical conduction characteristics have been
correlated with RV morphology and function in an earlier
study (52). A potential cause for not finding correlations
between ECG characteristics and vcrMC could be the
investigation of linear correlation only and lack of covariate
adjustment. Bitterman et al. found nonlinear associations
between QRS-duration and RVEF, EDV and ESV in
patients with ToF, after covariate adjustment. Additionally,
time independent variables were used for the definition of
electromechanical dyssynchrony by looking at QRS-
duration, delay between septal and lateral peak strain, and
the presence of septal flash (52). Investigating covariate-
adjusted nonlinear correlation and different
electromechanical dyssynchrony characteristics could have
enabled the identification of significant correlations.

4.4. Limitations

Limitations faced in this research were partly inherent to the
imaging technique used. Due to the anatomical position of
the RV in the thorax, lung and bone tissue regularly cause
shadowing of specific RV regions. The AFW and ABD
region are especially susceptible to shadowing as a result of
their position directly behind the sternum (53). High quality
ultrasound equipment and highly skilled sonographers are
essential for successful 3DE acquisition. Only 3DE studies
of good quality were considered for inclusion in this
research. Therefore, analyses performed in this study may
not be applicable to all ToF patients. Additionally, imaging
quality of anterior regions may have been lower and
segmentations less accurate than other regions, with a
potential effect on outcomes.

Dynamic surface meshes were obtained using a
semiautomatic segmentation software application. This
software application required manual interactions and fine

tuning for optimization of RV meshes. As a result of these
manual steps, segmentation was sensitive to operator
dependent variations. Earlier research showed reasonable
intra- and interobserver variability in the segmentation
process of TomTec 4D RV-Function (37). However, a
certain degree of inaccuracy as a result of these manual
steps is inevitable. Inaccuracies could be minimised through
automation or further standardisation of the segmentation
protocol. Calculations based on exported RV meshes were
all deterministic, and therefore did not introduce any
additional variation.

Study outcomes were limited by the population of ToF
patients included in this research. The ToF population had
a median LVEF of 54%, only slightly deviating from
normal values published for healthy individuals. Mean
RVEF in the ToF population was 45%, which is within the
normal range (18). Therefore, it can be concluded that a
large portion of ToF patients had a cardiac function that
would be considered normal in the healthy populations.
More significant differences might have been found if
research had been performed on a group of ToF patients
with more advanced stages of functional degradation.

Lastly, no gold standard parameters exist for the
quantification of RV morphology and function assessment.
Consequently, clinical significance of computed parameters
could not be quantified during this investigation. Usability
of proposed methods has yet to be proved, requiring
additional research.

4.5. Future research
With the ability to automatically quantify RV morphology
and function from dynamic 3D RV meshes, research should
be extended to gain more insight in RV remodelling
processes. Our patient set was not suitable to investigate
long-term follow-up and longitudinal change in RV
morphology and function. Longitudinal follow-up of ToF
patients may allow for the identification of regions with
significant remodelling over time. Hereby, new biomarkers
could be identified for clinical deterioration or effective RV
remodelling in ToF patients. A proof of concept
investigation was performed using three ToF patients with
two 3DE studies acquired at different time points. These
patients showed progressive dilatation over time. All three
patients showed decrease of the AP component of dEF, with
an average of 6%. Changing patterns in dEF throughout
different stages of disease could grant valuable new
information. Other longitudinal research on the prognostic
value of regional RV deformation analysis confirmed its
added value in patients with pulmonary hypertension (41).
Longitudinal follow-up of a larger ToF cohort would be
needed for definitive identification of remodelling
biomarkers. Potentially interesting parameters identified in
this research consist of verMC of the PBD, APX, and
RVOT, and the AP component of dEF with special attention
paid to the AFW region. Eventually, these biomarkers could
be of great value in the optimisation of pulmonary valve
replacement timing, trading off the limited durability of
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artificial pulmonary valves and the prevention of
irreversible RV dysfunction.

Besides the investigation of RV morphology and function
in ToF patients, research on other patient populations could
yield valuable insights in the effect of different diseases on
RV remodelling. Earlier research investigated patients with
PAH (27, 41). Additionally, a study compared small
populations of patients with ToF to patients with PAH.
Remodelling effects of volume overload were compared to
effects of pressure overload of the RV, revealing distinct
differences between patient populations (28). With the
developed software application, verMC, dEF, and rdEF can
be automatically calculated from RV triangulated mesh
files, paving the way for researching morphological and
functional RV remodelling in any patient population.

5. Conclusion

This thesis enhances the understanding of RV remodelling
in ToF patients, by quantifying both global and regional RV
morphological and functional characteristics using 3DE
imaging. A software application was developed to
objectively assess morphological and functional RV
remodelling, by calculating verMC and dEF of the RV.
Quantification of vcrMC revealed highly heterogeneous
regional curvature changes in ToF patients compared to
healthy controls. The PBD, APX, and RVOT regions
showed largest decreases in curvature making them highly

interesting  for  further  investigation.  Directional
decomposition of RVEF enabled detailed quantification of
RV function in patients with ToF. Deterioration of RV
function was mostly assigned to decreased contribution of
AP wall motion to RVEF. Deterioration of the AP
component of dEF was identified as a distinct remodelling
effect of the RV, showing no significant correlation with
LVEF. Therefore, dEF in the AP direction was identified as
an interesting candidate for assessment of advanced
functional RV remodelling in ToF patients. The AFW
region was recognised as an important region for functional
RV remodelling, showing the same pattern of rdEF as seen
in the global RV.

The developed software application enables automatic
quantification of RV morphology and RV function from
3DE images. With its development, doors have been opened
for researching RV remodelling in any patient population.
Future research in ToF patients should focus on longitudinal
follow-up, allowing for the identification of regions with
significant remodelling over time. Hereby, the proposed
parameters can be further evaluated and new biomarkers
could be identified for clinical deterioration or effective RV
remodelling in ToF patients. Special attention must be paid
to regions identified as key contributors to RV remodelling
during this research. Eventually, monitoring of these
biomarkers could be of great value in the optimisation of
pulmonary valve replacement timing in ToF patients.

20



Supplementary data

S.1 Curvature

Curvature was calculated as a parameter for the quantification of RV morphology. Curvature is
defined as the inverse of the radius of the circle osculating the curve of a surface. An osculating
circle is a circle touching the curve, such that the circle and curve have an equal tangent. Hereby,
the curvature can be represented by the radius of the circle (54). Curvature was calculated for
each vertex on the RV mesh. A previously implemented function for curvature calculation in
RV-Dynamics (Yue Chen, previous student on this project (33)) was fully checked,
documented, and improved during this research. Functions from the OpenGL library were used
and programming was performed in Visual Studio 2022 using C++. Several different curvature
measures exist and were implemented in the software application, consisting of mean curvature,
Gaussian curvature, and principal curvatures. In the final work, mean curvature is reported.
Since considerable work was performed in realising, checking and visualising the different
curvature measures, the theory and realisation of all curvature variables is presented below.

S.1.1 Voronoi area
In order to calculate the curvature for a vertex, a 3D surface surrounding a vertex must be
defined over which the curvature can be determined. Meyer et al. (35) proposed a method for
the allocation of surfaces to vertices in a mesh, based on the 1-ring neighbourhood of the vertex.
The 1-ring neighbourhood of a vertex consists of the vertices directly neighbouring the vertex.
From this 1-ring neighbourhood (x,, x4, X, X, x¢), the Voronoi area of each vertex (x;) can be
determined as a method to evenly allocate surfaces on a mesh to the closest vertex (Figure S1A).

For acute triangles, the VVoronoi area can be defined by drawing all perpendicular bisectors of
a triangle, coming together in the circumcentre. These lines enclose an area for which vertex x;
is the nearest vertex. For obtuse triangles, two scenarios exist. If the obtuse angle is located at
vertex x;, midpoints of adjacent sides are connected to the midpoint of the opposite side to
enclose a surface. If the obtuse angle is not located at vertex x;, midpoints of adjacent sides are
directly connected.
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Figure S1: Geometrical calculations of Voronoi area (grey) for vertex x;, using it’s 1-ring neighbourhood. A) Voronoi areas
of triangles in 1-ring neighbourhood of vertex x;, with acute triangles in 1-4, an obtuse triangle with the obtuse angle not at
vertex x; in 5, and an obtuse triangle with the obtuse angle at vertex x; in 6, B) construction of Voronoi area of an acute
triangle, C) construction of Voronoi area of two obtuse triangles.
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The Voronoi area of acute triangles can be calculated using the cotangent of angle «;;, angle
Bij» and the distance between vertices x; and x; (Formula 1):

AVOT‘OTLOi = g(cot aij + Cotﬁij)”xl' — xj||2. (1)

Formula 1 is derived from the equation for the calculation of the area of a triangle (A):

A=21xbasex height,
1 2 1 1
A =2 ((cotay; + cot fi) *5||x; = x]|) « (5 ki — x]).

In any acute triangle, angle a;; happens to be equal to angle x,,. This characteristic can be
derived by connecting each vertex of the triangle with the circumcentre (Figure S1B). From
triangle Ax;x;x, follows that:

2a+ 2b + 2c = 180°,
a+b+c=90°,
pr = (Xl'j.

Consequently, cota;; = cot 2x, which can be calculated from the dot product and cross
product of the coordinates of vertices x;, x;, and x,,:

Cos pr

cot £x, = — ,
sin Axp

N —
a=xi—xpandb=xj—xp,
ab axb

cos 2x,—— and sinzx, =
Pal ||l P

Therefore, cot LxXp =

Similarly, it can be stated for triangle Ax;x,x; that:
L.Xq = 'BU

Following the same principles as for cot ;;, cot ;; = cot £x, which can be calculated using
the coordinates of vertices x;, x;, and x,:
é-d
cotsLx, = ——=,
T Jlexd]

where ¢ = x; — x5 and d = x; — x,.

For obtuse triangles, two different formulas were used; one for triangles where the obtuse angle
is at x; and one for triangles where the obtuse angle is not at x; (Figure S1C). The Voronoi area
of an obtuse triangle where the obtuse angle is at x;, can be calculated using connecting lines
between the midpoints of adjacent sides and the midpoint of the opposite side (Formula 2):

lxgmq| _ |moxel _ Imqimg| _ 1

lxexil — |xpxe]  |xixpl 2

therefore, 2x, = £y and 2x, = 46.
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Calculating the areas of Ax,m;m, and Ax,x;x,, gives:

1 .

Apxymym, = 2* |xemy | * (sin £x; = [x;mq]),
1 .

AAxtxixp =z 2|xgmy| = (sin £x; * 2[x;mq|).

1
Therefore, Aax,m,m, = " Apx,xix,.

The same calculation can be made for Am,msx, and Ax,x;x,:

1
AAmZm3xI[J 2 AAxtxixp-

Therefore, the Voronoi area for an obtuse triangle where the obtuse angle is at x;, is calculated
by:

A= AAxtxixp - AAxtmlmz - AAm2m3xp’

1
A= EAAxtxixp- 2)

The area of Ax,x;x, can be calculated from the cross product of the coordinates of vertices x;,
x;, and x,:

é=x;—x,and f = x, — x,

Anvrix, =5 € X £

The Voronoi area of an obtuse triangle where the obtuse angle is not at x; can be calculated
using a line connecting the midpoints of the adjacent sides (Formula 3):

Imaxil _ lximal _ Imamy| _ 1
lesxgl  loegxel lxexs| 2

Calculating the areas of Am,x;m, and Ax,x;x, gives:

1 .

AAm4xim1 =3 * |xim1| * (sin £x; * |m4xi|),
1 .

AAxSxixt =3 * 2]x;my | * (sin 2x; * 2[myx; ).

1
Therefore, Aam,xm, = ZAAxsxixt- (3)

The area of Ax,x;x; can be calculated from the cross product of the coordinates of vertices from
Xs, X;, and x;:

§=x—x;and h = x, — x;,
19 > ¢
AAxSxixt = 3 ”g X h” :
By adding up separately calculated areas for each triangle, the total \Voronoi area attributed to

vertex x; can be determined (Formulas 1-3). This area is used as the surface over which
curvatures are calculated.
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S.1.2 Principal curvature
Meyer at al. (35) described two types of curvature which can be used for the characterization
of a surface shape: Gaussian curvature and mean curvature. These curvatures are derivatives of
the principal curvatures of a surface.

For each vertex, principal curvatures can be determined by intersecting the surface at multiple
angles, using a plane positioned orthogonal to the tangent plane (t) of vertex (x;). These
orthogonal intersections are used as means to visualise two-dimensional (2D) curves of the 3D
surface. Principal curvatures are defined as the inverses of radii (r; and r,) of the imaginary
circles osculating the 2D curves at angles yielding maximum (k,) and minimum (k) curvature
values for each vertex (Figure S2) (34).

Figure S2: Schematic representation of principal curvature (k, and k) definitions for a vertex (xi) on a surface (S), derived
from the radii (r; and r,) of two circles osculating the curves projected on two orthogonal planes (p; and p,) intersecting the
surface orthogonal to the tangent plane (t).

Principal curvatures k, and k, of vertex x; can be computed from the mean curvature (MC) and
the Gaussian curvature (GC) of the vertex:

ky (x;) = MC(x;) +/MC(x;)? — GC(x;), (4)
ko (x;)) = MC(x;) —/MC(x;)% — GC(x;). (5)

S.1.3 Gaussian curvature
Gaussian curvature (GC) quantifies the presence of curvature in both principal curvature
directions of a surface, and whether these curvatures are directed in equal or opposite direction.
If both principal curvatures are pointing in the same direction, GC is bigger than 0. GC is O if
one of the principal curvatures is 0. If the principal curvatures are pointing in opposite
directions, GC has a value smaller than 0 (34).

GCof vertex x; can be defined as function of principal curvatures:
GC(x;) = kq(x;) * kp (). (6)

A discrete definition uses the sum of angles (6;) in radians between vertex x; and the vertices
in its one ring neighbourhood. Consequently, the remaining angle is divided by the Voronoi
area (Ayoronoi): 8 Shown in Formula 7 (35). Angle 6; can be calculated from the dot product
of the coordinates of vertices x;, x;, and x,,. An example of the calculation of GC for a single

triangle can be seen in Figure S3.

24



2m-Y 60;
GC(x;) = m, (7)
XX X Xp

where 26; = acos —————.
[y | ey

Figure S3: Geometry for the calculation of Gaussian curvature for the triangle formed by vertex x; and neighbouring vertices
x, and x;, with the Voronoi area (grey) and angle 6;.

S.1.4 Mean curvature
Mean curvature (MC) is the average curvature of a surface in 3D space. It can be calculated by
intersecting the surface at an infinite amount of angles, using a plane positioned orthogonal to
the tangent plane of a vertex. On these orthogonal intersections, imaginary osculating circles
can be fitted from which curvature can be calculated as inverse of their radii. Taking the mean
of this infinite amount of curvatures yields the MC. A negative MC signifies a concave surface
and a positive MC a convex surface (34).

MC of vertex x; can be derived from the two principal curvatures k,; and k,:

MC(XI_) — kl(xi)'; kZ(xi). (8)
A discrete definition of MC can be given as function of angle a;;, angle g;;, and vertices x; and
x; (Figure S4). This calculation is summed over all vertices in the 1-ring neighbourhood of
vertex x; (N;(i)), and divided by the VVoronoi area (Ayoronoi) (35):

1

1
MC(x;) =3 Y jen, o (cot a; + cot By ) (x; — x;) ” ©)

2xAyoronoi

Figure S4: Geometry for the calculation of mean curvature for vertex x; and its neighbouring vertex x;, with the Voronoi area
(grey).
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Voronoi area is calculated according to the method described in S.1.1 Voronoi area. Cotangents
of angle «;; and angle ;; were computed from the coordinates of vertex x; and vertices in the
1-ring neighbourhood using their dot product and cross product according to the approach for
Formula 1:

éd
lexd|

QU
(S

cotLx, = cota;; = and  cotsx, = cotf;; =

Ql

llax|
Vector x,x, is weighed by the length of the perimeter of the Voronoi area of vertex x; that is
allocated to neighbouring vertex x;, by multiplying with cota;; and cot 8;;. Hereby, relative
contribution of the vector to the calculated MC is determined. Summation of all weighted
vectors belonging to the vertices in the 1-ring neighbourhood, and dividing by the VVoronoi area
leads to a vector representing MC of the surface belonging to vertex x;. The magnitude of MC
is equal to the magnitude of the summation vector. The direction of MC is determined using
normal vector n of the surface. Normal vector n is always pointed outward of the beutel, due
to the positive orientation of the mesh. MC is negative if pointing in the same direction as n,
and positive if pointing in the opposite direction (Figure S5).
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Figure S5: Discrete calculation of mean curvature for vertex x;. A summation vector is generated by taking the weighted
average of vectors between x; and all vertices in its 1-ring neighbourhood (cyan). The summation vector is divided by the
Voronoi area. A summation vector (green) in the direction opposite to the normal vector (blue) results in positive curvature. A
summation vector (red) in the same direction as the normal vector (purple) results in negative curvature.

MC was determined to be more suitable and intuitive as measure for curvature of dynamic RV
surface meshes than GC. MC was therefore computed and analysed for each patient in ED and
ES frames in this research.

S.1.5 Volume correction
ToF patients are notorious for developing RV dilatation over time, caused by RV volume
overload (15). As curvature is the inverted radius of the circle osculating the surface curve,
measured curvatures will be smaller in larger ventricles. As a result, curvature values of dilated
RV will be smaller than curvature of healthy RV. To prevent only quantifying dilatation effects
instead of remodelling in ToF patients, volume correction was performed on all curvature
measurements. An adaptation of the method proposed by Addetia et al. (27) was applied. MC
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values were divided by a normalisation term (k..4), which was calculated as the curvature of a
sphere (%) with the same volume as the RV of the subject (Vsppnere):

4.3
Vsphere - ET[T )

1 4
kreg =5~ ’ i (10)

3V5phere

The normalisation term was based on RV EDV for ED MC calculations and on RV ESV for ES
MC calculations. Volume correction resulted in a volume corrected mean curvature value
(veMC) (Formula 11). This value is a ratio between curvatures, and was presented as a
percentage during this research.

MC(x;)

veMC (x;) = (11)

kreg

S.1.6 Region definition
Eleven different regions were defined for regional MC calculation, based on literature and
expert opinion (28, 37, 38). Vertices were each assigned to one of these regions, after which the
regional average was determined. Morphological features of interest were taken into account
by dividing the regions such that these characteristics could be optimally quantified (Figure 3).

Right ventricular inflow tract (RVIT): defined for the quantification of shape of the tricuspid
annulus region. Six rows of vertices surrounding the tricuspid valve were allocated to the RVIT
region, forming a cylindrical inflow region.

Right ventricular outflow tract (RVOT): defined for the quantification of shape of the
pulmonary annulus region. Three rows of vertices encircling the pulmonary valve make up a
cylindrical outflow region.

Infundibulum: region in between the RVIT and RVOT forming a saddle shape. This region was
not assessed in this research and was not mentioned in analyses due to its heterogeneous saddle
shape. Saddle shapes cannot be quantified meaningfully using MC, as positive and negative
curvatures cancel each other out.

Anterior free wall (AFW): defined for the quantification of shape of the free wall area directed
towards the RVOT. This region forms a triangular area from the RV base to the apex, and has
approximately the same basal width as the RVOT.

Inferior free wall (IFW): defined for the quantification of shape of the free wall area directing
away from the RVIT. This region forms a triangular area from the RV base to the apex, and has
approximately half the basal width of the RVIT.

Lateral free wall (LFW): region that is positioned in between the AFW and IFW regions.

Septum: defined for the assessment of the shape of the interventricular septum. This region
forms a triangular area, starting directly below the RVIT, infundibulum, and RVOT, and
reaches down to the apex. The septum proved to be susceptible for mixing of very different
curvatures as a result of variation in boundary regions, coming together in the septum region.
Therefore, the septum was not assessed during curvature analyses of this research. Instead, a
subsection of the septum was defined for curvature quantification of the septum, named the
septal body.
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Septal body (SPB): defined for the calculation of septal curvature from a smaller selection of
vertices in the septum region. Hereby, most explicit curvature of the septum could be quantified
in a consistent manner, decreasing susceptibility for patient-to-patient variation in boundary
regions coming together in the septum region. This region was analysed instead of the complete
septum.

Anterior boundary (ABD): defined for the quantification of shape of the boundary between the
AFW and septum region. The region forms a strip with a width of three vertices between the
AFW and septum, reaching from the RVOT down to the apex.

Posterior boundary (PBD): defined for the quantification of shape of the boundary between the
IFW and septum region. The region forms a strip with a width of three vertices between the
IFW and septum, reaching from the RVIT down to the apex.

Apex (APX): defined for the quantification of apical curvature. This region is formed by ten
vertices on the bottom of the RV, surrounding the lowest point of the RV mesh.

S.1.7 Visualisation

A visualisation tool was previously developed (Gerard van Burken and Yue Chen) for
qualitative morphological assessment of regional MC of individual RV beutels. This tool uses
functions from the OpenGL library, visualised in a graphical user interface based on Dear
ImGui, and was written in Microsoft Visual Studio 2022 using C++. Adaptations and
improvements were made during this research for the visualisation of volume corrected MC,
and to improve usability. Curvatures were displayed per vertex, using a heat map projected on
the RV mesh. Novel colour coding was implemented. Vertices with the most negative MC were
displayed as blue, transitioning to cyan for values closer to zero. Vertices with maximal positive
MC were visualised as red, transitioning to yellow for values closer to zero. Outliers were not
taken into account in determining minimum and maximum values for the colour distribution.
The highest and lowest 5% of MC values of a subject were classified as outliers, and displayed
as red or blue respectively. Colours (c) were interpolated using an arctangent function:

lveMC (x;)|

if ky <0
k _ [veMCppinl f Hy
norm T ) ycMC(x; . !
s if kyy, >0
max
2+atan(3knorm)

f=—
_ {(1 — f) * green + blue if veMC <0 (12)
“TlA - f) * green + red if veMC >0’

These calculations result in a colour distribution shown in the colour bar in Figure S6.
Max 0 Min
Figure S6: Colour bar used for displaying volume corrected mean curvature by overlapping a RV mesh with a heat map.

Max=maximum volume corrected mean curvature value of the RV; Min=minimum volume corrected mean curvature value of
the RV.

S.1.8 Validation of curvature calculation
Validation of curvature calculations was performed by calculating MC and vcMC values of a
known shape. An icosahedron shape was used, consisting of 12 vertices making up 20 triangles.
Three different configurations of the icosahedron were used, to test robustness of the
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calculations. Test shape 1 was a basic icosahedron with a radius of 1 cm (Figure S7A). Test
shape 2 was scaled by a factor 2, leading to an icosahedron with a radius of 2 cm (Figure S7B).
The third test shape was an icosahedron with a radius of 1 cm that was mirrored in the x-axis,
leading to an inverted shape with negative orientation (Figure S7C). Calculations led to the
values presented in Table S1. These values were exactly as expected for MC and vcMC
calculations of these shapes.

A) B) C)

Figure S7: Icosahedron shapes used for the validation of mean curvature and volume corrected mean curvature calculations.
A) Icosahedron with a radius of 1 cm, B) icosahedron with a radius of 2 cm, C) icosahedron with a radius of 1 cm, mirrored
in the x-axis.

Table S1: Validation of mean curvature and volume corrected mean curvature calculation using three test shapes.

Test shape Volume (mL) Mean curvature (cm™) Volume corrected mean curvature (-)
1 2.5 1 0.85
2 20.3 0.5 0.85
3 25 -1 -0.85

Test shape 1: icosahedron with a radius of 1 cm; test shape 2: icosahedron with a radius of 2 cm; test shape 3: icosahedron
with a radius of 1 cm, mirrored in the x-axis.

S.2 Decomposed ejection fraction
Detailed quantification of RV function was achieved through the decomposition of RV
contraction into three anatomical directions. RV wall motion was decomposed in
anteroposterior (AP), radial (RD), and longitudinal (LT) direction, in line with literature
findings (39, 40). A novel function was implemented in RV-Dynamics for the calculation of
decomposed RV contraction. Functions from the OpenGL library were used and programming
was performed in Visual Studio 2022 using C++.

S.2.1 Axis definition
In order for the decomposition to be performed in a consistent manner, the coordinate system
had to be standardised for each beutel. Three reference vertices were used for the definition of
an anatomical coordinate system. These vertices consisted of the apex, centre point of the
tricuspid valve, and centre point of the pulmonary valve. TomTec 4D RV-Function outputs
structured meshes with a fixed topology and anatomical vertex correspondence for each beutel.
As a result, vertices belonging to specific anatomical locations can easily be extracted from the
mesh files. First, an imaginary line was drawn between the centre points of both valves, named
the intervalvular line. The direction of the LT-axis was defined from the apex to the midpoint
of the intervalvular line. Subsequently, the direction of the RD-axis was determined
perpendicular to the LT-axis and the intervalvular line, using the cross product of these two
vectors (Figure S8A). Lastly, the direction of the AP-axis was defined perpendicular to the LT-
and RD-axis, using the cross product of these two axes. The anatomical coordinate system was
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defined to have its origin in the RV centre of mass in the systolic frame, with unit vectors in the
AP, RD and LT axis directions. Anatomical alignment was performed by rotation around this
origin to align the x-axis with the AP-axis, the y-axis with RD-axis, and the z-axis with LT-
axis (Figure S8B). Hereby, each beutel was oriented in a standardised anatomical coordinate
system. Coordinate system definition was based on the approach described by Tokodi et al.
(40), and adapted in discussion with clinical and technical partners involved in this project.

Centre point Centre point
pulmonary valve tricuspid valve

J Intervalvular line f;’iéi%%\: L
T, - Anteroposterior (AP) axis OO OSN R
e -, Radial (RD) axis ///,;“ ‘N‘Q o i
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Figure S8: Axis definition and beutel orientation. A) Direction of the longitudinal axis (red) from the apex to the midpoint of
the intervalvular line (orange) and the direction of the radial axis (green) perpendicular to the longitudinal axis and
intervalvular line, B) anteroposterior (blue), radial (green), and longitudinal (red) axes after translation, locating the origin
on the centre of mass at end-systole. AP: anteroposterior; RD: radial; LT: longitudinal.

S.2.2 Mesh decomposition

A set of meshes was available from TomTec 4D-RV Function for each patient, representing t
different time frames during the cardiac cycle. The amount of available frames differs per
patient, depending on heart rate and frame rate. Each mesh consists of a list of k vertices (v;.x),
for which its position is described in terms of an x-, y-, and z-coordinate. After standardisation
of the coordinate system, the x-axis corresponds to the AP direction, the y-axis to the RD
direction, and the z-axis to LT direction. For the computation of directional wall motion, only
one of the coordinates is allowed to vary whilst the other two are kept constant on their ED
value. Hereby, only movement in the direction of the deviating coordinate can be studied. For
AP wall motion, the x-coordinate changes over time (x4, ..., x;) while the y- and z-coordinate
are kept constant (yzp and zgp). For RD wall motion, the y-coordinate changes over time
(v4, -, y¢) While the x- and z-coordinate are kept constant (xzp and zgp). Lastly, for LT wall
motion, the z-coordinate changes over time (z,, ..., z;) while the x- and y-coordinate are kept
constant at the ED value (xzp and ygp). This results in three sets of decomposed meshes, each
representing motion in one of three anatomical directions.

From these sets of decomposed meshes, EF can be calculated by looking at the ED and ES
decomposed mesh volumes (dEDV and dESV). Decomposed mesh volumes were calculated
using the signed tetrahedron method (36). Subsequently, EF was calculated using Formula 12.
These calculations resulted in values for decomposed EF (dEF) in AP direction, dEF in RD
direction, and dEF in LT direction.

__ dEDV—dESV

dEF = ——~ (12)
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S.2.3 Relative decomposed EF
For relative decomposed EF (rdEF) calculation, dEF in AP direction, dEF in RD direction,
and dEF in LT direction were divided by the sum of all three dEF components. Hereby, a value
could be established which represents the fraction of EF brought about by a single motion
direction. These calculations resulted in rdEF values in longitudinal (rdEF,;), radial
(rdEFgp), and anteroposterior (rdE F,p) directions:

dEFLT
rdEF,; =
LT dEFLT+dEFRD+dEFAP’
dEFRp
rdEFpp =
RD ™ GEF;r+dEFRp+dEF 4p’
rdEF,p = aEFap . (13)
dEF;T+dEFRp+dEF 4p

S.2.4 Region definition
For the assessment of regional contributions to EF, RV meshes were divided into four regions.
Hereby, regional RV function could be quantified. Regions differed from the ones used for
regional MC calculation, enlarging regional volumes to decrease sensitivity to local volumetric
changes. For the calculation of dEF and rdEF, partial volumes were computed in ED and ES
frames of decomposed meshes, spanned between the regional surface and ES centre of mass.
Regions were defined based on literature and expert opinion (Figure 6) (28, 41).

Anterior free wall (AFW): defined for the quantification of RV function of the free wall area
directed towards the pulmonary valve. This region forms a triangular area from the pulmonary
valve to the apex.

Inferior free wall (IFW): defined for the gquantification of RV function of the free wall area
directing blood from the tricuspid valve. This region forms a triangular area from the tricuspid
valve to the apex.

Lateral free wall (LFW): region that is located in between the AFW and IFW regions.

Septum: this region forms a triangular area, starting from the tricuspid valve and pulmonary
valve, reaching down to the apex. The septum region was not assessed and included in analyses
in this research. As a result of the volume calculation method applied, EF turned out negative
for specific patients leading to meaningless measurements.

S.1.8 Validation of decomposed ejection fraction calculation

Validation of dEF calculations was performed using a similar method as for the validation of
MC calculations. Seven different configurations of the icosahedron were used as ED shapes, to
test robustness of the calculations. A basic icosahedron with radius of 1 cm was used for each
calculation as ES shape. Test shape 1 was scaled by a factor 2 in the AP direction (Figure S9A),
test shape 2 was scaled by a factor of 2 in the RD direction (Figure S9B), and test shape 3 was
scaled by a factor of 2 in the LT direction (Figure S9C). The fourth test shape was scaled with
a factor 2 in the AP, RD, and LT direction (Figure S9D). Test shape 5 was similar to test shape
1, but translated according to translation vector T(10, 10, 10). The sixth test shape was rotated
along the x-axis towards a y-axis of [0, 0.5, 0.866] and a z-axis of [-0.866, 0.5, 0]. Lastly, test
shape 7 was similar to test shape 1 but mirrored in the x-axis. Calculations led to the values
presented in Table S2. These values were exactly as expected for dEF calculations for these
shapes.
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Figure S9: Icosahedron shapes used for the validation of decomposed ejection fraction calculations. A) Icosahedron with a
radius of 1 cm, scaled with factor 2 in the AP direction, B) icosahedron with a radius of 1 cm, scaled with factor 2 in the RD
direction, C) icosahedron with a radius of 1 cm, scaled with factor 2 in the LT direction, D) icosahedron with a radius 1 cm,
scaled with factor 2 in the AP, RD, and LT direction. AP: anteroposterior; RD: radial; LT: longitudinal.

Table S2: Validation of decomposed ejection fraction calculation using seven test shapes.

Decomposed ejection fraction

Test shape Global Anteroposterior Radial Longitudinal
1 50 50 0 0

2 50 0 50 0

3 50 0 0 50

4 87.5 50 50 50

5 50 50 0 0

6 50 50 0 0

7 50 50 0 0

Values are presented as percentages. 1: icosahedron with a radius of 1 cm, scaled with factor 2 in the AP direction 2:
icosahedron with a radius of 1 cm, scaled with factor 2 in the RD direction; 3: icosahedron with a radius of 1 cm, scaled with
factor 2 in the LT direction; 4: icosahedron with a radius of 1 cm, scaled with factor 2 in the AP, RD, and LT direction; 5: test
shape 1, translated in the AP, RD, and LT direction; 6: test shape 1, rotated along x-axis; 7: test shape 1, mirrored in the x-
axis. AP: anteroposterior; RD: radial; LT: longitudinal.
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S.3 Supplementary results
Table S3: End-diastolic and end-systolic regional mean curvature in ToF and healthy controls.

End-diastolic End-systolic
Region ToF Controls p-value ToF Controls p-value
(n=50) (n=50) (n=50) (n=50)
Global 30 [27 - 32] 37 [34 - 40] <0.001 37 [32 - 40] 54 [48 - 58] <0.001
Free wall 24 [21 - 26] 28 [25 - 31] <0.001 26 [24 - 29] 37[31-42] <0.001
AFW 16 [13 - 20] 2317 - 28] <0.001 16 [13 - 21] 2318 - 33] <0.001
LFW 22 [20 - 25] 27 [24 - 29] <0.001 26 [22 - 30] 37[31-47] <0.001
IFW 31[27 - 35] 3431 -37] 0.002 36 [31 - 39] 41 [36 - 49] <0.001
ABD 149132 - 175] 160 [146 - 189] 0.043 187 [166 - 223] 221 [182 - 268] 0.001
PBD 7365 - 87] 98 [83 - 111] <0.001 99 [83-122] 155[136 - 204] <0.001
APX 130 [120- 160] 181 [163 - 205] <0.001 139129 - 192] 247 [197 - 282] <0.001
SPB -14[-20 - -11] -21[-27 --17] <0.001 -16 [-21--13]  -29[-34 - -22] <0.001
RVIT 29 [23 - 30] 37 [31 - 40] <0.001 35 [28 - 40] 51 [41 - 59] <0.001
RVOT 31[27 - 34] 42 [38 - 49] <0.001 38 [30-42] 57 [50 - 63] <0.001

Values are presented as curvature values [m™], median [interquartile range]. ToF: Tetralogy of Fallot; AFW: anterior free
wall; LFW: lateral free wall; IFW: inferior free wall; ABD: anterior boundary; PBD: posterior boundary: APX: apex; SPB:
septal body; RVIT: right ventricular inflow tract; RVOT: right ventricular outflow tract.
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Abstract

Introduction: Tetralogy of Fallot (ToF) is commonly associated with right ventricle (RV)
dilatation and subsequent RV dysfunction. Timely intervention can avoid complications, but
requires close monitoring. Three-dimensional (3D) echocardiography could be a valuable
modality for RV monitoring. This literature review will investigate what 3D echocardiography
based parameters are most promising for functional and morphological RV assessment in ToF
patients.

Background: Echocardiographic RV assessment is challenging due to its shape, complex
contraction pattern, anatomical location and the limited field of view of echocardiography. 3D
echocardiography overcomes several of these problems by visualizing the entire RV. From
acquired images, 3D RV segmentations can be derived over time using image analysis software
based on which morphological and functional 3D parameters can be obtained.
Investigational parameters: Five parameters were identified for the quantification of global
RV function, consisting of global longitudinal strain, global circumferential strain, area strain,
three-directional wall motion, and principal component analysis. For RV morphology
guantification, three parameters were reported consisting of curvature, eccentricity, and
sphericity.

Discussion and conclusion: Three-directional wall motion was identified as a comprehensive
parameter for 3D echocardiography based evaluation of RV function in patients with ToF,
allowing for multi-directional quantification of ventricular contraction. RV surface curvature is
expected to be a valuable parameter for the quantification of RV, as the parameter can be
calculated for any region on the RV surface. Using these parameters, follow-up of ToF patients
may be improved and treatment timing could be optimized.
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1. Introduction

1.1. Congenital heart disease

Congenital heart disease (CHD) represents a major global burden in child health (1, 2). With a
prevalence of 9.4 per 1000 live births, more than a million babies are born with CHD each year
(3). CHD has shown rising prevalence over the last decades. A possible cause is a higher
detection rate as a result of diagnostic improvements, especially in developing countries (2,
3). Despite the rise in CHD prevalence, CHD caused mortality declined by 38.1% between 1990
and 2017 (4). Currently, 97% of patients born with CHD are expected to reach adulthood (5).
This increase in survival is largely attributed to improvements in diagnostics, surgery,
anesthesia, and postoperative care (6-9).

As a result of increased survival rates, the number of adult congenital heart disease (ACHD)
patients has risen considerably over the past decades. These patients cope with high morbidity
compared to the general population, consisting of early aging and significantly increased
hospitalization rates due to cardiovascular events. Coronary syndrome, ischemic stroke, heart
failure, and arrhythmia regularly occur in the ACHD population, requiring catheter
intervention or surgery (10, 11). Besides the burden caused by disease existence,
complications as a result of ACHD cause significant reduction in the quality of life of these
patients (12). From an economical perspective, morbidity in ACHD patients increases
healthcare costs due to hospitalization, surveillance, and pharmaceutical use, and gives high
societal costs as a result of unemployment and absenteeism (13). To reduce the disease
burden, adequate prevention and treatment of morbidity is vital, requiring life-long
surveillance of ACHD patients in a specialized center (10).

1.2. Right ventricle

Whereas the left ventricle (LV) was usually subject of study due to its prominent role in
acquired cardiovascular disease, the right ventricle (RV) received little scientific attention in
the past. Due to the growing number of patients with ACHD, function of the RV has shown
growing interest for treatment and prognosis (14). The RV is responsible for the pulmonary
circulation in the body, pumping deoxygenated blood to the lungs. As the RV has another
embryological origin as opposed to the LV, it shows a different response to altered loading
conditions. As a result of its limited ability to adjust to alterations in loading, many ACHD
patients develop disease related RV dysfunction, leading to morbidity and mortality (14, 15).
Two potential causes of RV dysfunction in ACHD patients are volume overload and pressure
overload of the RV. Volume overload can be the result of tricuspid regurgitation, pulmonary
regurgitation, or shunting. These conditions cause increased blood flow into the RV, leading
to RV enlargement and eventually RV failure. Examples of ACHD patients coping with volume
overload are patients with Ebstein anomaly or an atrial septal defect (14, 16). Pressure
overload may result from pulmonary stenosis. As a compensatory mechanism, RV pressure is
increased to maintain RV function. This increased pressure requirement leads to myocardial
hypertrophy, which will eventually cause RV failure. An example of ACHD patients coping with
pressure overload are patients with congenital pulmonary stenosis (14, 17, 18).

1.3. Tetralogy of Fallot
Besides RV dysfunction caused by CHD, it may present as a result of surgical CHD repair.
Tetralogy of Fallot (ToF) is the most common cyanotic CHD and commonly associated with RV
dysfunction after surgical repair. With ToF, patients suffer from a combination of four cardiac
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features: ventricular septal defect (VSD), RV outflow tract obstruction, overriding aorta, and
RV hypertrophy (Figure 1A) (19). Surgical repair focuses on closing the VSD, after which LV
flow is directed towards the aorta. Consequently, the RV outflow tract obstruction is reduced
by infundibulectomy and pulmonary stenosis relief. Pulmonary stenosis relief is achieved
through transannular patching and valvotomy (Figure 1B) (19, 20). Hereby, systemic and
pulmonary flow are separated and unobstructed flow to the great arteries is assured. As a
result of RV outflow tract surgery, repaired ToF patients are notorious for developing
pulmonary regurgitation. These conditions lead to volume overload of the RV and are
associated with RV dilatation and dysfunction (21, 22). Timely surgical pulmonary valve repair
can avoid RV dysfunction related complications, such as atrial and ventricular arrhythmias,
heart failure, and sudden cardiac death (23). To enable timely repair, close monitoring by
trained adult congenital cardiologists is of paramount importance. Monitoring modalities
include electrocardiography, transthoracic echocardiography, exercise testing, biomarker
testing, and cardiac magnetic resonance imaging (24, 25). By separately analyzing regional RV
function, long-term follow-up and timing of pulmonary valve repair may be further improved
for patients with ToF (26).

Tetralogy of Fallot Repaired Tetralogy of Fallot

Overriding Transannular

Pimionaty aorta patch

stenosis

Ventricular septal \y Ventricular septal
defect 3 defect patch

Right ventricular
hypertrophy

A)

Resected RV
muscle

B)

Figure 1: A) Heart with Tetralogy of Fallot, showing four features associated with the congenital heart disease. B) Heart after
surgical repair of Tetralogy of Fallot, showing three performed repairs. Adaptation from Tale et al. (27)

1.4. Echocardiography
Echocardiography is the most commonly used, first-line imaging modality for diagnosis and
follow-up of patients with ACHD. Its capabilities to assess cardiac morphology, physiology,
pathophysiology, and function are essential for clinical management and prognosis of ACHD
patients (28, 29). Though cardiac magnetic resonance imaging (cMRI) is also capable of
assessing these cardiac characteristics, sometimes with even higher accuracy,
echocardiography is preferred due to its real-time character, wide availability, portability, and
lower expenses (30, 31). Current echocardiographic guidelines recommend a combination of
RV dimension measurements and functional parameters for assessment of the RV. For these
measurements, various ultrasound techniques are applied. Most morphological
measurements are performed on brightness-mode (B-mode) two-dimensional (2D) slices of
the RV. Motion-mode (M-mode), Doppler, and speckle tracking ultrasound imaging may be
used for determining functional parameters (30). However, echocardiographic assessment of
RV function and morphology proves to be more difficult than the assessment of LV
parameters. Whereas the LV can be approximated as a conical shape, RV shape does not allow
for such a symmetric geometrical assumption (14). The RV has a more complex crescent
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shape, making the window on which measurements are performed crucial for their outcomes.
With a lack of proper anatomical landmarks in the RV to determine standardized ultrasound
windows, 2D measurements of the RV show large variations. As a result, inter-study
comparison proves to be difficult for these measurements (30). Besides challenges caused by
the complex RV morphology, thoracic positioning of the RV may complicate complete imaging
of the ventricle. The RV is located far anteriorly and directly behind the sternum. As a result,
the shadow of the sternum or lung tissue between the probe and the RV may obstruct the
view of the lateral RV wall (29, 32).

Additionally, currently used functional parameters prove to be especially inadequate for
patients suffering from ACHD. Regularly used functional parameters consist of the tricuspid
annular plane systolic excursion (TAPSE) and tissue Doppler of the free lateral wall (S’). TAPSE
is a measurement of excursion of the lateral tricuspid annulus between systole and diastole
using M-mode ultrasound imaging. S measures the longitudinal velocity of the tricuspid
annular plane using tissue Doppler imaging. Both TAPSE and S’ only represent longitudinal
function of the basal part of the RV. Hence, an inaccurate representation is given of RV
function as the RV outflow tract is not included in this measurement. The RV outflow tract
plays a particularly vital role in many congenital deformations (32, 33).

A possible solution may be found in the use of three-dimensional (3D) echocardiography for
functional and morphological measurements of the RV. With 3D echocardiography, limitations
concerning windows and orientation are overcome by capturing the complete RV volume in
one window, from which functional and morphological parameters can be determined.
Additionally, accurate volume measurements and subsequently ejection fraction calculations
are made possible using this 3D acquisition technique without the need for geometrical
assumptions (30). As 3D echocardiography is increasingly finding its application in clinical
practice, doors are opened for innovative and reproducible RV assessment techniques to
further improve patient care. Recent research has investigated the applicability of 3D
echocardiography for RV size, function, mechanics, and shape (34). However, no consensus
has yet been reached on what 3D echocardiography parameters are most suitable for the
assessment of RV function and morphology.

Therefore, this literature review will investigate what 3D echocardiography based parameters
are most promising for functional and morphological RV assessment in patients with ToF. 3D
echocardiography parameters will be identified from literature and weighed based on their
ability to describe RV function and morphology of ToF patients.

2. Background

2.1. Echocardiography

Extrapolated from its use in flaw detection during metal production, cardiologist Inge Edler
and physicist Carl Hellmuth Hertz first applied ultrasound for cardiac imaging in 1953. Starting
with an amplitude mode (A-mode) signal capable of displaying depths of tissue interfaces,
Edler and Hertz worked on a camera system to capture cardiac movement over time similar
to M-mode ultrasound. They published their article “The Use of Ultrasonic Reflectoscope for
the Continuous Recording of the Movements of Heart Walls” in 1954 (35), marking the
beginning of many innovations in the field of echocardiography (36).
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Over the past decades, echocardiography evolved from a one-dimensional to a 2D imaging
modality, allowing for more accurate diagnosis and cardiac assessment. More recently, the
field of 3D echocardiography is gaining popularity in clinical practice (37, 38). With advances
in transducer technology, real-time 3D echocardiography can now be performed. Whereas
the first 3D echocardiography images were acquired through tomographic scanning of a
volume, matrix array transducers have been developed eliminating the need for mechanical
movement to capture a volume (39).

A matrix array consists of a 2D array of transducer elements, rather than a single line of linearly
positioned elements. By adding an additional dimension to the transducer, the ultrasound
beam can be steered in multiple directions and not just in the transducer plane. Beam steering
is achieved by exciting transducer elements at different times. The excitation of each element
transmits an ultrasound wave. Through summation, the excitation of multiple adjacent
elements brings about a wave front. By accurately delaying the excitation time of each
transducer element, the wave front can be focused and steered to a desired location (Figure
2). As a result, a pyramidal volume scan can be obtained by steering the ultrasound beam in
both lateral and elevation dimension, enabling the visualization of 3D structures (38, 39).

Ultrasound ~——F----- b W bearn
Element A—7p----- B R —

Steering and
=> focusing beam

Figure 2: Schematic representation of two-dimensional beam steering and focusing by accurately tuning excitation times of
each transducer element (40).

As an additional dimension must be scanned for the acquisition of a 3D ultrasound image, it
takes more time to obtain a volume as opposed to a single slice. Consequently, 3D
echocardiography is performed with a lower frame rate of 10 to 20 volumes per second than
2D echocardiography, capable of reaching 30 to 80 frames per second. This leads to a lower
temporal resolution in 3D echocardiography. Therefore, fast moving cardiac structures may
not be well visualized using 3D echocardiography (41). A method applied to increase temporal
resolution is through decreasing spatial resolution or reducing the imaged volume. Thereby,
less focus points require scanning enabling faster image acquisition. Another method to
increase temporal resolution without making concessions in spatial resolution or volume is by
using multiple-beat 3D echocardiography. This technique makes use of 3D acquisitions of
partial cardiac volumes obtained during multiple heartbeats, after which the images are
stitched together using the electrocardiogram (ECG). As a result, a single wide-view high
resolution dataset is composed. A potential drawback of this technique is that stitching
artefacts may be present in patients with an irregular heartbeat (42).
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2.2. Echocardiography in the right ventricle

The echocardiographic assessment of the RV is challenging due to its shape, complex
contraction pattern, anatomical location and the limited field of view of echocardiography.
The RV has a crescent shape wrapped around the conical shape of the LV (Figure 3A). Because
of this asymmetrical shape, no geometrical assumptions can be made based on selective 2D
echocardiography. Therefore, the RV must be imaged using multiple windows to gain insight
in its 3D shape, avoiding missing abnormalities or misjudging disease severity (30, 43). The
complex shape of the RV can anatomically be subdivided into three components, consisting
of the inlet, apical, and outlet part (Figure 3B). This subdivision is especially relevant in CHD
patients, as malformations usually influence the functioning of one or more of these parts (22,
42). The unique shape of the healthy RV is essential for its ability to direct blood flow from the
inlet to the outlet. As opposed to the LV, where inflow and outflow directions are nearly
opposite, the RV flow path follows a gradual curve from inflow to outflow. As a result, there
is no need for high pressure and RV walls are much thinner than LV walls. A change in RV
shape, such as in CHD patients, therefore directly results in functional impairment (44).
Therefore, each component part of the RV must be assessed thoroughly in RV
echocardiography.

Figure 3: A) Model of the heart based on magnetic resonance imaging, showing the conical shape of the left ventricle in
green and the crescent shape of the right ventricle in blue (45). B) Schematic of the right ventricle, subdivided into inlet,
apical, and outlet components (46).

The complex contraction pattern of the RV has been described as peristaltic-like, starting at
the RV inlet and ending at the outlet. RV myocardium is built up of two layers with different
myofiber orientation. The outer epicardial layer consists of circumferentially oriented
myofibers, whereas the subendocardial layer consists of myofibers oriented in longitudinal
direction. This myocardial arrangement allows for multi-directional contraction. RV
contraction can be subdivided into three main mechanisms. First, there is shortening in
longitudinal direction by the subendocardial layer of myofibers. Likewise, there is
circumferential contraction induced by the epicardial myofiber layer, which is also known as
the bellows effect due to the inward movement of the RV free-wall. Lastly, shortening in
anteroposterior direction is caused as an effect of LV contraction. LV contraction results in
bulging of the ventricular septum into the RV cavum and stretching of the RV free-wall over
the bulged septum. Together, these mechanisms generate RV pump function (47).

Besides shape and contraction pattern, the anatomical location of the RV introduces
challenges for its echocardiographic assessment. The RV is the most anteriorly located part of
the heart, situated directly behind the sternum and surrounded by lung tissue. As bone and
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lung tissue poorly transmit ultrasound, image quality can be poor. Especially visualization of
the RV outflow tract may be challenging in some patients as a result of the anatomical location
of the RV (32). Lastly, it may be challenging to capture the entire RV in the field of view of one
echocardiography window. The RV shows much movement during the cardiac cycle. As a
result, it may be impossible to find a window in which both systolic and diastolic assessment
of the RV is possible. Additionally, RV dilatation may cause RV size to increase severely, making
it too large for one ultrasound window (30).

At present, European Society of Cardiology (ESC) echocardiography guidelines suggest the
assessment of the RV by measuring RV size, RV systolic function, and RV diastolic function.
However, accurately quantifying RV size based on 2D echocardiography is described as
challenging due to suboptimal image quality, different ultrasound windows, or by the use of
regional measurements. Measures for the quantification of RV systolic and diastolic function
(TAPSE, S’, FAC) are mostly angle dependent and do not represent global but rather regional
RV function. Especially in patients following cardiac surgery, RV functional parameters based
on 2D echocardiography poorly represent RV function (30).

2.3. Three-dimensional echocardiography

One major advantage of using 3D echocardiography is its application in RV volume and EF
measurements. With 3D echocardiography, the entire RV volume is visualized, eliminating the
need for geometric assumptions and potential inaccuracy as a result of foreshortening (37).
However, a systematic underestimation of volume remains when comparing 3D
echocardiography derived RV volumes with magnetic resonance imaging (MRI) derived RV
volumes. This difference is caused by the difficulty to distinguish between endocardium and
trabeculation as a result of lower resolution when imaging 3D volumes. Especially in patients
with CHD causing RV dilatation, differences between echocardiography and MRI were big.
Therefore, different reference values must be used when using RV volumes obtained from 3D
echocardiography (48, 49). Besides the use of 3D echocardiography in RV volume and EF
measurements, recent studies have investigated RV shape and functional analysis based on
3D echocardiography. Parameters such as curvature and strain were determined and
associated with patient outcome. Additional parameters derived from 3D echocardiography
are expected to aid future patient care (50).

Besides calculating parameters representing the global RV, it is possible to calculate regional
parameters over an RV segment. Hereby, regional differences in RV function and morphology
can be quantified. Different methods have been proposed for the subdivision of the RV into
segments, but no golden standard had yet been defined (42, 51, 52). A consistent definition
of RV regions is vital for the establishment of reference values, as differences in region
definitions influence measurement outcomes.

In addition to RV parameters, 3D echocardiography is expected to greatly improve assessment
and treatment planning of valvular heart disease. 3D echocardiography allows for the
acquisition of dynamic images of valves, from a user-identified perspective. Hereby, heart
valves can be visualized en face, enabling improved evaluation of valvular function by the
sonographer. Besides, the en face view enables accurate reconstruction of valve annuli, to
determine area, perimeter, dimensions, and eccentricity for better fitting of prosthetic valves
(37, 53).
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Current ESC echocardiography guidelines recommend the use of 3D echocardiography for
assessment of RV size and function for diagnosis and prognosis in patients with CHD. Regional
measurements for size can be replaced by the global measurement of volume, and ejection
fraction (EF) can be calculated as measure for systolic RV function (42). Therefore, ESC
guidelines on cardiac chamber quantification by echocardiography in adults recommend the
use of RV volume and EF for RV size and function determination in laboratories with
experience in 3D echocardiography (30).

2.4. Analysis software

3D RV segmentations can be derived over time from acquired RV 3D echocardiography images
using semiautomatic image analysis software. A widely applied example of such software
application is TomTec 4D RV-Function version 4.7 (Unterschleissheim, Germany) (54). As a first
step, the 3D dataset must be aligned and several anatomical landmarks in both RV and LV are
annotated in the end-diastolic frame. Longitudinal alignment is performed by drawing lines
between the LV apex and the middle of the mitral annulus, and the RV apex and the middle of
the tricuspid annulus in both four-chamber and two-chamber views. Consequently, the aortic
annulus and the junction points between the RV wall and interventricular septum are
identified. Lastly, a line must be drawn from the interventricular septum to the RV free wall,
perpendicular to the midpoint of the interventricular septum (55, 56). Following these
calibration steps, the software suggest an RV contouring and automatically identifies end-
diastolic and end-systolic frames of the acquisition based on calculated volumes.
Subsequently, the operator is allowed to perform manual adjustments to the automatic RV
contouring in 4-chamber, coronal, and short axis views in both end-diastolic and end-systolic
frames, after which the segmentation is rerun using speckle tracking to superimpose input
delineations to other frames (Figure 4) (50, 54, 56). From ESC recommendations, consensus
has been established on including trabeculae, papillary muscles, and the moderator band in
the RV cavity delineations (30). Consecutively, a full 3D rendering of the cardiac chamber is
available for all timeframes. This dynamic 3D endocardial surface rendering is known as a
‘Beutel’ (German for ‘bag’).

e

Dynamic 3D
endocardial surface

Figure 4: Schematic representation of the delineation and rendering of a right ventricle dynamic 3D surface. Manual
adjustments were performed in 4-chamber, coronal, and short axis views in the end-diastolic and end-systolic frames, after
which automatic 3D rendering is performed by TomTec 4D RV-Function software using endocardial surface tracking (50).
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At this moment, TomTec 4D RV-Function software derives multiple parameters from input RV
3D echocardiography images. 3D parameters consist of RV end-diastolic volume (EDV), RV
end-systolic volume (ESV), RV EF, and stroke volume (SV) (55-59). Besides 3D parameters,
some 2D parameters are derived from the RV-focused apical 4-chamber view, consisting of RV
longitudinal strain (LS), fractional area change (FAC), and tricuspid annulus longitudinal
displacement (60).

Due to the semi-automatic character of the RV analysis software, outcomes depend on the
input of the operator. Regularly, endocardial tracings performed automatically after input
delineation require manual corrections by the operator. These manual adjustments introduce
operator dependent variation (50). Nevertheless, earlier evaluation of the TomTec software
found good, clinically acceptable inter- and intra-observer intraclass correlation coefficients
(ICC) of > 0.9 for ventricular volumes and EF (56, 57). As a result of dependency on the
experience and quality of the input delivered by the operator, ESC guidelines only recommend
the use of 3D RV analysis for size and function assessment of the RV by experienced centers
(30).

3. Investigational parameters

In addition to parameters currently available in TomTec 4D RV-Function software, research is
being conducted after other parameters derived from 3D echocardiographic images of the RV
capable of improving RV assessment. The PubMed database was searched to identify 3D
echocardiography parameters for the quantification of RV function and morphology.
Parameters based on color, spectral, or tissue Doppler echocardiography were not considered
in this research.

3.1. RV function
To obtain an overview of parameters studied for the quantification of RV deformation, a
PubMed search was performed using the search string: “Echocardiography, Three-
dimensional”[Mesh] AND “Ventricular Function, Right”[Mesh] AND (“deformation”[tiab] OR
“strain”[tiab]). Multiple 3D echocardiography based methods for RV deformation
guantification were identified through this search or referenced articles. Deformation is
commonly quantified as strain, which is defined as change in length of an object in a specific
direction (Equation 1).
Strain (%) = 100 * (L, — Lo)/Lg

Equation 1: Calculation of strain as a percentage of the initial length of the object. L; = length of object at time t; Lo = initial
length of object. Adaptation from Lang et al. (30).

A widely applied method for the assessment of RV deformation is through determination of
RV longitudinal strain at the RV free wall and septum. Longitudinal strain is the fractional
systolic cardiac chamber shortening in longitudinal direction (30). Using 3D rather than 2D
echocardiography, foreshortening as a result of suboptimal ultrasound windows is prevented
(61). Instead of calculating longitudinal strain at two predefined locations, another option is
the measurement of 3D RV global longitudinal strain (GLS). 3D RV GLS is obtained by averaging
longitudinal strain, measured in various segments all over the RV (Equation 2) (62). Calculating
GLS from 3D echocardiographic images has proven to result in more accurate assessment of
RV function in comparison to 2D echocardiography based longitudinal strain (57, 63). Research
has proven decreased longitudinal strain in patients with cardiovascular disorders, such as
pulmonary arterial hypertension and following heart transplantation (64, 65).
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100 n Lend—systole
]
GLS (%) - n * Z (Le_:nd—diastole o 1)
j:l ]

Equation 2: Calculation of global longitudinal strain (GLS) as a percentage of the initial length of the object over multiple right
ventricle segments. GLS = global longitudinal strain; n = number of segments; Lgnd-systole = length of segment j at end-systole;

Lend-diastole = Jength of segment j at end-diastole. Adaptation from Tokodi et al. (62).

Besides strain in longitudinal direction, multiple studies have looked at the role of
circumferential strain in RV functioning. Circumferential strain is defined as regional
percentage change of endocardial circumference (51). As for 3D GLS, 3D global circumferential
strain (GCS) can be determined by averaging circumferential strain measured in various
segments of the RV (Equation 3) (62). Though its contribution to RV function is smaller than
that of longitudinal strain, decreased CS can be seen in specific RV segments in patients with
CHD such as patients with ToF (66, 67). Moreover, Cho et al. identified decreased CS in the RV
free wall as a response on RV afterload increase evoked by pulmonary artery banding (68).
Moceri et al. confirmed this finding in ToF patients, where alterations in CS were mostly found
in the RV free wall and the apical septum (69). Measuring regional changes in CS could
therefore be of interest for regional RV function assessment.
n _
cos (0/ ~ 100 Cjend systole B
0) = n * Z cend—diastole 1
j=1 7\
Equation 3: Calculation of global circumferential strain (GCS) as a percentage of the initial circumference of the object over

multiple right ventricle segments. GCS = global circumferential strain; n = number of segments; Cgnd-systole = circumference of
segment j at end-systole; Cend-distole = cjrcumference of segment j at end-diastole. Adaptation from Tokodi et al. (62).

In addition to unidirectional strain, a parameter has been constructed to express area strain.
Area strain is defined as the percentage change of RV segment area during systole, which can
be seen as a product of longitudinal and circumferential strain components (Equation 4). Ishizu
et al. found that differences in segmental deformation of the RV wall influenced RV function
in patients with structural heart disease. Especially diminished RV inlet area strain correlated
significantly with deteriorated RV EF (51). Moreover, Moceri et al. found decreased area strain
in the RV free wall and apical septum in a 3D echocardiography study of 28 ToF patients (69).
Atsumi et al. investigated a parameter comparable to area strain, called area change ratio
(ACR), in patients suffering from pulmonary arterial hypertension (PAH). They found
intersegment differences in ACR, dependent on the level of pressure overload during stress.
ACR was suggested as a potentially robust parameter for regional abnormality detection,
capable of representing underlying RV mechanics (70).
Aend—systole
AS (%) = 100 * <A—_ 1)

end—diastole

Equation 4: Calculation of area strain (AS) as a percentage of the initial segmental area of the object. AS = area strain; Aend-
systole = greq of segment at end-systole; Aend-diastole = greq of segment at end-diastole. Adaptation from Tokodi et al. (62).

Additionally, studies have been looking at RV wall motion in lateral, radial and anteroposterior
direction for the assessment of RV deformation (Figure 5). By determining shortening in all
three directions of RV wall motion, their partial contribution to EF can be calculated (71).
Research has shown differences in dominant directions of wall motion, influenced by the
presence of cardiac disorders (72). For example, ToF patients were found to have significantly
lower longitudinal shortening contribution to RV EF, whilst maintaining radial and
anteroposterior motion (67). These findings show the potential added value of measuring RV
wall motion in three directions, gaining more thorough insight in RV function of CHD patients.
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Figure 5: Right ventricle wall motion broken down into three separate directions: longitudinal, radial, and anteroposterior.
Green: end-diastolic right ventricular volume; blue: end-systolic right ventricular volume; gray: left ventricle. A) anterior view
of the right ventricle, showing motion in the longitudinal and radial direction. B) superior view of the right ventricle, showing
motion in the radial and anteroposterior direction. Adaptation from Lakatos et al. (73).

Lastly, research groups have been reporting on the use of principal component analysis (PCA)
for functional assessment of the RV. Most of above mentioned methods for strain
guantification focus on RV motion in a specific direction. As a result, these parameters do not
allow for effective quantification of multidirectional sliding motion, also known as shear. This
may lead to an underestimation of RV contraction. PCA calculates the two dominant strain
component vectors of a tissue patch. Primary principal strain (PS) is defined in the direction in
which most shortening occurs and secondary PS is defined in the direction perpendicular to
primary PS. Subsequently, each deformation of the object can be expressed as a combination
of primary and secondary PS together with a magnitude for these components, which
bypasses the need to separately quantify shear (74, 75). Research performed by Sato et al.
used 3D speckle-tracking based 4D LV-analysis software from TomTec for the analysis of RV’s
of patients with hypoplastic left heart syndrome after Fontan palliation. Due to RV remodeling
in these patients, LV software could be applied. This research compared longitudinal strain,
circumferential strain, and principal strain and showed highest strains in PS measurements
with strong correlation between PS and RV EF (74). Satriano et al. looked at principal strain in
patients with PAH using 4D RV-function software from TomTec. Their research revealed
significantly lower PS with significantly smaller contraction angle in PAH patients in
comparison with healthy controls (75). The results of PCA analysis resemble those of AS,
except for the fact that shear strains are not taken into account in AS. Therefore, RV mechanics
can more easily be understood for the assessment of functional changes by using PS, as the
primary direction of RV contraction is quantified and not only axis dependent strains are taken
into account when performing PCA (74).

3.2. RV morphology
Parameters available for quantitative RV shape assessment based on 3D echocardiography
were investigated through a PubMed search using the search string: “Echocardiography,
Three-dimensional”[Mesh] AND “Ventricular Function, Right”[Mesh] AND “shape”[tiab]. From
articles found in this search or referenced articles, multiple methods for RV shape
guantification were identified.
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The RV shape parameter mostly reported in literature is curvature of the endocardial surface.
Curvature of a surface is defined as the inverse of the radius of the circle best approximating

the surface curvature (Equation 5) (50, 76).

k[m1]= %

Equation 5: Calculation of curvature. K = curvature; R = radius of circle best approximating the surface curvature. Adaptation
from Addetia et al. (50).

3D echocardiography derived curvature was first reported by Addetia et al. for the assessment
of RV shape in patients with PAH (50). For the calculation of RV curvature, the dynamic 3D
endocardial RV surface was exported from TomTec as a connected mesh file. Local curvature
was determined for each point in the mesh by fitting two orthogonal circles on the RV surface
surrounding the mesh point. Local curvature was calculated by calculating mean curvature of
the orthogonal circles (Equation 6), after which curvature values were normalized (Equation
7) and averaged per RV segment to obtain regional 3D curvature (50, 76).
K [m™] = kat ke Jz’ i

Equation 6: Calculation of local curvature by calculating mean curvature of orthogonal circles . K = local curvature; k; =
curvature of first orthogonal circle approximating the surface curvature; k; = curvature of second orthogonal circle
approximating the surface curvature. Adaptation from Addetia et al. (50).

41T
-1
reg [m™] = 3Vreg
K, [m-1] = —
m =
" Kreg

Equation 7: Calculation of normalized curvature by dividing by regional curvature. Ky = regional curvature; Vyeq = regional
volume; K, = normalized curvature; K = local curvature. Adaptation from Addetia et al. (50).

RV endocardial surface curvature is described from a perspective looking at the surface from
the outside of the ventricle. A flat surface is expressed as a curvature of 0, a concave surface
has a curvature of < 0, and a convex surface as a curvature of >0 (77). A schematic
representation of curvature calculation steps and various curvatures can be seen in Figure 6.
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< Curvature=0 >
Concavity Convexity
Figure 6: Schematic representation of curvature calculation steps and various curvatures. A) A local neighborhood surrounding
a single mesh point is considered (red, left image). Two orthogonal circles (blue and yellow, middle image) are fitted to best
match the local surface. From these fitted circles, a local curvature can be calculated. Curvature is calculated for each mesh
point and superimposed on the RV surface (right image). B) Different values of curvature, ranging from <0 (concave) to 0 (flat)

to >0 convex (50).
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Analyses of regional RV endocardial surface curvature in patients with PAH performed by
Addetia et al. revealed a more convex RV outflow tract and septum in comparison with
controls. Additionally, RV free-wall segments remained equally convex throughout the entire
cardiac cycle in PAH patients, whereas controls showed a decrease of convexity towards
systole (50). Bidviene et al. investigated regional RV wall curvature in patients with pressure
and volume overload of the RV. The volume overload group consisted of repaired ToF patients
and the pressure overload group consisted of patients suffering from pulmonary hypertension
(PH). In line with findings of Addetia et al, both patient groups showed less convex RV free-
wall segments and more convex RV outflow tract and septum than controls. It was also found
that more convexity of the RV outflow tract at systole resulted in worse RV systolic function.
Additionally, ToF patients showed less convexity of the RV septum in diastole, whereas PH
patients showed more RV septum convexity during systole (78). Moceri et al. compared RV
curvature of two patient groups with volume overload disorders, ToF and atrial septal defect
(ASD) patients. The authors found no differences in RV curvature between patients with
volume overload caused by ToF or by ASD (69). From these studies, it was concluded that 3D
curvature analysis can aid in the quantification of RV remodeling patterns of the entire
endocardial surface to improve understanding of RV shape and function in various diseases
(50, 69).

A study performed by Leary et al. reported on the use of eccentricity as parameter for the
assessment of RV shape (79). Eccentricity is defined as a ratio between area and perimeter of
a short-axis RV cross-section (Figure 7A), expressed as a number ranging from 1 to O,

representing a circle or a line respectively (Equation 8) (80).
4mA
e = _CZ
Equation 8: Calculation of eccentricity. e = eccentricity; A = cross-sectional area of the RV; C = circumference of the RV cross-
section. Adaptation from Gibson et al. (80).

This research compared RV eccentricity of PH patients with controls, and found increased
eccentricity in all RV segments of PH patients and decreased RV function (79). Sheehan et al.
studied RV eccentricity in ToF patients and found significantly increased eccentricity in the
apical segments of the RV. This apical dilatation was potentially caused by myocardial
thinning, and could be a contributing factor to tricuspid regurgitation (81).

b\>
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Figure 7: Schematic representation of the calculation of A) eccentricity (short axis view) and b) sphericity (four-chamber

view). a = cross-sectional area of the RV; b = circumference of RV cross-section; ¢ = distance between right ventricle free-wall
and septum; d = length between apex and middle of line L, L = tricuspid annular plane. Adaptation from Kim et al. (82).
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A parameter somewhat similar to eccentricity is sphericity. This parameter also quantifies
roundness of the RV, only from four-chamber rather than short-axis perspective (Figure 7B).
Grapsa et al. analyzed sphericity in PAH patients, and defined sphericity as the ratio between
the short-axis and long axis of the RV at end-diastole. They found higher sphericity in PAH
patients compared with controls, and degree of RV sphericity had predictive value for clinical
deterioration of PAH patients. However, right atrial sphericity had even higher predictive value
than RV sphericity and was therefore recommended as measure for the prediction of clinical
deterioration (83). Kim et al. looked whether a correlation could be found between RV
sphericity and degree of functional tricuspid regurgitation. This research concluded that mild,
moderate, and severe functional tricuspid regurgitation could not be differentiated based on
RV sphericity (82).

4. Discussion

In this literature review, the main challenges encountered during the echocardiographic
assessment of the RV were identified as the multidimensional contraction pattern, non-
geometrical shape, and difficult anatomical location of the RV, and the limited field of view
of echocardiography. As a result, RV function and morphology are difficult to quantify using
2D imaging. 3D echocardiography could overcome several of these issues. For effective
implementation of 3D echocardiography for RV assessment, novel parameters need to be
identified.

Investigational 3D echocardiography parameters could be used for improved follow-up of
patients with ToF. These patients are known to develop RV dilatation and subsequent RV
dysfunction as a result of pulmonary valve regurgitation (22). RV dysfunction is a functional
RV characteristic that expresses itself as compromised contraction, most evident in the
longitudinal direction. In response, contraction in circumferential direction is enhanced in
these patients (67). Quantification of these contraction patterns could improve understanding
of the mechanism behind RV dysfunction and improve clinical decision making. RV dilatation
is a morphological characteristic of the RV. Research found different RV regions with increased
rounding in ToF patients, especially around the septum, RV outflow tract, and apical segment,
reflecting possible functional impairment (78, 81). To prevent irreversible RV remodeling, the
investigational parameters should aim to quantify functional and morphological changes of
the RV to improve echocardiographic follow-up of ToF patients and enable optimal treatment
timing.

4.1. Findings

This literature review investigated what 3D echocardiography based parameters are most
promising for functional and morphological RV assessment in patients with ToF. Five
parameters were identified from literature for the quantification of global RV function,
consisting of GLS, GCS, AS, three-directional wall motion, and PCA. For RV morphology
guantification, three parameters were reported in literature consisting of curvature,
eccentricity, and sphericity. Besides reporting global function or morphology, each of these
parameters could be reported per region or segment of the RV to gain insight in segmental
differences.

Due to the experimental nature in which most 3D echocardiographic parameters have been
investigated, consensus has not yet been reached on what parameter is most promising for
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the quantification of RV function and morphology. Earlier research on the validation of
echocardiographic parameters by Zandstra et al. suggested three criteria by which parameter
usefulness could be weighed: feasibility to obtain in clinical practice, correlation with golden
standard measurements, and measurement reliability (84).

The parameters identified for the quantification of RV function consisted of both
unidimensional and multidimensional parameters. RV function parameters allowing for the
guantification of multidimensional deformation consist of AS, three-directional wall motion,
and PCA. GLS and GCS quantify RV function in one specified direction, longitudinal or
circumferential direction respectively. Since ToF patients were found to have regionally
altered contraction patterns in various directions, the use of a multidimensional parameter is
preferred for the quantification of RV function. Looking at the found multidimensional
parameters, AS was identified as a robust parameter for the identification of regional
differences in RV mechanics. The parameter could be obtained automatically from 3D
echocardiography images, and intra- and inter-observer variability were reported as excellent
(62). However, only AS of the RV inlet could be correlated to the golden standard MRI-derived
RV EF (51). Moreover, identifying altered AS does not provide the physician with any
information on what component of contraction is impaired or augmented in the patient,
especially limiting the diagnostic value of AS for ToF patients where specific contraction
components are altered. As opposed to AS, three-directional wall motion is a method which
guantifies RV wall motion in longitudinal, radial, and anteroposterior direction separately.
Specific directions of wall motion were found to be affected in different cardiac disorders, by
which the parameter could improve understanding of disease specific pathophysiology (67,
72, 73). Unfortunately, correlation with golden standard MRI and intra- and inter-observer
variability have not yet been reported for this parameter. Lastly, PCA was identified as a
method for the assessment of multidimensional RV function. In this parameter, both stress
and shear are included, giving a complete representation of RV function. PCA was not
compared to golden standard MRI imaging in these investigations, but good inter- and intra-
observer variabilities were found (74, 75). PCA is a relatively new method in the field of
echocardiography, as a result of which thorough understanding of the parameter must be
established by the physician before implementation is feasible. No studies on its usability on
ToF patients has been performed so far, but its capabilities may be able to shed new light on
RV pathophysiology.

Using either the three-directional wall motion or the PCA method, a comprehensive analysis
of RV function in patients with ToF can be performed. Both methods may be capable of
exposing underlying mechanisms of RV failure by breaking down RV contraction in multiple
directions. Considering the novelty of PCA in echocardiography, three-directional wall motion
analysis is expected to allow for easier clinical implementation as a result of its resemblance
with other strain related parameters in current clinical practice.

Parameters for the quantification of RV morphology reported in literature are curvature,
eccentricity, and sphericity. Eccentricity and sphericity evaluate RV shape from 2D cross-
sections obtained from a 3D volume, whereas curvature considers the relation between one
point on the RV surface and neighboring points in the 3D surface around it. Therefore,
eccentricity and sphericity can only be determined in different regions along one axis of the
RV, whereas curvature can be determined in any region defined on the RV surface. With
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research especially reporting morphological changes around the RV interventricular septum
and RV outflow tract, curvature will be able to provide a more comprehensive analysis of RV
shape than eccentricity and sphericity (78). 3D echocardiography derived curvature values
have not yet been compared to golden standard MRI measurements in literature. Addetia et
al. did find good inter- and intra-observer variability for curvature (50).

RV surface curvature is expected to be a valuable parameter for the quantification of RV
morphology both regionally and globally. By being able to calculate curvature of any segment
of the RV surface, new insights can be gained in morphological changes occurring in patients
with ToF and their effects on RV function. Through improved monitoring of RV morphology,
patient follow-up may be improved and timing of interventions could be optimized.

4.2. Future directions

Following the outcomes of this literature review, additional research is required to investigate
the added value of three-directional wall motion for RV function assessment and curvature
for RV morphology assessment in patients with ToF. Three-directional wall motion and
curvature will be obtained from dynamic 3D endocardial surface renderings, after which
analyses can be performed to evaluate their added value in the follow-up of ToF patients.
Besides the investigation of global parameters, this review showed interesting regional
differences in RV function and morphology. Subdivisions of the RV into regions differed
between articles. Therefore, additional research is required to investigate what regional
subdivision is most suited for the proposed parameters. Additionally, all proposed parameters
will have to be assessed based on their feasibility, reliability, and clinical relevance before
clinical implementation is feasible.

4.3. Limitations
For this literature review, the PubMed database was searched for articles on
echocardiographic parameters for RV function and morphology quantification. Not all articles
published on these topics may have been identified, as no systematic search was performed
and only the PubMed database was examined. Furthermore, quantitatively comparing
parameters identified from literature was impossible as a result of the investigative nature in
which the parameters were researched. This resulted in a wide variety in outcome measures.
Therefore, no meta-analysis could be performed and parameters could not be weighed
guantitatively. Additionally, this review was limited to echocardiography parameters,
excluding Doppler echocardiography. Usable parameters may have been identified in other
imaging modalities of which the use could be extrapolated to application in echocardiography.

5. Conclusion

From this literature review, three-directional wall motion was identified as a comprehensive
parameter for 3D echocardiography based evaluation of RV function in patients with ToF. This
parameter allows for multi-directional quantification of ventricular contraction. RV surface
curvature is expected to be a valuable parameter for the quantification of RV morphology both
regionally and globally, as the parameter can be calculated for any region on the RV surface.
Additional research is required to investigate the added value of three-directional wall motion
for the assessment of RV function and curvature for the assessment of RV morphology in
patients with ToF. The use these novel 3D echocardiography based parameters may improve
follow-up and optimize treatment timing for ToF patients.
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Introduction: Tetralogy of Fallot (ToF) is a congenital heart disease requiring surgical correction
in early childhood. Despite high surgical success rates, patients cope with severe morbidity
during adulthood predominantly originating from the right ventricle (RV). Pathophysiological
processes underlying these conditions remain largely unknown, but are mostly attributed to
RV remodelling. Improved understanding of remodelling patterns is essential for
advancements in clinical decision making and treatment planning.

Purpose: To gain better insight in RV remodelling in patients with ToF, a method for detailed
guantification of directional components of RV function was developed using three-
dimensional echocardiography (3DE).

Methods: From RV-focused 3DE studies of 50 ToF patients and 50 healthy controls, three-
dimensional dynamic RV meshes were obtained using commercially available software
(TomTec 4D RV-Function). Within an in-house developed software application (RV-Dynamics),
a technique was realized to decompose RV contraction in longitudinal (LT), radial (RD), and
anteroposterior (AP) motion directions (Figure 1). Their relative contributions to RV ejection
fraction (RVEF) were calculated as measure for RV function, analysed, and statistically
compared within and between ToF patients and healthy controls.

Results: Decomposed RVEF in the AP motion direction was identified as the largest relative
contributor to RVEF in both ToF patients (38% [31 —42]) and healthy controls (40% [37 — 44]).
Moreover, the AP component was significantly reduced in ToF patients compared to healthy
controls (p=0.004). Deterioration in AP direction was complemented by a significant increase
of the LT RVEF component (p=0.009), with 28% [26 —33] in ToF patients compared to 26% [23
—31] in healthy controls. Relative contribution of RD motion remained the same between both
groups (p=0.649) (Figure 2).

Conclusion: RV-Dynamics allowed for effective directional decomposition of RVEF, enabling
detailed quantification of RV function in patients with ToF. The AP component proved to be
the largest relative contributor to RVEF in both ToF patients and healthy controls, disputing
currently applied parameters focussing on LT wall motion for RV function assessment.
Deterioration of RV function in ToF patients was mostly assigned to decreased contribution of
AP wall motion to RVEF. We hypothesised this relates to the crucial involvement of left
ventricular function in RV function, as RV motion in AP direction is largely attributed to left
ventricular systolic function. A compensatory increase in LT contraction was observed,
suggesting RV remodelling in LT direction in ToF patients.

Keywords: Tetralogy of Fallot; Right Ventricle; Three-Dimensional Echocardiography
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Figure 1: Axis definition and orientation of the three-dimensional dynamic right ventricle mesh. Longitudinal (red), radial
(green) and anteroposterior (blue) axes are depicted after translation, locating the origin on the centre of mass of the right
ventricle during systole.
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Figure 2: Boxplot comparing relative contributions of decomposed ejection fraction in longitudinal, radial, and
anteroposterior directions between Tetralogy of Fallot (ToF) patients and healthy controls.

65



