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Chapter 1

General introduction



Background

The heart is a muscular organ that pumps blood through the circulatory system. Figure 14
shows the anatomy and flow directions of the normal heart. The pacemaking sites and

specialized conduction system of the normal heart are shown in Figure 1B.

A) B)

Figure 1. Anatomy, pacemaking sites and specialized conduction system of the normal heart. A) Anatomy
of the healthy heart. B) Pacemaking sites and specialized conduction system of the normal heart.
Abbreviations: SVC: superior vena cava, [IVC: inferior vena cava, Ao: aorta, PA: pulmonary artery, SA node:

sinoatrial node, AV node: atrioventricular node.

Cardiovascular diseases are the number one cause of death globally and form a major health
burden with an estimated 422.7 million cases of cardiovascular disease and 17.92 million
cardiovascular deaths worldwide in 2015 [1]. In the Netherlands alone, 18.130 men and
20.483 women died due to cardiovascular disease in 2016 [2]. Cardiovascular diseases
encompass both acquired and congenital heart diseases. Acquired heart diseases are
cardiovascular diseases that develop after birth, in contrast to congenital heart diseases, that
are present at birth and caused by abnormal prenatal formation of the heart and/or the major
blood vessels. Congenital heart diseases are the most common birth defects, affecting 8 out
1000 live births worldwide [3]. Because of advances in interventions and medication, most
patients with congenital heart diseases can currently survive with few problems for many
years, despite abnormal loading conditions. However, the development of heart failure,
arrhythmias and pulmonary hypertension still forms a problem in these patients, for which
regular follow-up is generally needed. Nevertheless, the pathophysiological mechanisms

behind this late attrition still remain largely unknown [4].
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This thesis is part of the multicenter study titled: ‘COBRA?: Congenital heart defects:
Bridging the gap between Growth, Maturation, Regeneration, Adaptation, late Attrition and

Ageing’. The objectives of this multicenter study are:

1. To gain mechanistic insight into the impact of congenital heart disease on growth,
renewal and homeostasis of the heart, especially the right ventricle.

2. To improve identification of patients at risk for attrition of heart function in congenital
heart disease.

3. To establish the context to develop therapies to prevent or reverse heart failure or
arrhythmias in congenital heart disease patients.

This thesis focuses on the multidimensional evaluation of acquired and congenital heart
diseases by electrocardiography and magnetic resonance imaging (MRI) before and after
intervention (Objective ). Insight in the impact of congenital and acquired heart diseases on
electrophysiology and hemodynamics in the heart can help understand the often complex
nature of cardiovascular diseases and might aid in the early detection of patients prone to

cardiovascular deterioration (Objective 2).
Electrocardiography

The electrocardiogram (ECQ) is an indispensable non-invasive diagnostic tool that has been
used for more than a century to measure the electrical currents produced by the heart at the
body surface. However, the standard 12-lead ECG only gives a one-dimensional scalar
representation of these electrical currents, while vectorcardiography contains three-
dimensional (3D) information that is not directly accessible in the standard 12-lead ECG [5].
The spatial vectorcardiographic approach is based on the concept that the electrical forces
from the heart can be represented at any point in time by a single vector originating at the
center of the heart, the heart vector. The course of the heart vector can be visualized as a loop
in 3D space over time [6], as such it could be seen as four-dimensional (4D). Around 1950-
1980, when the vectorcardiogram (VCG) was used in clinical practice, it was recorded with
special lead systems, of which the Frank lead system [7] became the most pervasive.
Nowadays, the VCG is usually mathematically synthesized from the 12-lead ECG by
multiplying it by a conversion matrix (initially the inverse Dower matrix [8], currently the
Kors matrix [9]). Two vectorcardiographic variables in particular, namely the spatial QRS-T
angle and the ventricular gradient (VG), have shown to be of diagnostic and prognostic value.
An increased spatial QRS-T angle improves prediction of sudden cardiac death after acute
coronary syndrome [10] and overall mortality in the general population [11-13]. The VG has

been used, amongst others, in the detection of right ventricular pressure overload [14, 15].
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Magnetic resonance imaging

Magnetic resonance imaging can be used to assess volume, flow and function of the heart.
Four-dimensional (3D + time) flow MRI, i.e. phase contrast MRI with velocity encoding in
all directions and spatial regions of the acquired volume, is a novel tool that can be used for
comprehensive evaluation of the flow pattern inside the heart and great vessels [16].
Quantification of valvular flow is the main application of 4D flow MRI [17]. Flow
quantification by 4D flow MRI has several advantages over 2D phase contrast MRI with
velocity encoding in a single direction and a static imaging plane. Firstly, with the use of 4D
flow MRI-derived streamline visualization [16], measurement planes can be placed in every
time frame and adjusted dynamically to the orientation of the flow direction or the position
of the valve. Moreover, flow volumes over all four valves can be measured in a single
acquisition which eliminates the chance of heart variability between acquisitions. These
advantages make 4D flow MRI more accurate than 2D MRI for quantification of valvular
flow volumes and regurgitation [18, 19] in healthy subjects and patients with acquired or

congenital heart diseases.

Furthermore, 4D flow MRI offers the unique and novel ability to quantify in vivo
intraventricular hemodynamic parameters such as kinetic energy, viscous energy loss (the
kinetic energy that is lost due to viscosity induced flow-structure interaction) and vorticity
(the magnitude of vortical flow) [16]. These 4D flow MRI-derived novel parameters can give
comprehensive insight in intraventricular flow, which can be of great value in patients with

congenital or acquired cardiac diseases.

Patients who have had a Fontan procedure [20], a palliative approach for patients with
complex congenital intracardiac deformations in whom a biventricular circulation cannot be
created (Figure 2) form an important patient group in congenital cardiology with a significant
morbidity and mortality. The heterogeneous abnormal underlying cardiac anatomy causes
alterations in intracardiac flow patterns and 4D flow MRI is ideally suited to visualize these
complex flow patterns [21]. Assessment of the effects of such abnormal intracardiac flow
patterns on viscous energy loss might aid in the early detection of circulatory failure, the

main cause of mortality in these patients [22].
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Hypoplastic left heart syndrome Double inlet left ventricle.

Figure 2. Two examples of univentricular heart defects before the Fontan procedure.
Aim

The aim of this thesis was to gain insight in cardiac hemodynamics and electrophysiology
from a multidimensional perspective in patients with congenital and acquired heart disease.

Outline of this thesis

Part I of this thesis focuses on electrocardiographic variables reflecting cardiac function.
Chapter 2 reviews electrocardiographic characteristics of right-sided congenital heart
diseases and its relation to prognosis. In Chapter 3 normal values of the ventricular gradient
and QRS-T angle, derived from the pediatric electrocardiogram are assessed. These normal
values could be valuable in the serial follow-up of children with congenital heart diseases,
such as an atrial septal defect, which is the focus of Chapter 4. Lastly, Chapter 5 describes
the use of the ventricular gradient in electrocardiographic detection of right pressure overload
in patients with pulmonary hypertension.

Part I1 of this thesis focuses on validation and clinical utility of 4D flow MRI-derived cardiac
flow and function assessment. In Chapter 6, the potential use of 4D flow MRI in unravelling
cardiovascular disease is reviewed. In this chapter, two case examples of the use of 4D flow
MRI in patients with congenital heart diseases are also shown. Because 4D flow MRI is a
relatively new MRI tool, reproducibility of the measurements is crucial. Chapter 7 shows
the scan-rescan reproducibility of left ventricular in- and outflow assessment from 4D flow
MRI with manual valve tracking. Valvular flow quantification is the main application of 4D
flow MRI. However, clinical applicability of flow quantification by 4D flow MRI is hindered
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because manual valve tracking can be a time-consuming process. Therefore, in Chapter 8,
4D flow MRI with automated valve tracking is introduced and compared to manual valve

tracking in patients with acquired and congenital heart disease and healthy volunteers.

Part I1I of this thesis describes 4D flow MRI-derived novel determinants of intraventricular
hemodynamics. First, Chapter 9 focuses on the scan-rescan reproducibility of left ventricular
kinetic energy, viscous energy loss and vorticity in healthy subjects. In Chapter 10,
intraventricular viscous energy loss and kinetic energy are assessed in patients with a Fontan
circulation and compared to healthy subjects. Chapter 11 focuses on the association between
intraventricular vorticity versus kinetic energy and viscous energy loss in healthy subjects
and patients with a Fontan circulation. Lastly, Chapter 12 describes the influence of
pharmacological stress on 4D flow MRI-derived viscous energy loss, kinetic energy and
vorticity and their relation to maximal oxygen uptake from cardiopulmonary exercise tests.

Chapter 13 summarizes the main findings of the studies presented in this thesis, discusses
them in view with present literature and provides future perspectives. In Chapter 14 a
summary in Dutch is provided.
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Chapter 2

Electrocardiographic characteristics before and after
correction of right-sided congenital heart defects and its

relation to prognosis
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ten Harkel

J Electrocardiol. 2018. doi: 10.1016/].jelectrocard.2018.10.001. [Epub ahead of print]



Introduction

Congenital heart defects are the most common birth defects and occur in 0.8% of all live
births. Nowadays, patients with congenital heart defects usually survive with many event-
free years despite abnormal cardiac hemodynamics. However, most patients still need life-
long follow-up and main factors for morbidity and mortality in these patients are cardiac
failure, arrhythmias or pulmonary hypertension (PH) [1]. The electrocardiogram (ECQ) is a
noninvasive, widely-used, inexpensive tool that can be used during long-term follow-up of
these patients, particularly in order to help predict occurrence of rhythm disorders and sudden
cardiac death. From birth to adulthood, several physiological changes influence the cardiac
electrical activity. These encompass postnatal circulatory changes and changes due to growth
of the body including the heart. Due to the rapid structural and functional changes throughout
childhood, interpretation of ECGs in pediatric patients is more challenging than in adults and
normal values are always needed for the interpretation of the pediatric ECG. In contrast to
adult cardiology, in pediatric cardiology, many congenital heart defects affect the right side
of the heart. In this review, we will focus on the ECG of patients with the most frequent right-
sided congenital heart defects: ostium secundum atrial septal defect (ASDII), tetralogy of
Fallot (ToF) and pulmonary stenosis (PS), as shown in Figure 1.

Ostium secundum atrial septal Tetralogy of Fallot Pulmonary stenosis

defect 1) Pulmonary stenosis
2) Right ventricular hypertrophy
3) Ventricular septal defect
4) Overriding aorta

Figure 1. The three right-sided congenital heart defects treated in this review: ostium secundum atrial septal

defect (yellow asterix), tetralogy of Fallot, pulmonary stenosis (blue asterix).

Atrial septal defect

An ASDII generally causes a left-to-right interatrial shunt, which will increase the total blood

volume in the pulmonary circulation, resulting in increased volume load of the right side of
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the heart causing dilation of the right atrium (RA), right ventricle (RV) and pulmonary
arteries. Spontaneous closure of the defect may occur depending on the diameter and age at
diagnosis. Percutaneous or surgical closure can be performed for persisting defects
depending on hemodynamic significance and/or symptoms. The ASDII, located in the fossa
ovalis (remnant of the foramen ovale in the right atrium), is the most common atrial septal
defects. In this review we focused on ASDII, however most other ASD types will show
similar ECG characteristics, except for the ostium primum defect which often manifests as
an atrioventricular septal defect.

Before ASD closure

Figure 24 shows an ECG of a five-month-old patient with a large ASDII, one month before
surgical closure. This ECG shows normal sinus rhythm and a heart rate within normal limits
for this age (144 bpm) [2]. The P-wave amplitude of 0.35 mV in lead II that can be measured
in Figure 2A is higher than normal for this age [2]. Increased maximum P-wave amplitudes
are common in patients with ASDII, caused by an enlarged right atrium [3]. Also,
prolongation of the P-wave duration and P-wave dispersion are frequently described
phenomena in these patients, which can be used in the prediction of atrial fibrillation [3]. The
ECG in Figure 24 shows a P-wave duration of 120 ms, which is prolonged for the age of this
child. P-wave dispersion is not evident from this ECG. Furthermore, prolongation of the PR
interval is common in ASDII patients and could be an indication of an interrupted or aberrant
conduction [4]. The ECG in Figure 24 shows a PR interval of 140 ms, which is longer than
the mean PR interval at this age but still within the 98" percentile for a five-month-old child
[2]. RV volume overload typically causes the QRS-axis to deviate to the right. Figure 24

shows extreme QRS-axis deviation.

A prolonged QRS duration and a right bundle branch block (RBBB) are common in the ECG
of ASDII patients [5], often as a consequence of RV dilatation [4]. However, since young
ASDII patients can already present with a RBBB, impaired interventricular conduction may
also play a role. The RSR’ complex in lead V1 is common in ASDII patients [5], however
this feature is also found in approximately 5% of the normal population [5]. The notable R’
described in ASDII patients could be distinguished from the normal variant by a slurred down
slope and the association with a slight or moderate widening of the QRS complex [4, 5]. The
R'-wave is typically described in lead V1, but can also be visible in V2 and V3 [4]. The RSR'
pattern may be the consequence of RV hypertrophy, but considering that it often occurs
together with prolonged QRS durations, it is more likely caused by impaired or slow
conduction [4, 5]. Figure 24 also shows a prolonged QRS duration of 80 ms, however not a

typical RSR' pattern. Another common independent ECG sign in patients with an ASDII is
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the “crochetage” pattern (a notch near the apex of the R-wave in the inferior limb leads) [6],
which is also apparent in the example in Figure 24. The QTc interval in the example in
Figure 24 is normal (366 ms). Because of RV overload, also a significantly higher mean R/S
ratio is seen in patients with an ASDII compared to normal subjects [5]. The ECG in Figure
24, shows tall R waves and deep S waves in V2-V6.
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Figure 2. ECGs of a patient with a ostium secundum atrial septal defect (ASDII). A) 1 month before surgical
ASDII closure (age: 5 months). B) 1 year and 9 months after surgical ASDII closure (age: 2 years, 3 months).
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After ASD closure

Figure 2B shows an ECG of the same patient as Figure 24, 1 year and 9 months after surgical
closure of the ASDII (now 2 years and 3 months old). Similar to before closure, this ECG
shows normal sinus rhythm and a heart rate of 110 bpm, which is within normal limits for
the age of the child [2]. The ECG shows a P-wave amplitude of 0.15 mV in lead II and a P-
wave duration of 80 ms, which are both normal for this age [2]. Generally, reduction of P-
wave duration and P-wave dispersion can be seen after surgical ASDII closure [7]. In
contrast, shortly (around 1 day — 1 week) after percutaneous ASDII closure a prolongation
of P-wave duration and P-wave dispersion have been described, which could be related to
the incorporation of material used for closing the defect, possibly resulting in atrial tissue
stretching and consequent conduction disturbances [3].

In the following months after percutaneous ASDII closure P-wave duration and P-wave
dispersion will generally reduce [3]. The PR interval in Figure 2B is now 140 ms, which is
still longer than the mean PR interval at this age but below the 98" percentile for a 2-year-
old [2]. Studies after percutaneous ASD closure have described that PR intervals stayed
similar to the values before closure [3], however no studies reported PR interval after surgical
closure. In ASDII patients with pronounced PR-interval prolongation or high degree AV
block a NKX2-5 gene mutation should be kept in mind [8]. The QRS axis in Figure 2B shows
an intermediate QRS axis and a QRS duration of 70 ms, which is normal for this age. The
QTec interval in Figure 2B is still normal (413 ms). It is evident that the tall R waves and deep
S waves in V2-V6 that were seen before closure have now reduced to normal. Furthermore,
the R/S ratio in V2 is now 1, which is normal for this age.

Prognostic ECG markers

Atrial arrhythmias are a common complication after closure of an ASDII. The frequency of
arrhythmias, which are usually of benign nature, increases directly after defect closure, but
gradually decreases within a year after closure [9]. Both maximum P-wave amplitude and P-
wave dispersion have been described as markers for inter-atrial conduction disturbances and
may be used in the prediction of atrial fibrillation [3]. Although these values generally
decrease after ASDII closure, a direct increase after percutaneous ASDII closure can occur
in some patients [3], which may suggest that the risk of atrial arrhythmias is higher in the
first weeks after percutaneous closure. Increasing age is also found to be potentially
influencing occurrence of arrhythmias and atrial-ventricular conduction changes in ASDII

patients, which is related to more pronounced prolongation of the PR interval [10].
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Tetralogy of Fallot

Tetralogy of Fallot (ToF) is a congenital defect that consists of four abnormalities: 1) a large
ventricular septal defect (VSD); 2) infundibular pulmonary stenosis (PS); 3) right ventricular
hypertrophy (RVH) and 4) an overriding aorta. The basic fault that causes this complex
cardiac anomaly is anterior and cephalad deviation of the infundibular septum relative to the
septomarginal band, resulting in subvalvar right ventricular outflow tract obstruction and a
malaligned VSD. The amount of RVH and the onset of symptoms, such as cyanosis,
shortness of breath and poor weight gain, are determined by the severity of obstruction of the
RV outflow. ToF patients usually undergo complete intracardiac repair (consisting of VSD
repair, infundibulectomy and in most patients insertion of a transannular patch) around the
age of 6 months. Insertion of a transannular patch, which is needed to reconstruct the right
ventricular outflow tract, causes pulmonary regurgitation and may warrant pulmonary valve

replacement (PVR) at a later age.
Before corrective surgery

Figure 34 shows an ECG of a 3-week-old boy with ToF, 2 months before surgical correction.
This ECG shows normal sinus thythm and a heart rate of 180 bpm which is at the upper limit
of normal for the age of this child [2]. Before the complete intracardiac repair, the ECG of a
ToF patient may exhibit an increased maximum P-wave amplitude and P-wave dispersion.
In Figure 34, the P-wave amplitude is 0.20 mV, which is higher than the mean for this age
but still within the normal range [2]. P-wave dispersion is not evident from this ECG. PR and
QRS duration of ToF patients before correction are usually within normal limits [11]. In this
ECG, PR duration is 120 ms and QRS duration is 80 ms which is both higher than the mean
for this age but still within the normal range [2]. The QTc interval is 380 ms, which is normal
for this age.

In ToF patients, signs of right ventricular hypertrophy are usually present, such as reversal
of the R/S ratio (prominent anterior R-waves and posterior S-waves), especially in the right
precordial leads (V1-V3). Indeed, in Figure 34 the R/S ratio in V1 is 3.5, which is high for
this age.

24 | Chapter 2



A) Before ToF correction
el DL

1

:
f@"

L
b

AL

[
B

FiP3

{ B =

f

 %mms e 100mmimv T oos-150Mz

After ToF correction

AR AR A 1
SEE D TR B R R e R :
e e e e

N A A

7 A2
e
Enmunine:
£

R e

Figure 3. ECGs of a patient with tetralogy of Fallot (ToF). A) 2 months before ToF correction (age: 3 weeks).
B) directly after ToF correction (age: 2 months).

After corrective surgery

Figure 3B shows an ECG of the same patient as Figure 34, directly after surgical ToF
correction (now 2 months old). This ECG shows sinus rhythm of 138 bpm, which is normal
for this age. In Figure 3B the P-wave amplitude is 0.15 mV, which is normal for this age, P-
wave dispersion is not evident from this ECG. The PR duration is still 120 ms, but the QRS
duration is now prolonged (100 ms). Prolongation of the PR and QRS duration is frequently
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seen after total ToF correction and is associated with RV outflow tract abnormalities [12].
Furthermore, RBBB is a distinctive feature after ToF correction [13]. In patients who
underwent transventricular ToF repair, the origination of this RBBB has been attributed to
the interruption of the terminal ramification of the right bundle branch. However, RBBB also
occurs in the current transatrial and transpulmonary approaches, which is related to the
infundibulectomy causing delayed activation of the RV outflow tract [13]. After ToF
correction, a significant increase in mean value of QT dispersion may occur. This ECG
feature is possibly amplified by the development of fibrous tissue due to the operation [14]
and has been associated with larger RV volume and a larger RV wall mass [15]. Also, JT
dispersion is more common among corrected ToF patients compared to healthy controls [16],
which has been related to a larger RV volume and decreased RV ejection fraction [15]. Both
are not evident in Figure 3B.

Because of the insertion of an transannular patch during the ToF correction, pulmonary
regurgitation frequently develops at a later age with subsequent right ventricular dysfunction,
which may warrant treatment by PVR. Figure 44 shows the ECG of a 14- year-old corrected
ToF patient, 2 months before PVR. This ECG shows sinus rhythm of 58 bpm. Signs of RV
volume and/or pressure overload in this ECG are: right axis deviation, a PR duration of 180
ms and a QRS duration of 140 ms with a RBBB and an increased R amplitude in the right
precordial leads (V1-V3).

After PVR, signs of right ventricular volume and/or pressure overload usually normalize.
Figure 4B shows an ECG of the same patient as Figure 44, 1 year and 4 months after PVR.
This ECG shows sinus rhythm of 60 bpm, an intermediate QRS axis, PR duration of 140 ms
and QRS duration of 120 ms. The RBBB is still evident. R amplitudes in the right precordial
leads have decreased notably.

Prognostic ECG markers

Even though most children with ToF operated today reach adulthood with few problems,
arrhythmias and sudden cardiac death still occur. Prolongation of the QRS complex has been
associated with ventricular arrhythmias and sudden cardiac death in these patients, even in
asymptomatic corrected ToF patients [17]. The predictive value of this phenomenon
increases when QRS prolongation is combined with increased dispersions of QT, QRS and
JT intervals [18]. Lastly, the presence of a trifascicular block is a risk factor for sudden
cardiac death in these patients [19].
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Pulmonary stenosis

Pulmonary stenosis (PS) is an obstruction of the right ventricular outflow at the pulmonary
valve, which can occur at different levels: valvular, subvalvular (infundibular) or
supravalvular. Valvular pulmonary stenosis is the most common obstruction of the right
ventricular outflow. Symptoms will only be present in moderate to severe PS; children with
mild PS are usually completely asymptomatic. Symptoms may include exertional dyspnoea

and fatigue. In severe PS, heart failure may develop.

Before and after corrective surgery

In mild PS, the ECG will be normal. In moderate to severe pulmonary stenosis the RV
outflow tract obstruction will lead to pressure overload of the RV, which will eventually lead
to right ventricular hypertrophy which can be visible on the ECG [20]. After successful
balloon valvuloplasty it is expected that the ECG will return to normal.

Conclusion

Right-sided congenital heart defects and their correction lead to changes in the
electrocardiogram which can be helpful in the follow-up of these patients. Several
electrocardiographic parameters together can bring to mind the possibility of a right-sided
hemodynamic burden.

Clinical significance

Electrocardiographic characteristics dynamically change after corrective intervention for
right-sided congenital heart defects, which can be used for clinical evaluation and follow-up.
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Abstract

Objective

Normal values of the mathematically-synthesized vectorcardiogram (VCG) are lacking for
children. Therefore, the objective of this study was to assess normal values of the pediatric
synthesized VCG (spatial QRS-T angle [SA] and ventricular gradient [VG]).

Methods

Electrocardiograms (ECGs) of 1263 subjects (0-24 years) with a normal heart were
retrospectively selected. VCGs were synthesized by the Kors matrix. Normal values
(presented as 2nd and 98th percentiles) were assessed by quantile regression with smoothing

by splines.

Results

Our results show that heart rate decreased over age, QRS duration increased and QTc
interval remained constant. The SA initially decreased and increased again from the age of
8 years. The VG magnitude was relatively stable until the age of 2 years, after which it
increased.

Conclusion
Normal values of the pediatric ECG and VCG (VG and SA) were established. These normal
values could be important for future studies using VG and SA for risk stratification in heart

disease in children.
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Introduction

Vectorcardiography, especially the Frank vectorcardiogram (VCG), was a popular form of
electrocardiography until it disappeared from the clinical routine in the seventies because it
required special equipment and expertise. When computerized synthesis of the VCG from a
12-lead electrocardiogram (ECG) became feasible, it became clear that some
vectorcardiographic variables, specifically the angle between the spatial QRS- and T axes
(spatial QRS-T angle, [SA]) and the spatial QRS-T integral (ventricular gradient [VG]) [1]
contained information that is not explored by standard 12-lead electrocardiography. Thus,
the re-introduction of the VCG assumed the form of an add-on to the conventional 12-lead
ECG. Both descriptors (VG and SA) have demonstrated additional diagnostic and prognostic
value. Projection of the VG in an optimized direction is associated with right ventricular
pressure and pulmonary hypertension [2, 3]. An abnormal (i.e., large) SA can improve
prediction of sudden cardiac death after acute coronary syndromes [4] and overall mortality
in a general population [5-7]. Normal values of the VG and SA in adults have been published
[8-10]. Also, pediatric normal values obtained from Frank VCGs have been published [11].
However, up to now, pediatric normal values of SA and VG using a VCG that is synthesized
mathematically from a standard 12-lead ECG are still lacking. Therefore, the objective of the
current study is to determine pediatric normal values of SA and VG from a synthesized VCG,
including their dynamics during growth.

Materials and methods
Study group

Normal subjects were retrospectively selected from the pediatric cardiology outpatient clinics
of the Leiden University Medical Centre (LUMC) and the Academic Medical Centre
Amsterdam, and from the first year of medical school at the LUMC (ECGs were made for
educational purposes). The LUMC Medical Ethics Committee provided a statement of no
objection for obtaining and publishing the anonymized data. The ECGs from the first-year
medical students are part of a larger database (The Leiden University Einthoven Science
Project dataset) that was also used by Rijnbeek et al. [12] and Scherptong et al. [10]. All
students gave written informed consent. 1011 children were selected because they visited the
pediatric cardiology outpatient clinics and were declared normal after a full diagnostic work-
up consisting of evaluation by a pediatric cardiologist, an echocardiogram and ECG. These
healthy children were referred to the outpatient clinics because of an additional examination,
for instance when a doctor at the consultation clinic heard a functional murmur during a

routine check. The age range of interest for our study was 0 days up to 18 years. By including
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252 ECGs from first-year medical students (17-24 years), the data covered an age-range
between 0 and 24 years, thus allowing for the use of a smoothing algorithm over the full age-
range of interest in the statistical analysis. This resulted in a total study group of 1263 normal
ECGs. Table 1 shows the age and sex distribution. Age categories between 0 months and 16
years are conform Rijnbeck et al. [13]. Age categories “16—20 years” and “20-24 years” were
added to allow for the application of the smoothing algorithm at the age of 18 years.

Electrocardiogram recording

The 643 ECGs made in the LUMC were recorded with Mortara ELI 250 and 350
electrocardiographs (Mortara Instrument, Milwaukee, WI, USA) with a 1000 samples per
second sampling rate; the 368 ECGs made in the AMC were recorded with MAC5500
electrocardiographs (GE Healthcare, Milwaukee, WI, USA) with a 250 samples per second
(204 ECGs) or 500 samples per second (164 ECGs) sampling rate. The 252 ECGs of medical
students at the LUMC were recorded with MAC5500 electrocardiographs (GE Healthcare,
Milwaukee, WI, USA) with 500 samples per second sampling rate. All recordings were

converted to ECGs with a 500 samples per second sampling rate.
Vectorcardiogram analysis

All ECGs were processed with the interactive research-oriented MATLAB (The MathWorks,
Natick, MA) program LEADS (Leiden University Medical Centre, Leiden, the Netherlands)
[14]. VCGs were synthesized by the Kors transformation matrix [15]. In brief, LEADS
automatically removes baseline wander, deselects noisy beats, and computes an averaged
beat in which it finds default onset of QRS, end of QRS (J point) and end of T landmarks.
Subsequently, the LEADS analyst can adjust the beat selection and these landmarks, after
which SA (angle between the mean QRS and T vectors) and VG (vectorial sum of the QRS
and the T integrals) are automatically computed. All LEADS analyses were done by two
analysts independently (VPK, CAS). In case of disagreement, the definite positioning of the
landmarks was collectively determined. Additionally to SA and VG, heart rate (HR), QRS

duration and QT interval were stored. QTc was calculated with Bazett's formula.
Statistical analysis

Median, 2nd percentile and 98th percentile and their confidence intervals were continuously
estimated as a function of age with quantile regression based on smoothing splines [16] with
the COBS [17] extension of the statistical program “R” [18]. This smoothing operation allows
for influences from younger and older children on the estimated value at a given age. In this

respect it is a problem to estimate smoothed values at the end of the age span of interest (18
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years): when the collected data ends at the age of 18 years, the smoothing at 18 years is only
one-sided, and this creates a border effect in the terminal part of the regression curve. To
solve this, we have added data of subjects until the age of 24 years. Adding data until the age
of 24 years warrants absence of a border effect at 18 years, and introduces a border effect at
24 years. The latter is, however, not a problem because this is outside the age range of interest
in the current study (up to 18 years). Spline knots were chosen at ages 0.08, 1, 5, 10, 15, 16,
17, 18, 19, and 23.6 years. The positions of these knots were determined by the distribution
density of the data over the age range: knots were closer together at higher data densities and
more distant with sparse data. The knots at ages 0.08 and 23.6 years correspond to the
minimal and maximal ages in the data set. Tabulated data were based on the interpolated
values in the middle of each of the age classes, at 1 month, 2 months, 4.5 months, 9 months,
2 years, 4 years, 6.5 years, 10 years, 14 years, and 18 years. Data at 22 years (middle of the
highest age group) were not included in the table; these data served only to facilitate

application of the smoothing algorithm at the age of 18 years.
Results

The total study group consisted of 1263 subjects, 1011 from the pediatric cardiology
outpatient clinics and 252 medical students. Table I displays the age and sex distribution of
the study group.

Table 1. Age and sex distribution of the study group

Age range Total (M/F)
0-1 month 20 (12/8)

1-3 months 80 (44/36)
3-6 months 55 (24/31)
6-12 months 57 (24/33)
1-3 years 179 (101/78)
3-5 years 166 (81/85)
5-8 years 172 (99/73)
8-12 years 125 (76/49)
12-16 years 123 (70/53)
16-20 years 192 (91/101)
20-24 years 94 (34/60)
Total 1263 (656/607)

Abbreviations: M = male, F = female
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ECG and VCG variables

Figure 1 displays the ECG variables as measured in all subjects of the study group as age-
dependent scatter plots. These plots also contain the curves of the estimated medians and 2nd
and 98th percentiles with their 95% confidence intervals. Figure la shows a constantly
decreasing median heart rate that stabilizes at higher ages. The larger confidence intervals at
lower ages are caused by sparse data; this effect can be seen in all measured variables. The
median QRS duration (Figure 1b) showed a constant increase that has not yet stabilized at
higher ages. The median QT interval (Figure Ic) increased constantly and stabilized at higher
ages. The median QTc interval (Figure 1d) remained rather constant with a slight dip around
age 3 years. Figure 2 displays the VCG variables as measured in all subjects of the study
group as age- dependent scatter plots. The median SA (Figure 2a) initially decreased and
increased again from the age of around 8 years and has not yet stabilized at higher ages. The
median VG magnitude (Figure 2b) was relatively stable until the age of around 2 years after
which it increased without having stabilized at higher ages. Note that the figures display all
data including the added normal subjects aged 18—24 years but that the median and the 2nd
and 98th percentiles are only valid until the age of 18 years (see the Statistical analysis
paragraph in the Methods section). Table 2 shows the medians and 2nd and 98th percentiles
for all ECG and VCG variables at the middle values of the age classes. Values from the
highest age category in the study group (2024 years) have not been included because of the

presence of a border effect (see the Statistical analysis paragraph in the Methods section).
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Figure 1. Scatter plots of ECG variables versus age. The black curves show the estimated medians and 2nd
and 98th percentiles. The 95% confidence intervals are shown in grey. a) Scatter plot of heart rate versus age.
b) Scatter plot of QRS duration versus age. ¢) Scatter plot of QT interval versus age. d) Scatter plot of QTc
versus age. QTc was calculated with Bazett’s formula: QT/N(RR).
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Figure 2. Scatter plots of VCG variables versus age. The black curves show the estimated medians and 2nd
and 98th percentiles. The 95% confidence intervals are shown in grey. a) Scatter plot of QRS-T angle versus
age. b) Scatter plot of ventricular gradient versus age.

Table 2. ECG and VCG variables
Age HR QRS duration QT interval QTc* SA VG

bpm ms ms ms ° mV-ms

Imonth  152(104,180) 58(49,78)  255(227,319) 405 (383,463) 55(8,109) 37 (15,67)
2months 146 (103,183) 61 (49,82)  258(224,305) 400 (369.451) 47 (8,107) 45 (18,82)
45months 137 (99,179) 64 (51,85)  263(226,299) 395 (358,440) 39 (8,103) 49 (20,93)
9months 128 (94,170)  66(53,87)  269(232,303) 392 (351,432) 32(697)  48(19,99)
2 years 112 (83,149)  70(58,89)  284(249,322) 388 (348,426) 23(3,88)  47(17,104)

4 years 98 (73,131)  75(63,93) 303 (268,348) 388(349,427) 20(2,85) 57(20,116)
6.5years  88(65118)  80(67,98)  323(284,371) 391(351,431) 20 (2,85) 69 (24,128)
10years  78(59,108)  85(71,103)  345(299,395) 393 (352,435) 24(4,89) 76 (30,141)
l4years  72(54,101)  89(74,108) 360 (310,414) 396 (352,440) 32(6,96) 82 (35,153)
18years 71 (51,98) 93(77,112) 366 (318,426) 398 (352,444)  40(9,102) 88 (40,163)

Data is shown as median (2nd, 98th percentile). Abbreviations: ECG=electrocardiogram, SA=spatial angle,

VG=ventricular gradient, VCG=vectorcardiogram. *QTc was calculated with Bazett’s formula: QT/V(RR).

Discussion

In the dynamic period between birth and adulthood many structural and functional changes
occur, which cause changes in the ECG as a function of age. Several of the dynamic changes
in electrocardiographic variables have to be explained by combined changes in the source of
the electrocardiogram (the heart) and in the volume conductor between the heart and the body

surface (the thorax). Some electrocardiographic variables are independent of the volume
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conductor and can be considered as cardiac properties (e.g., heart rate, QRS duration and QT

interval). We will discuss these cardiac properties first.
ECG variables

Several studies have been published that determined the normal limits in the pediatric ECG
[13, 19-22]. In our study group, heart rate declined with age. Median values in the pediatric
age groups correspond well with the median heart rate values as reported by Rijnbeck et al.
[13]. Comparison of the 2nd and 98th percentiles show some differences in the lowest age
groups; this is likely the consequence of limited sample size and a different statistical method
to assess percentiles. The current study showed that the median resting heart rate in our study
group stabilized after puberty. This stabilization is not evident from the study by Rijnbeek et
al. [13]; our additional inclusion of a group of normal subjects aged 18—24 years allowed for
an improved assessment of trends in the highest pediatric age range. The current study
showed that median QRS duration constantly increases over all age groups, with no
stabilization yet at the age of 18 years. QRS duration and trend roughly correspond to the
pediatric normal values described by Rijnbeek et al. [13]. Rijnbeek et al. [13] have shown a
significant difference in the 98th percentile of the QRS duration between boys and girls in
the age groups “3—6 months” and “6—12 months”. However, this difference was maximally
7 ms and, hence, has limited clinical significance. Note that the trend at higher ages (18-24)
cannot be interpreted because of a possible border effect caused by the smoothing algorithm.
However, the study by Rijnbeck et al. [12] in subjects until 90 years of age, also showed this
trend; in their study it appears that QRS duration only stabilizes at the mid 20's. Compared
to the QTc values in the Rijnbeek publication [13] our median values are 10—-15 ms shorter
and show a U shape with a minimum around the age of 3 years. These differences are likely
caused by different methods for determination of the end of the T wave. The LEADS program
[14] determines the T wave in the heart-vector magnitude, computing the instant at which the
tangent to the steepest slope of the terminal part of the T wave intersects zero. The ECG
analysis program used by Rijnbeek et al. uses a template-matching method. Macfarlane et al.
report QTc values in a large database of 1784 healthy neonates, infants, and children [23],
which are strikingly similar to our values even though QTc in that study was corrected by the

Hodges formula.
Spatial QRS-T angle

Several studies have shown, in an adult population, that an abnormal (i.e., large) SA can
improve prediction of sudden cardiac death and overall mortality in a general population [6,

7]. Recently, Cortez et al. showed that a smaller SA rules out sustained ventricular
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arrhythmias in children with hypertrophic cardiomyopathy [24]. Our data showed that the
median SA steadily decreased until the age of § years, after which the SA increased without
stabilization in the highest age group. This could be caused by changes in the expression of
action potential morphology differences between the endocardium and the epicardium over
age. Additionally, the RV dominance in the infant heart gradually changes to LV dominance
in the adult; which influences the QRS and the T vectors. However, we have to realize that
these ECG-derived vectorcardiographic measures do not necessarily have the same
physiologic explanation as in adults. The trend in SA as observed by Rautaharju et al. [11]
in pediatric Frank VCGs is comparable to our results; in their study the spatial angle between
the QRS and STT integral vectors reaches its minimum in the age group 1.5-4.5 years, after
which it increases again. Edenbrandt et al. [25] studied the ECGs of 1792 healthy children;
however, these ECGs were synthesized with the adjusted Dower matrix. Furthermore, the
QRS-T angle was only determined in the transverse plane [25]. Altogether, the results of this
study cannot be compared to our results.

Another study by Dilaveris et al. [26] reports about ECGs recorded in 646 children with a
mean age of 8.54 + 1.86 years. Also, in that study the inverse Dower matrix was used to
synthesize the VCG. Moreover, the spatial QRS-T angle was computed as the angle between
the maximum QRS and T vectors. In our study, we adopted the common definition, and
computed the SA as the angle between the mean QRS and T vectors (i.e., the angle between
the QRS and T axes). The limited age range and the methodological differences of the study
by Dilaveris et al. [26] hamper comparison to our results. Normal values of SA have been
published for young adults [10]. However, part of the ECGs used in that study [10] were also
used in the current study and in that study the inverse Dower matrix was used to synthesize
the VCGs. It has been demonstrated that use of the Kors matrix yields different SA values
than the inverse Dower matrix [27]. Nowadays, the Kors matrix is generally accepted as the
best VCG synthesis matrix [27, 28]. For this reason, VG and SA results were not compared

to the results of current study.
Ventricular gradient

It has been shown in adults, that the VG, a three-dimensional measure of ventricular action
potential duration heterogeneity [29], has additional diagnostic value in the
electrocardiographic detection of pulmonary hypertension [2, 3]. VG could potentially also
be a valuable diagnostic tool in children with a congenital heart defect, especially those at
risk of pulmonary hypertension. Our study showed that the median VG magnitude was
relatively stable until the age of around 2 years after which it increased without having
stabilized at higher ages. Rautaharju et al. [11], who measured the VG in Frank VCGs, report
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a different trend. They observed an initial increase in median VG value till around 100 mV-ms
at the age of around 6 years, after which a slight decrease was observed till 90 mV-ms at the
age of 16 years. In contrast, our data showed a median VG value of 69 mV-ms at age 6.5
years. Results in the highest age group of Rautaharju et al. [11] are comparable to our results.
A possible explanation could be that the Kors matrix is less suitable for synthesizing Frank
VCGs in children. Even though there is little evidence of clustering of our normal values of
the derived VG and SA around the mean, this is not unique for pediatric ECGs and not caused
by the use of the Kors transformation. Also in adults, VG and SA do not cluster very well in
matrix-derived-VCGs [10] and the same observation was done in the actual Frank VCG [27].

Diagnostic validity

At present, it is not clear to what extent a synthesized pediatric VCG by using the Kors matrix
equals a Frank VCG. The Kors matrix has been developed with a database consisting of
simultaneously recorded standard 12-lead ECGs and Frank VCGs in adults. It is likely that
the Kors matrix will yield less accurate Frank VCGs the more the pediatric thoracic anatomy
differs from the average adult's anatomy. This can be verified only when similar simultaneous
12-lead ECGs and Frank VCGs are recorded in children, which warrants further studies.
Moreover, in this respect, the question arises as to how well a Frank VCG in children yields
valid heart vector components (X, Y, Z). Actually, the Frank VCG rests on a physical model
of an adult torso with homogeneous conduction characteristics (without lungs). When doing
justice to the dynamic anatomy of human growth, separate models for various age stages
should be developed. This would likely lead to different weighting coefficients in the Frank
resistor network between the Frank electrodes and the X, Y and Z heart vector components.
Corresponding ECG-to-VCG matrices could then be generated by simultaneously recoded
12 lead ECGs and the corrected Frank VCGs for each age group. Following this reasoning,
it is not likely that the Kors-VCG-derived metrics in a pediatric population have a diagnostic
value that corresponds to the adult measurements. However, a consistently applied algorithm
will still produce valid results. After an inventory of normal values as done in the current
study, extreme values outside the normal range can be considered pathologic. A study group
with various pathologies could reveal how much overlap exists between the normal and the
abnormal group. For this purpose, future studies are needed. At this moment, it cannot be
predicted if the metrics as provided in this study (SA and VG) will be able to separate normal
from abnormal. Though, even when this would not be possible, it is still relevant to study
individual trends by serial ECG/VCG analysis because any change in the individual
ECG/VCG outside the spontaneous variability should be noted and interpreted within the

clinical situation. The current study could be considered as a first step in this process.
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Limitations

Our study is limited by the fact that the study data consists of a mix of ECG recordings
sampled at 250 samples per second, 500 samples per second and 1000 samples per second.
Rijnbeek et al. [30] demonstrated that the maximal positive and negative QRS deflections in
pediatric ECGs recorded with a high-frequency bandwidth start to decrease with high-
frequency cut-off values below 250 Hz; they conclude that the bandwidth of pediatric ECGs
should be increased to 250 Hz. However, at present, not every clinic records ECGs with such
high bandwidths and most ECG machines will have a bandwidth of around 0-150 Hz. Also,
the average difference in pediatric ECG amplitude measurements with a higher bandwidth
was shown by Rijnbeek et al. [30], to be in the order of 50 pV, which is not clinically relevant.
Future studies should assess normal values of different age groups with changing bandwidth.
The influence of low bandwidth on SA and VG is unknown. We assume, though, that this
influence is limited, because these variables are integrals, and the amount of high-frequency
energy content in the ECG is very small. Similar to Rijnbeek et al. [13], age categories “0—1
day”; “1-3 days”; “3—7 days” and “1-4 weeks” as used in the study by Davignon et al. [20]
had to be combined into one category “0—1 month” because of the small number of subjects
in the lower age groups. Therefore, the reference values that we produced in these groups
have to be used carefully. These age groups require further study. Furthermore, because of a
small number of subjects in the lower age groups, we were not able to compare male to female

values.
Conclusion

Normal values of the ventricular gradient and spatial QRS-T angle, derived from the pediatric
electrocardiogram, were established. These normal values could be important for future
studies using ventricular gradient and spatial QRS-T angle for risk stratification in heart
disease in children.

42 | Chapter 3



References

10.

11.

12.

14.

15.

16.

17.

18.
19.

Man S, Maan AC, Schalij MJ, Swenne CA: Vectorcardiographic diagnostic & prognostic
information derived from the 12-lead electrocardiogram: Historical review and clinical
perspective. J Electrocardiol 2015, 48:463-475.

Kamphuis VP, Haeck ML, Wagner GS, Maan AC, Maynard C, Delgado V, Vliegen HW, Swenne
CA: Electrocardiographic detection of right ventricular pressure overload in patients with
suspected pulmonary hypertension. J Electrocardiol 2014, 47:175-182.

Scherptong RW, Henkens IR, Kapel GF, Swenne CA, van Kralingen KW, Huisman MV,
Schuerwegh AJ, Bax JJ, van der Wall EE, Schalij MJ, Vliegen HW: Diagnosis and mortality
prediction in pulmonary hypertension: the value of the electrocardiogram-derived ventricular
gradient. J Electrocardiol 2012, 45:312-318.

Lingman M, Hartford M, Karlsson T, Herlitz J, Rubulis A, Caidahl K, Bergfeldt L: Value of the
QRS-T area angle in improving the prediction of sudden cardiac death after acute coronary
syndromes. /nt J Cardiol 2016, 218:1-11.

Kardys I, Kors JA, van der Meer IM, Hofman A, van der Kuip DA, Witteman JC: Spatial QRS-T
angle predicts cardiac death in a general population. Eur Heart J 2003, 24:1357-1364.

Waks JW, Sitlani CM, Soliman EZ, Kabir M, Ghafoori E, Biggs ML, Henrikson CA, Sotoodehnia
N, Biering-Sorensen T, Agarwal SK, et al: Global Electric Heterogeneity Risk Score for Prediction
of Sudden Cardiac Death in the General Population: The Atherosclerosis Risk in Communities
(ARIC) and Cardiovascular Health (CHS) Studies. Circulation 2016, 133:2222-2234.

Whang W, Shimbo D, Levitan EB, Newman JD, Rautaharju PM, Davidson KW, Muntner P:
Relations between QRS|T angle, cardiac risk factors, and mortality in the third National Health and
Nutrition Examination Survey (NHANES III). Am J Cardiol 2012, 109:981-987.

Draper HW, Peffer CJ, Stallmann FW, Littmann D, Pipberger HV: The Corrected Orthogonal
Electrocardiogram and Vectorcardiogram in 510 Normal Men (Frank Lead System). Circulation
1964, 30:853-864.

Pipberger HV, Goldman MJ, Littmann D, Murphy GP, Cosma J, Snyder JR: Correlations of the
orthogonal electrocardiogram and vectorcardiogram with consitutional variables in 518 normal
men. Circulation 1967, 35:536-551.

Scherptong RW, Henkens IR, Man SC, Le Cessie S, Vliegen HW, Draisma HH, Maan AC, Schalij
MJ, Swenne CA: Normal limits of the spatial QRS-T angle and ventricular gradient in 12-lead
electrocardiograms of young adults: dependence on sex and heart rate. J Electrocardiol 2008,
41:648-655.

Rautaharju PM, Davignon A, Soumis F, Boiselle E, Choquette A: Evolution of QRS-T relationship
from birth to adolescence in Frank-lead orthogonal electrocardiograms of 1492 normal children.
Circulation 1979, 60:196-204.

Rijnbeek PR, van Herpen G, Bots ML, Man S, Verweij N, Hofman A, Hillege H, Numans ME,
Swenne CA, Witteman JC, Kors JA: Normal values of the electrocardiogram for ages 16-90 years.
J Electrocardiol 2014, 47:914-921.

Rijnbeek PR, Witsenburg M, Schrama E, Hess J, Kors JA: New normal limits for the paediatric
electrocardiogram. Eur Heart J 2001, 22:702-711.

Draisma HHMS; Swenne CA, van de Vooren H, Maan AC, Hooft van Huysduynen B, van der
Wall EE, Schalij MJ.: LEADS: an interactive research oriented ECG/VCG analysis system.
Comput Cardiol 2005:515-518.

Kors JA, van Herpen G, Sittig AC, van Bemmel JH: Reconstruction of the Frank vectorcardiogram
from standard electrocardiographic leads: diagnostic comparison of different methods. Eur Heart
J 1990, 11:1083-1092.

Pin NG, Maechler M.: A fast and efficient implementation of qualitatively constrained quantile
smoothing splines. Statistical Modelling 2007, 7:315 - 328.

COBS - Constrained B-splines (Sparse matrix based). R package version 1.3-0. [http://CRAN.R-
project.org/package=cobs]

R: A language and environment for statistical computing [http://www.R-project.org]

Macfarlane PW, van Oosterom, A., Pahlm, O., Kligfield, P., Janse, M., Camm, J. (Eds.):
Comprehensive Electrocardiology. 2 edn. London: Springer; 2011.

Normal values of the pediatric VCG | 43




20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Davignon A: Normal ECG standards for infants and children. . Pediatr Cardiol 1979:133-152.
Macfarlane PW, Coleman EN, Pomphrey EO, McLaughlin S, Houston A, Aitchison T: Normal
limits of the high-fidelity pediatric ECG. Preliminary observations. J Electrocardiol 1989, 22
Suppl:162-168.

Sun K: Normal ECG limits for asian infants and children. Comput Cardiol 2005:455-458.
Macfarlane PW, McLaughlin SC, Rodger JC: Influence of lead selection and population on
automated measurement of QT dispersion. Circulation 1998, 98:2160-2167.

Cortez D, Sharma N, Cavanaugh J, Tuozo F, Derk G, Lundberg E, Weiner K, Kiciman N, Alejos
J, Landeck B, et al: Lower spatial QRS-T angle rules out sustained ventricular arrhythmias in
children with hypertrophic cardiomyopathy. Cardiol Young 2016:1-5.

Edenbrandt L, Houston A, Macfarlane PW: Vectorcardiograms synthesized from 12-lead ECGs: a
new method applied in 1792 healthy children. Pediatr Cardiol 1994, 15:21-26.

Dilaveris P, Roussos D, Giannopoulos G, Katinakis S, Maragiannis D, Raftopoulos L, Arsenos P,
Gatzoulis K, Stefanadis C: Clinical determinants of electrocardiographic and spatial
vectorcardiographic descriptors of ventricular repolarization in healthy children. Ann Noninvasive
Electrocardiol 2011, 16:49-55.

Schreurs CA, Algra AM, Man SC, Cannegieter SC, van der Wall EE, Schalij MJ, Kors JA, Swenne
CA: The spatial QRS-T angle in the Frank vectorcardiogram: accuracy of estimates derived from
the 12-lead electrocardiogram. J Electrocardiol 2010, 43:294-301.

Man S, Algra AM, Schreurs CA, Borleffs CJ, Scherptong RW, van Erven L, van der Wall EE,
Cannegieter SC, Schalij MJ, Swenne CA: Influence of the vectorcardiogram synthesis matrix on
the power of the electrocardiogram-derived spatial QRS-T angle to predict arrhythmias in patients
with ischemic heart disease and systolic left ventricular dysfunction. J Electrocardiol 2011,
44:410-415.

Draisma HH, Schalij MJ, van der Wall EE, Swenne CA: Elucidation of the spatial ventricular
gradient and its link with dispersion of repolarization. Heart Rhythm 2006, 3:1092-1099.
Rijnbeek PR, Kors JA, Witsenburg M: Minimum bandwidth requirements for recording of
pediatric electrocardiograms. Circulation 2001, 104:3087-3090

44 | Chapter 3



Chapter 4

Electrical remodeling after percutaneous atrial septal

defect closure in pediatric and adult patients

Vivian P Kamphuis*, Martina Nassif*, Sum-Che Man, Cees A Swenne, Jan A Kors, A
Suzanne Vink, Arend DJ ten Harkel, Arie C Maan, Barbara JM Mulder, Rob J de Winter,
Nico A Blom

* equal contribution

Submitted for publication



Abstract

Objective

Several studies have reported changes in electrocardiographic variables after ostium
secundum atrial septal defect (ASDII) closure. However no temporal electro-and
vectorcardiographic changes have been described from acute to long-term follow-up at
different ages. We aimed to study electrical remodeling after percutaneous ASDII closure in

pediatric and adult patients.

Methods

ECGs of 69 children and 75 adults (median age 6 [[QR4-11] years and 45 [IQR 33-54] years,
respectively) were retrospectively selected before percutaneous ASDII closure and at acute
(1-7 days), intermediate (4-14 weeks) and late (6-18 months) follow-up. Apart from
electrocardiographic variables, spatial QRS-T angle and ventricular gradient (VG) were

derived from mathematically-synthesized vectorcardiograms.

Results

In both pediatric and adult patients, the heart rate decreased immediately post-closure, which
persisted to late follow-up. The P-wave amplitude also decreased acutely post-closure, but
remained unchanged at later follow-up. The PQ duration shortened immediately in children
and at intermediate follow-up in adults. The QRS duration and QTc interval decreased at
intermediate-term follow-up in both children and adults. In both groups the spatial QRS-T
angle decreased at late follow-up. The VG magnitude increased at intermediate follow-up in

children and at late follow-up in adults, after an initial decrease in children.

Conclusion

In both pediatric and adult ASDII patients, electrocardiographic changes mainly occurred
directly after ASDII closure except for shortening of QRS duration and QTc interval, which
occurred at later follow-up. Adults also showed late changes in PQ duration. At 6-to-18-
months post-closure, the spatial QRS-T angle decreased, reflecting increased
electrocardiographic concordance. The initial acute decrease in VG in children, which was
followed by a significant increase, may be the effect of action potential duration dynamics

directly after percutaneous ASDII closure.
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Introduction

The ostium secundum atrial septal defect (ASDII) is one of the most common congenital
heart diseases and is defined as an interatrial septum defect at the site of the fossa ovalis,
causing a left-to-right shunt [1]. A hemodynamically significant shunt causes volume
overload of the right atrium (RA), right ventricle (RV) and the pulmonary circulation, and is,
therefore, an indication for ASDII closure to prevent further right-sided deterioration such as
volume and/or pressure overload and eventually heart failure [2]. Closing an ASD-based left-
to-right shunt initiates both geometrical and electrical RA and RV remodeling [3, 4], the
extent of which may depend on several factors including the patients’ age at closure and
closure technique. Percutaneous ASDII closure is currently the first choice of treatment in
selected cases, due to the minimal invasiveness, and has proven to reduce morbidity and
mortality similar to surgical closure [1].

The electrocardiogram (ECG) is the standard tool to visualize cardiac electrical activation,
and after ASDII closure it can show potential complications such as atrial arrhythmias [2] as
well as the electrical reverse remodeling at several time points. The latter gives insight into
the long-term process of reverse remodeling, in which distinction is made between acute and
late effects of ASDII closure. The standard 12-lead ECG only allows for scalar, one-
dimensional, visualization of the electrical currents in the heart. The vectorcardiogram
(VCG), however, offers several advantages over the 12-lead ECG. Firstly, the lead vectors
of the X-, Y- and Z-lead assume the directions of the main anatomical axes of the body.
Furthermore, the sensitivities of these X-, Y- and Z-lead are equal. Lastly, by displaying the
instantaneous electrical heart activity (represented as the heart vector) in three-dimensional
(3D) space, the phase-relationships between the X-, Y- and Z-leads become apparent [5].
Historically, the VCG was recorded directly with the Frank VCG system; currently,
conversion of a 12-lead ECG to a VCG by mathematical transformation (using the inverse
Dower or Kors matrix [6]) is the standard. Two vectorcardiographic variables in particular
have recently gained interest: the ventricular gradient (VG), which has been shown useful in
the detection of RV pressure overload [7], and the spatial QRS-T-angle, which has shown
prognostic value in the prediction of sudden cardiac death [8].

Several studies have reported changes in ECG variables after ASDII closure [3, 9-12],
however no temporal ECG and VCG changes have been described from acute to long-term
follow-up at different ages. Hence, the objective of this study was to assess acute,
intermediate and late electrical remodeling in terms of ECG and VCG changes after ASDII
closure in both children and adults.
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Methods

Study design and population

In this multicenter retrospective cohort study, all patients with an ASDII who were referred
to the Center for Congenital Heart Disease Amsterdam Leiden (CAHAL) for percutaneous
ASDII closure in a period of 13 months (2016-2017) were screened. The study cohort
comprised of pediatric (age 0-17 years) and adult patients (age >18 years) who had a 12-lead
ECG in sinus rhythm maximally 14 weeks before successful ASDII closure and at acute (1-
7 days) or intermediate (4-14 weeks) follow-up after closure. Additionally, when available
in these patients, ECGs that were made late (6-18 months) after closure were also assessed.
All the included ECGs were made as part of routine clinical follow-up. Baseline patient
characteristics, clinical history and medication were collected from medical records. The
Medical Ethics Committee provided a statement of no objection for obtaining and publishing

the anonymized data.
ASD closure

Percutaneous ASDII closure was performed conform current guidelines, in which ASD
closure is indicated in the presence of hemodynamically significant left-to-right shunting
with pulmonary vascular resistance <5 Woods units (Class I, level B) [2]. Patients underwent
general anesthesia and an Amplatzer Septal Occluder (Abbott Vascular Inc., Santa Clara,
CA, USA) of appropriate size was implanted under transesophageal echocardiographic

guidance.
ECG/VCG processing

All ECGs made in Leiden were recorded with ELI 250 and 350 electrocardiographs (Mortara
Instrument, Milwaukee, USA) with a sampling rate of 1000 samples per second. The ECGs
made in Amsterdam were recorded with MAC5500 electrocardiographs (GE Healthcare,
Milwaukee, USA) with sampling rates of 250 or 500 samples per second. All ECG and VCG
measurements were performed with the Modular ECG Analysis System (MEANS) [13],
which has been evaluated extensively, both by its’ developers and by others [14, 15]. For
each lead, MEANS performs baseline correction, removes main interference, and computes
a representative averaged beat after excluding ectopic beats. MEANS determines global
fiducial points in the averaged beats of all 12 leads together, resulting in an overall P-wave
onset, P-wave offset, QRS complex onset and offset, and T-wave offset. The following ECG
variables were assessed: heart rate, P-wave amplitude in lead II, P-wave duration, PQ
duration, QRS duration and the QT interval, corrected with Bazett’s formula (QTc).

48 | Chapter 4



The X-, Y- and Z leads of the VCGs were synthesized from the ECGs by the Kors
transformation matrix [6]. For the directions of the X-, Y- and Z axes and the spatial vector
orientation (azimuth, elevation), the American Heart Association VCG standard was
followed [16]. From the VCG, the spatial QRS-T-angle was computed as the spatial angle
between the QRS-and T-integral vectors. Also, the azimuth, elevation and magnitude of the
VG (vectorial sum of the QRS and the T integrals) were assessed, as well as its components
in the X-, Y- and Z-direction (VG-X, VG-Y and VG-Z).

Statistical analysis

Statistical analyses were performed in SPSS v.23 (IBM, Armonk, NY, USA). Quantitative
data are presented as median [25th-75th percentile] with minimum and maximum where
relevant for continuous variables, and as frequencies (percentages) for categorical variables.
Comparisons between ECG- and VCG parameters at different time points (i.e. acute,
intermediate and late follow-up) included one ECG/VCG per time interval and were
performed using the Wilcoxon signed-rank test. Correlations between ECG/VCG-parameters
and patient characteristics were tested using the Spearman correlation. A P-value <0.05 was
considered statistically significant.

Results

In total, 168 patients were screened (75 children and 93 adults), of which 144 patients met
the inclusion criteria (69 children and 75 adults). Baseline characteristics, stratified by
pediatric and adult groups, are shown in 7able 1. Not all patients had an ECG at all four time
points, absolute numbers are shown in 7able /. Median age of children was 6 years [4-11
years] (range 5 months—17 years), and of adults 45 years [33-54 years] (range 18-79 years).
Fourteen adults (19%) had paroxysmal atrial fibrillation.
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Table 1. Baseline patient characteristics of the study cohort

Children Adults
N=69 N=75

Demographics

Age,y 6[4-11] 45 [33-54]
Male 26 (38%) 24 (32%)
Body mass index, kg/m? 16.2[14.5-18.3] 26 [23-29]
Number of ECGs

Number of patients with an ECG before closure 69 (100%) 75 (100%)
Number of patients with an ECG at acute follow-up 69 (100%) 74 (99%)
Number of patients with an ECG at intermediate follow-up 32 (46%) 56 (75%)
Number of patients with an ECG at late follow-up 20 (29%) 49 (65%)
Clinical history

Chromosomal disorder 4 (6%) 0 (0%)
Down syndrome 1 (1%) 0 (0%)
Turner 1 (1%) 0 (0%)
22ql11 deletion 1 (1%) 0 (0%)
Smith-Lemli-Opitz syndrome 1 (1%) 0 (0%)
Paroxysmal atrial fibrillation 0 (0%) 14 (19%)
Medication

Anti arrhythmica (B-blockers) 0 (0%) 5(6.7%)
QT-prolongating drugs (Methylphenidate) 1 (1.4%) 0 (0%)
ASDII-related characteristic
Occluder size 14 [12-18] 22 [17-26]

Data are presented as median [25th-75th percentile] or frequency (%)

ECG changes after ASDII closure in children

ECG variables of the pediatric patients at the different time points are shown in Table 2. In
children, heart rate significantly decreased acutely after ASDII closure, which became most
evident at late follow-up. The P-wave amplitude in lead II showed a significant decrease in
the acute period after closure; however, later follow-up showed no significant changes
compared to baseline. P-wave duration did not change at post-procedural follow-up. The PQ
duration, however, showed a significant decrease from baseline at acute and intermediate
follow-up. Compared to the baseline ECG, the QRS duration, as well as the QTc interval,

were shorter at intermediate-term follow-up.
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ECG changes after ASDII closure in adults

ECG variables of the adult patients are shown in Table 2 at the different time points. In this
age group, the heart rate also decreased significantly acutely after intervention. The P-wave
amplitude in lead II showed an acute significant decrease, while late effects of ASDII closure
were not observed. P-wave duration did not change at post-procedural follow-up. However,
the PQ duration shortened from baseline to intermediate and late follow-up. Compared to the
baseline ECG, QRS duration and the QTc-interval shortened significantly at intermediate-

term and late follow-up.
VCG changes after ASDII closure in children

The VCG parameters of pediatric patients are shown in Table 3 at the different time points.
The spatial QRS-T-angle remained equal at acute and intermediate post-procedural follow-
up, but showed a significant decrease at late follow-up. Compared to baseline, VG magnitude
significantly decreased acutely after closure, however significantly increased at intermediate
and late follow-up. VG azimuth showed a significant change at intermediate follow-up. VG
elevation showed no significant changes at follow-up compared to baseline. Figure I shows
the spatial median VG changes and the changes projected in each of the three standard planes
in the pediatric patients. The X-, Y- and Z components of the VG in the pediatric group are
shown in Table 3. The VG-X first showed an acute decrease compared to baseline, after
which the VG-X increased at intermediate and late follow-up. Similarly, the VG-Y, also
showed an acute decrease compared to baseline, followed by an increase at late follow-up.
The VG-Z showed a significant increase at intermediate follow-up and late follow-up.

VCG changes after ASDII closure in adults

The VCG parameters of the adult patients at the different time points are shown in Table 3.
The spatial QRS-T-angle remained equal at acute and intermediate post-procedural follow-
up, but showed a significant decrease at late follow-up. Compared to baseline, VG magnitude
significantly increased at late follow-up. VG azimuth showed a significant change at
intermediate follow-up. VG elevation showed an acute decrease but no significant change
compared to baseline at intermediate and late follow-up. Figure 2 shows the spatial median
VG changes and the changes projected in each of the three standard planes in the adult
patients. The X-, Y- and Z-coordinates of the VG in the adult group are also shown in Table
3. The VG-X showed an increase at intermediate and late follow-up compared to baseline.
The VG-Y first showed an acute decrease compared to baseline, after which the VG-Y
increased again at late follow-up. The VG-Z shows a significant increase at intermediate
follow-up.
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Figure 1. Representation of the spatial changes of the median ventricular gradient in the pediatric patients.

A. Three-dimensional (3D) view of the VG changes. B. Frontal view C. transversal view D. Sagittal view. In
all images the black line represents the baseline measurement, the blue line represents the early changes, the

purple line represents the intermediate changes and the green line represents the late changes.
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Figure 2. Representation of the spatial changes of the median ventricular gradient in the adult patients. A.
Three-dimensional (3D) view of the VG changes. B. Frontal view C. transversal view D. Sagittal view. In all

images the black line represents the baseline measurement, the blue line represents the early changes, the
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purple line represents the intermediate changes and the green line represents the late changes.
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Discussion

In the present study, the acute, intermediate and late electrical remodeling in terms of ECG
and VCG changes after percutaneous ASDII closure in children and adults was assessed. The
main findings of the study are: 1) ASDII closure was followed by a sustained numerical
decrease in heart rate, QRS duration and QTc interval in both children and adults. Except for
the late QRS duration and QTc interval changes, most changes occurred directly after device
closure. 2) The spatial QRS-T angle significantly decreased at late follow-up in both children
and adults. 3) VG magnitude increased at intermediate follow-up in children and at late
follow-up in adults, after an initial decrease in children. 4) VG direction change was most
apparent in the less negative azimuth at intermediate follow-up in both groups, VG elevation
directly decreased in the adult group but did not change during follow-up in the pediatric

group.
Mechanisms of ECG changes after percutaneous ASDII closure

Right-sided volume overload due to atrial left-to-right shunting leads to both atrial and
ventricular stretch which may cause changes on the 12-lead ECG [4, 17] due to mechano-
electrical coupling. RA dilatation, for example, may result in increased P-wave amplitude as
well as prolonged P-wave duration and increased P-wave dispersion due to delayed atrial
conduction, which are all useful markers in the prediction of atrial arrhythmias [3, 12]. RV
dilatation may result in QRS-duration prolongation, right bundle branch block and
crochetage (a notch near the apex of the R-wave in the inferior limb leads [18]). Recently, it
has been shown that RV volume overload can cause QTc—interval prolongation in ASDII
patients [11]. Successful ASDII-closure should correct the right-sided volume overload
within 24 hours, initiating geometric remodeling of the right atrium and ventricle, which
continues up to 6-8 weeks following percutaneous ASDII closure [4, 19]. Indeed, multiple
studies reported electrical remodeling after percutaneous ASDII closure [3, 9-12]. The
present study showed a direct decrease in heart rate after ASDII closure in both children and
adults, with a maintained decrease on the long term. We hypothesize that two mechanisms
may have contributed to this heart rate decrease: deactivation of the Bainbridge reflex [20]
and a decreased stretching of the pacemaking tissue in the sinus node [21]. Heart rate
lowering via deactivation of the Bainbridge reflex after ASDII can be expected on the basis
of deactivation of the stretch receptors at the junction of the vena cava and the right atrium.
This will lead to decreased afferent neural traffic via fibers in the vagus nerve that project on
the medulla. As a consequence, the reflex-induced inhibition of parasympathetic outflow to
the sinus node will be decreased, and the reflex-induced enhancement of sympathetic outflow

to the sinus node will be reduced, thus causing a slowing of the heart rate. Furthermore, RA
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dimensions decrease. Since stretching of the sinus node tissue causes an increased intrinsic
pacemaking rate, such decrease in RA size will have also contributed to the observed
decrease in heart rate. In addition, the present study showed an acute decrease in P-wave
amplitude in both groups, which is in line with the findings of a previous study done by
Grignani et al. [3] They demonstrated an even further decrease in P-wave amplitude at their
long-term follow-up of 45433 months post-closure, suggesting continuation of atrial
remodeling over several years. In contrast to other studies [3, 10], the present study did not
show a decrease in P-wave duration. We did find significant PQ-duration decrease directly
after intervention in the pediatric group, and at intermediate follow-up in the adult group.
The largest change in PQ duration was seen at late follow-up in the adult group, suggesting
that even late after ASDII closure atrial remodeling takes place. Similar to previous studies
[3, 10, 11], our results support the finding that ventricular electrical remodeling as reflected
by QRS duration on the 12-lead ECG does not take place on the short-term after ASDII
closure, despite clear RV geometrical remodeling within one-month post-closure reported by
Veldtman et al. [19]. Our results showed that QRS duration slightly decreased at intermediate
follow-up in both groups. While the presented change is clinically irrelevant, it may reflect
ventricular electrical remodeling later after ASDII closure. A recent study by Rucklova et al.
[11] suggested that RV volume overload in ASDII is associated with prolonged
repolarization. In their study it was shown that QTc-interval was significantly shorter at 6
months after ASDII closure. In the present study we observed that the QTc-interval
numerically shortens from the fourth week post-closure onwards, both in adults and children,
which may indicate that shortening of the QTc-interval does not occur immediately after the

reduction of RV volume overload after ASDII closure.
Mechanisms of VCG changes after percutaneous ASDII closure

In the current study, we have approached the dynamics in the VCG by measuring two general
vectorcardiographic properties, the VG and the spatial QRS-T angle. The VG reflects the
integrated action potential duration (APD) inhomogeneity in the heart [5, 22]. As such it is
subject to cancellation and the magnitude and direction of the VG in a person expresses
asymmetric inhomogeneity. Between individuals with normal hearts, the magnitude and
direction of the VG varies considerably [23]. For this reason, individual trends in the VG are
more informative than the overall VG value. In general, we may expect that any form of
electrical remodeling in the heart is reflected in a change in the VG.

In an earlier study, the relation between the VG and RV pressure overload in patients with
suspected pulmonary hypertension was shown [7]. VG changes were explained by different

APD dynamics between subendocardial and epicardial myocytes as a result of RV pressure
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overload [24, 25]. The hearts of ASDII patients are characterized by RV volume overload
rather than RV pressure overload. The RV volume overload in ASDII patients results in APD
prolongation in the RV epicardium [26]. Because successful ASDII closure eliminates the
volume overload [19], we expect normalization of the APD prolongation and therefore a
change in the VG. In the current study, median VG magnitude was 63 [48-76] mV-ms in
children before ASDII closure, which is similar to the mean normal VG at 6.5 years of 69
mV-ms (2nd and 98th percentile: 24, 128) [27]. In adults, the VG magnitude before ASDII
closure was 66 [45-86], which is in the normal range for adults [23]. In children, the VG
magnitude showed an acute decrease, after which it increased again at intermediate follow-
up. In adults the VG magnitude increased at late follow-up. A change in VG direction was
most apparent in the azimuth becoming less negative at intermediate follow-up in both
groups, while elevation decreased directly post-closure in the pediatric group but did not
change during follow-up in the adult group. In our previous study on RV pressure overload
[7], a preferential direction in which the VG changed with increasing pulmonary artery
pressure was found. In the current study, however, we were not able to find a preferential
direction in which the VG changed with decreasing RV volume overload due to successful
ASDII closure.

The spatial QRS-T-angle is the angle between the QRS axis and the T axis [5]. As such it can
be considered a measure of concordance/discordance of the ECG: a small QRS-T angle
represents a concordant ECG in which the QRS-complex and T-wave polarities assume the
same values in most ECG-leads, whereas a large, obtuse, QRS-T angle represents a
discordant ECG in which the QRS-complex and T-wave polarities assume opposite values in
most ECG leads. Generally, we may expect that changes in the QRS-complex or T-wave
morphology always imply a change in the QRS and T axes, and, consequently, a change in
the QRS-T angle. In many cases, an increase in the QRS-T angle is expected to represent a
worsening condition. A larger spatial QRS-T angle has been linked to sudden cardiac death
after acute coronary syndromes [28] and overall mortality in a general population [8]. Our
study group included children of different ages with a median of 6 [4-11] years. Before
closure of the ASDII, median QRS-T angle was 52 [30-84]° in the children, which is larger
than the mean normal QRS-T angle in children of 6.5 years of 20° but still within the normal
range (2th and 98th percentile: 2, 85°) [27]. In the adult group the QRS-T angle was 42°,
which is in the normal range for adults [23]. In both groups, the spatial QRS-T angle
significantly decreased at late follow-up. This most likely reflects ventricular electrical
remodeling occurring relatively late after ASDII closure. Thus far, there are no data to
suggest that a decrease in QRS-T angle also implies a lower risk of sudden death, arrhythmia

or mortality in ASDII patients.
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Limitations

This study has several limitations. Not all patients had an ECG at all four time points and the
study group consisted of a relatively small number of patients; hence, further studies with
larger and more homogeneous patient groups and more complete ECG data are needed to
confirm our findings. Also, this study only targeted ECG and VCG measurements and did
not focus on accompanying hemodynamic and morphological data to correlate electrical and
structural reverse remodeling. Finally, the ECG data in the current study consist of a mix of
ECGs with sampling rates of 250, 500 and 1000 samples per second. However, because the
studied QRS-T angle and the VG are computed from ECG integrals, it is unlikely that

differences in sampling rate have consequences for the VCG findings in this study.
Conclusion

Successful percutaneous atrial septal defect closure was followed by a decrease in heart rate,
P-wave amplitude, PQ duration, QRS duration and QTc interval in both children and adults.
Changes mostly occurred directly after ASDII closure except for QRS duration and QTc
interval changes, which occurred later. Most of these electrocardiographic changes remained
limited. The changes in the vectorcardiographic spatial QRS-T angle reflect increasing
concordance of the electrocardiogram, which can be interpreted as partly normalization of
the electrical properties of the heart. The ventricular gradient showed changes which can be

seen as a result of action potential duration dynamics after atrial septal defect closure.
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Abstract

Objective

Early, preferably noninvasive, detection of pulmonary hypertension improves prognosis. Our
study evaluated the diagnostic accuracy of the electrocardiographically derived Butler—
Leggett (BL) score and ventricular gradient (VG) to estimate mean pulmonary artery pressure
(PAP).

Methods

In 63 patients with suspected pulmonary hypertension, BL score and VG were calculated.
The VG was projected on a direction optimized for detection of right ventricular pressure
overload (VG-RVPO). BL score and VG-RVPO were entered in multiple linear regression
analysis and the diagnostic performance to detect PH (invasively measured mean
PAP > 25 mmHg) was assessed with receiver operating characteristic analysis.

Results

Both BL score and VG-RVPO correlated significantly with mean PAP (r =0.45 andr = 0.61,
respectively; P < 0.001). Combining BL score and VG-RVPO increased the correlation to
0.67 (P <0.001). The diagnostic performance of this combination for the detection of PH
was good with an area under the curve of 0.79 (P <0.001).

Conclusion
Combination of the BL score and VG-RVPO allows for accurate detection of increased PAP.
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Introduction

Pulmonary hypertension (PH) is a serious condition with an unfavorable prognosis [1]. PH
causes pressure overload of the right ventricle (RV) with an increase in RV wall tension and
RV hypertrophy and dilatation [2]. Commonly, there is a delay in diagnosis of PH, partly due
to the often mild and nonspecific symptoms of the disease and the absence of overt signs of
RV dysfunction in the early stage of the disease. Early detection of PH is crucial in order to
improve the prognosis [3—5]. Therefore, simple and widely available diagnostic tests to detect
PH are needed, especially in patient groups at risk for the development of PH, such as patients
with connective tissue disease or portal hypertension. The electrocardiogram (ECG) may
provide such a test. However, the standard 12-lead ECG has only limited value to detect PH.
The vectorcardiogram (VCG), synthesized from the standard 12-lead ECG, has been
recognized as a novel and easy applicable method to detect RV pressure overload (RVPO)
due to PH [6-9]. Several applications of the VCG have been described in the evaluation of
RVPO in patients with PH, including the Butler Leggett (BL) [6] QRS amplitude criteria and
the ventricular gradient (VG), a 3-dimensional measure of ventricular action potential
duration (APD) heterogeneity [8]. Both methods were able to distinguish patients with PH
from patients without PH. In addition, the VG was also associated with mortality in a
heterogeneous group of PH patients [9]. These studies demonstrated that the VCG could be
a valuable tool in the screening of patients with suspected PH.

However, it remains unknown if the combination of the ECG-derived BL score and VG
would improve detection of PH. Therefore, the aims of the current study were to determine
the separate diagnostic accuracies of the ECG-derived BL score and VCG-based VG for
estimating mean pulmonary artery pressure (PAP), and to assess the value of combining these
two methods to diagnose RVPO in patients with suspected PH.

Methods

A total of 63 patients who were evaluated with right heart catheterization for suspected PH
were included in the current study. According to the current recommendations, patients with
mean PAP > 25 mmHg were considered to have PH [10]. All patients were screened
according to the institutional protocol based on the current guidelines [10] prior to right heart
catheterization including a conventional 10-second 12-lead ECG and 2-dimensional
transthoracic echocardiography. In addition, the underlying etiology of PH was determined
according to the Dana Point classification [10]. All data for the current study were
prospectively collected in the departmental Cardiology Information System (EPD-Vision®,

Leiden University Medical Center, the Netherlands) and were retrospectively analyzed.
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Patients were included if an ECG was available within 40 days of the right heart
catheterization. Exclusion criteria were the presence of atrial fibrillation, pacemaker rhythm,
prior myocardial infarction, and complex congenital heart disease. Additionally, to reduce
the possibility that abnormal electrical activity of the left ventricle (LV) would influence the
ECG, patients with increased LV mass index (> 95 g/m? and > 115 g/m? for female and male
patients, respectively) or increased relative wall thickness (> 0.42) measured with

echocardiography were excluded [11].

Standard 10-s 12-lead ECGs were recorded in the supine position and were processed with
the ECG Analysis Program of the University of Glasgow [12]. All ECGs were also processed
with the Leiden University interactive research-oriented MATLAB (The MathWorks,
Natick, MA) program LEADS (Leiden University Medical Center, Leiden, the Netherlands)
[13] that performed the VCG analysis needed for the VG calculation. The VCG was
synthesized by multiplying the 8 independent ECG leads I, Il and V1-V6 by the Kors ECG-
to-VCG transformation matrix [14]. Figure I shows the American Heart Association VCG
standard [15], which we adopted for the directions of the X-, Y- and Z-axes and the spatial
vector orientation (azimuth, elevation). The magnitude of the ventricular gradient is
computed as the vectorial sum of its X-, Y- and Z-components (QRST integrals in the X-, Y-
, and Z-leads; Figure 2).

In the current study the projection of the VG on the X-axis (VG-X) [8,9,16] was used as the
predictor variable, as well as an optimized projection direction that might be advantageous
because of a better correspondence to the cardiac anatomy and the position of the heart in the

chest.
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Figure 1. AHA vectorcardiographic conventions. Pictorial representation of the vectorcardiographic
conventions as published by the American Heart Association [15]. A = azimuth; E = elevation; H = heart
vector; T = transverse plane; F = frontal plane; S = sagittal plane; X, Y, Z=X, Y, Z axes.

For every combination of azimuth and elevation of the projection direction we computed the
correlation coefficient between the corresponding VG projections of the study population
and their mean PAP values. Azimuth and elevation were varied in steps of 1 degree, either in
azimuth, in elevation, or in both. From a given azimuth and elevation combination, the
algorithm determined the best possible step by comparing all neighboring correlation values
and selecting the largest value (steepest ascent algorithm). In the following, the VG
projection in the optimized direction will be referred to as VG projection optimized for
detection of RVPO (VG-RVPO).
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- VG magnitude

Figure 2. Calculation of the ventricular gradient. The ventricular gradient is computed as the vectorial sum
of its X-, Y- and Z-components (QRST integrals in the X-, Y-, and Z-leads). The X-component points in the
positive X-direction (from left to right), the Y-component points in the positive Y-direction (craniocaudal
direction). The Z-component is almost zero, due to the fact that the (negative) T-wave area almost completely
compensates for the positive QRS area. As it is just positive, it points in the positive Z-direction (backward).
For reasons of clarity, the magnitude of the VG-Z vector in the picture is larger than its actual value.

BL scores were manually calculated in all ECGs according to the formula A + R — PL [6],
where A denotes the maximal positive amplitude in the QRS complexes in leads V1 or V2,
R the maximal negative amplitude in the QRS complexes in leads I or V6 and PL the maximal
negative amplitude of the QRS complex in lead V1. Figure 3 shows the vectorcardiographic
basis of the BL criteria that has led to the current 12-lead based BL criteria [6,7].
Echocardiographic images were obtained with the patient in the left lateral decubitus position
using a commercially available system (Vivid 7 and E9, General Electric-Vingmed, Horten,
Norway). All images were analyzed offline using EchoPAC version 111.0.0 software
(General Electric-Vingmed, Horten, Norway) and included standard 2-dimensional, color,
pulsed and continuous wave Doppler acquisitions. Standard linear LV dimensions were
measured and LV mass index and relative wall thickness were calculated as
recommended [11]. Furthermore, RV wall thickness was measured in the subcostal or the
parasternal view at end-diastole [17,18]. RV hypertrophy was defined as RV wall thickness
> 5 mm [18].
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Right heart catheterization was performed in accordance with the international guidelines for
invasive hemodynamic assessment of PH [10]. Data were obtained with the patient in supine
position with a Swan—Ganz catheter placed in the pulmonary artery and included the systolic,

diastolic and mean PAP and the pulmonary capillary wedge pressure.

Z-axis

Posterior leftward

Anterior

Rigthward \€—

Figure 3. Vectorcardiographic basis (adapted from Cowdery et al. [7]) of the Butler—Leggett
criteria. All measurements were made in the transversal plane.

Continuous variables are reported as mean + SD and categorical data as frequencies or
percentages. A P-value of <0.05 was considered significant. The patient population was
categorized according to the presence or absence of PH (mean PAP >25 mmHg). Patient
characteristics were compared using the Student ¢ test or the y? test. Pearson correlation
analysis was used to measure the association between each individual predictor variable (BL
score, VG-X, VG-RVPO) and the mean PAP. Furthermore, the BL score and VG-RVPO
were combined with multiple linear regression analysis to derive a formula that will estimate
the PAP. In addition, the contribution of each VCG parameter to the regression formula was
evaluated by calculating the change in R square. The BL score and VG-RVPO were
introduced stepwise. Pearson correlation analysis was used to measure the association
between the expected mean PAP and the observed mean PAP. Finally, the diagnostic
accuracy of the combined BL score and VG-RVPO to detect mean PAP > 25 mmHg (PH)

was assessed using receiver operating characteristic (ROC) analysis.
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Results

The general characteristics of the 63 patients are listed in Table I. According to the
guideline’s definition [10], 39 patients (62%) had PH. The mean age of the patient population
was 57 £ 13 years and 24 (38%) patients were male. Mean LV mass index was 74 £+ 17 g/m?
and mean RV wall thickness was 4.9 + 1.5 mm. Fifteen (24%) patients had RV hypertrophy
on echocardiography. Figure 4 shows a scatterplot of RV wall thickness versus mean PAP

with a dotted vertical line separating patients with and without PH, and a dotted horizontal
line separating patients with and without RV hypertrophy. This figure illustrates that 13
(87%) patients with RV hypertrophy had PH, but that only 13 (33%) patients with PH had

RV hypertrophy.

Table 1. General characteristics of the study population

Total Mean PAP Mean PAP P-value
population <25mmHg >25mmHg
(N=63) (N=24) (N=39)
Male sex (%) 24 (38) 12 (50) 12 (31) 0.13
Age (years) 57+13 55+13 58+13 0.31
HR (beats/minute) 74+ 12 73+12 75+12 0.55
BSA (g/m?) 2+0.3 2+03 2+0.3 0.96
LVMI (g/m?) 74+ 17 72+18 75+17 0.55
RV wall thickness (mm) 49+1.5 45+1.1 5.1+1.7 0.11
RV hypertrophy (%) 15 (24) 2 (8) 13 (33) 0.02
Systolic PAP (mmHg) 47+ 17 30+8 58+ 12 <0.001
Diastolic PAP (mmHg) 21+10 12+4 26+ 8 <0.001
Mean PAP (mmHg) 3011 18+4 37+8 <0.001
Underlying etiology of PH
Idiopathic (%) 2(5)
Connective tissue disease 10 (26)
(%)
Liver disease (%) 2(5)
Simple congenital shunt 4 (10)
(%)
Chronic haemolytic anemia 1(3)
(%)
Left heart disease (%) 10 (26)
Lung disease (%) 5(13)
Pulmonary embolism (%) 4 (10)
Myeloproliferative (%) 1(3)

Abbreviations: BSA, body surface area; HR, heart rate; LVMI, left ventricular mass index; PAP,

pulmonary artery pressure; RV, right ventricle.
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Figure 4. Mean pulmonary artery pressure (PAP) versus right ventricular (RV) wall thickness. Scatterplot of
mean PAP versus RV wall thickness. The dotted vertical line shows the cutoff value for the presence of PH

(mean PAP > 25 mmHg), and the dotted horizontal line shows the cutoff value for the presence of RV

Patients with and without PH were comparable in terms of age, sex, body surface area and
LV mass index. Patients with PH had more RV hypertrophy (33% vs. 8%, P = 0.02)
compared to patients without PH. Table 2 summarizes the descriptive statistics of the ECG
variables of the total study group. The VG depends strongly on sex [19]; therefore, we
divided the groups into male and female. Normal values are presented as mean = SD and in
the form of the 2nd and 98th percentile [19].

The optimal projection direction of the VG was found at azimuth 155° and elevation 27°.
Table 3 demonstrates the optimization function, which is the value of the correlation between
the VG projection and mean PAP. This value was flat over more than £ 5° in the azimuth
and/or elevation direction, and within a change of + 2° in azimuth and/or elevation, the
correlation coefficient decreased only by 0.001. By definition, projection on the inverse
projection direction generates similar correlation coefficient magnitudes, but with negative
values. We have chosen for azimuth 155° and elevation 27° as the projection direction instead
of the opposite direction (azimuth — 25° and elevation — 27°), because of the positive sign of
the correlation, indicating that increases of the projected VG correspond to increases in mean
PAP.
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Table 2. ECG/VCG characteristics

ECG characteristic Mean + SD Range Normal values Normal
Mean + SD%? values
2nd and 98th

percentiles!®

BL score (mV) 0.3+£0.7 [-1,2] <0.7

VG magnitude (mV-ms)

male 62 +31 [-6, 137] 110£29 59, 187
female 52+23 [19, 104] 81+23 39, 143
VG azimuth (°)

male —7+£58 [-162,98] -23+15 -52,13
female -6+ 38 [-68,125] -13+14 38,20
VG elevation (°)

male 25+27 [-71, 66] 27+9 8,47
female 42+12 [12, 65] 308 12,48
VG-X (mV-ms) 33+24 [-31, 94]

VG-Y (mV-ms) 31+21 [-52, 88]

VG-Z (mV-ms) -3+26 [-49, 73]

VG-RVPO (mV-ms) -14£20 [-64, 60]

Abbreviations: BL, Butler-Leggett; ECG, electrocardiogram; RVPO, right ventricular pressure

overload; SD, standard deviation; VG, ventricular gradient

Table 3. Optimal projection direction of the VG

Azimuth 151° 152° 153° 154° 155° 156° 157° 158°
Elevation

24° 0610 0.610 0.611 0611 0.611 0.610 0.610  0.609
250 0.610 0.611 0611 0611 0611 0611 0.611 0.610
26° 0610 0.611 0.611 | 0612 0.612 0.611 0.611 0.611
27° 0.610 0.611 0.611 | 0.612 - 0.612 | 0.611 0.611
28° 0.610 0.611 0.611 0612 0.612 0.612 0.611 0.611
290 0.610 0.610 0.611 0.611 0.611 0.611 0.611  0.611
30° 0609 0.610 0.610 0.610 0.611 0.611 0.610 0.610
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Figure 5 shows the linear regressions between BL, VG-X and VG-RVPO and mean PAP;
correlations were 0.45, — 0.49 and 0.61, respectively (P < 0.001, for all correlations).
Pearson correlation analysis was performed to determine the relationship between the BL
score and VG-RVPO (r = 0.33, P = 0.009). Both variables were included in a multiple
linear regression analysis to determine their independent contribution to the estimation of
PAP. This yielded the following regression formula: mean PAP = 32.30 + 0.30 x VG-
RVPO + 4.67 x BL score (Table 4). The contribution to the correlation coefficient of the
BL score was only 6.9%, although this contribution achieved statistical significance (P =
0.009).

Figure 64 shows the correlation coefficient of 0.67 (P < 0.001) between the predicted mean
PAP using this regression formula and the observed mean PAP. ROC analysis revealed an
area under the curve of 0.79 (95% confidence interval 0.67—0.90) (Figure 6B). Furthermore,
the ROC curve showed that the most sensitive and specific cut-off value of the predicted
mean PAP calculated by the regression formula was 28.5 mmHg with a sensitivity of 72%
and a specificity of 71%.

Table 4. Predictors of mean PAP

Variable Coefficient Standard error P-value
VG-RVPO 0.30 0.06 <0.001
BL score 4.67 1.72 0.009
Constant 32.30 1.52 <0.001

Abbreviations: BL, Butler-Leggett; PAP, pulmonary artery pressure; RVPO, right ventricular
pressure overload; VG, ventricular gradient
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Figure 5. BL score, VG-X and VG-RVPO versus mean PAP. A: The Butler—Leggett score versus mean
PAP. B: VG-X versus the mean PAP. C: VG-RVPO versus the mean PAP. The red triangles represent patients
with right ventricular hypertrophy (right ventricle wall thickness > 5 mm), the black dots represent patients
without right ventricular hypertrophy. Abbreviations: BL, Butler-Leggett; PAP, pulmonary artery pressure;
RVPO, right ventricular pressure overload; VG, ventricular gradient
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Figure 6. Expected mean pulmonary artery pressure (PAP) versus measured mean PAP and corresponding
receiver operating characteristic (ROC) analysis. A: The expected mean PAP, calculated from the regression
formula, versus the measured mean PAP. The red triangles represent patients with right ventricular
hypertrophy (right ventricle wall thickness > 5 mm), the black dots represent patients without right ventricular
hypertrophy. B: ROC for mean PAP >25 mm Hg.

Discussion

In the current study we demonstrated that the combination of the VG (VG-RVPO) and the
Butler-Leggett QRS amplitude criteria accurately estimates the mean PAP in patients
screened for PH. In this formula, the largest contribution to the discriminatory power of this
detection is provided by the VG-RVPO, while the significant contribution of BL score was
less.

In a normal heart, the RV is thin-walled and in the ECG most of the RV electrical activity is
masked by that of the thicker septum and the LV free wall. In situations where RV

hypertrophy may be present, as in PH, the RV electrical forces tend to counterbalance with
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the LV forces [20], resulting in a rightward deviation of the QRS loop. Based on this concept,
Cowdery et al. [7] developed QRS amplitude VCG criteria to identify patients with RV
hypertrophy as a result of increased PAP. The VCGs of 84 patients with mitral stenosis and
a high likelihood of RV hypertrophy were compared to 173 young, healthy volunteers and
151 subjects with chest pain who had no mitral stenosis or elevated systolic PAP measured
by cardiac catheterization. The authors demonstrated that these newly developed VCG
criteria were able to identify 60% of the patients with moderate-to-severe RV hypertrophy
(based on the presence of mitral stenosis with systolic PAP values > 40 mmHg measured by
right heart catheterization) with a specificity of 96% and a sensitivity of 60%. These VCG
criteria were later adapted for the 12-lead ECG into the BL score by Butler [6], who found
comparable sensitivity and specificity of 34% and 97%, respectively, in a similar group of
patients with mitral stenosis and elevated systolic PAP. Blyth et al. [21] also studied the
performance of the BL criteria for the detection of RV hypertrophy defined by either RV
mass > 51 g or RV mass/LV mass > 0.582 measured by cardiovascular magnetic resonance
imaging (CMR), in 28 patients with PH and 6 controls. The BL criteria diagnosed RV
hypertrophy with a specificity of 100% for RV mass and for RV mass index, and a sensitivity
of 74% for RV mass and 61% for RV mass index, respectively. The difference in sensitivity
between these studies may be attributed to the fact that in the study by Blyth et al. [21] the
presence of RV hypertrophy was verified by CMR while in the study of Butler and Leggett,
the presence of RV hypertrophy was not directly measured, but assumed by the presence of

invasively measured elevated systolic PAP.

In the current study right heart catheterization was used as the reference method for
diagnosing PH. In the absence of an RV outflow tract obstruction, it may be assumed that
increased mean PAP represents RVPO. RVPO results in increased RV wall stress and
consequently in RV remodeling with RV hypertrophy [2]. However, RV hypertrophy is often
not present in early stages of PH. Improvement of ECG detection of RVPO would therefore
require criteria that are not primarily based on hypertrophy-induced rightward deviation of
the QRS loop but rather on the typical electrophysiological changes in APD that are to be
expected with elevated pressures. In the current study, the BL score, which was designated
to detect RV hypertrophy, had only a limited contribution to the discrimination between
patients with and without PH on the basis of their ECG. This may be explained by the absence
of RV hypertrophy in a large part of the patient population (Figure 4).

Initially, when the VG emerged as a potentially important electrocardiographic variable, it
was determined in the frontal plane [22,23]; Burger [24] gave the mathematical proof that,

when computed from the VCG, the VG measures the 3-dimensional integral of the gradients
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in the ventricular APDs. Because of its 3-dimensionality, and because it measures APD
heterogeneity, the spatial (3-dimensional) VG as we have computed it, may reflect the
presence of RVPO better. In a study by Henkens et al., patients with idiopathic pulmonary
arterial hypertension were matched with healthy controls [8]. It was found that the ECG-
derived VG projected on the X axis is highly accurate in detecting chronic increases in RV
pressure load as a consequence of PH, and can be used to distinguish between normal, mildly
to moderately increased, and severely increased chronic RVPO. In line with this, Scherptong
et al. studied the VG projected on the X axis as an indicator of PH in a heterogeneous group
of patients and demonstrated that this is a sensitive indicator of elevated systolic PAP
measured by echocardiography [9]. These studies demonstrated that the VG-X could be a
valuable tool in the detection of RVPO in the screening of patients at risk for PH. The current
study also demonstrated a significant relation between mean PAP and the VG-X. Moreover,
after optimization of the VG projection direction for detection of RVPO, the correlation with

mean PAP improved even further.

Our study shows that, in our patient group, BL and VG-RVPO assess mean PAP by multiple
linear regression with a correlation coefficient of 0.67. The contribution of BL to this
correlation is significant but limited (0.07). This suggests that VG-RVPO is superior in
assessing pressure, and, as the BL score was designed to assess hypertrophy, it is conceivable
that BL would be superior to VG-RVPO in assessing RV wall thickness. Multiple linear
regression of BL and VG-RVPO on RV wall thickness indeed revealed that only BL
contributed significantly (P = 0.009).

It has been demonstrated that in acute RVPO sarcomere-length increases during contraction
and APD shortens [25]. However, in long standing RVPO, action potentials prolong and
action potential dispersion increases [26]: subendocardial and epicardial myocytes show
different APD dynamics [27]. In general, changes in APD dispersion are reflected in the VG
[28]. It is difficult to predict how these electrophysiological changes precisely work out in
the VG, and it is also unknown which regions in the heart contribute to these VG changes.
Any involved myocardium will be affected in terms of electrophysiological properties and
APD changes, not only in the RV free wall, but also in the interventricular septum. It may be
difficult to estimate how much myocardium is involved, but it is reasonable to assume that
this is not confined to a relatively small amount of cardiac muscle.

The presented improved ECG/VCG criteria to assess mean PAP could be of potential use in
surveillance of diseases that are likely to cause PH, such as connective tissue disease.
Measuring the mean PAP with this simple non-invasive diagnostic test may be clinically

important because early detection of PH may improve prognosis. Whether this combination
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of VG-RVPO and BL scores is useful in regular monitoring of patients with PH deserves
further study.

It is difficult to translate our findings to conventional ECG criteria. In PH and/or RV
hypertrophy QRS- as well as T-wave changes have been described [20]. The VG is an integral
over the QRS complex and the T wave, insensitive to ventricular activation order/conduction
disorders [28]. It is possible that patients with a low BL score have a quite normal QRS
complex; in such cases the typical changes in the VG will merely be caused by T-wave
changes. But this is only part of the patients. In most cases, a mix of QRS- and T-wave
changes together causes the VG changes.

The ECG/VCG algorithm developed in this study has not been validated in other groups of
patients with RVPO. Hence, our results are restricted to a heterogeneous patient population
with suspected PH without LV hypertrophy. The limited size of the patient population
prevented to split the population into a derivation and validation group. Hence, the results in
terms of the optimal projection direction of the VG, the mean PAP assessment formula on
the basis of the projected VG and the BL score, and the diagnostic performance as to the
discrimination between patients with and without PH were not verified in a test group. It may
be considered a limitation that vectorcardiographic analysis is needed to detect RVPO in PH
patients. However, it has to be acknowledged that several ECG analysis systems use VCG
techniques to calculate certain ECG variables, e.g., a QRS axis or QRS duration.
Electrocardiographs and ECG analyses programs could mostly easily be extended with
elementary VCG analysis.

Conclusion

With a combination of BL score and optimized VG projection it is feasible to detect presence
or absence of RVPO in a typical population of patients evaluated for PH. Further validation
in another comparable patient group is required. Whether this algorithm may be used in the
monitoring of development of RVPO in PH by serial ECG-VCG analysis warrants further
study.
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Abstract

Knowledge of normal and abnormal flow patterns in the human cardiovascular system
increases our understanding of normal physiology and may help unravel the complex
pathophysiological mechanisms leading to cardiovascular disease. Four-dimensional (4D)
flow magnetic resonance imaging (MRI) has emerged as a suitable technique that enables
visualization of in vivo blood flow patterns and quantification of parameters that could
potentially be of prognostic value in the disease process. In this review, current image
processing tools that are used for comprehensive visualization and quantification of blood
flow and energy distribution in the heart and great vessels will be discussed. Also, imaging
biomarkers extracted from 4D flow MRI will be reviewed that have been shown to
distinguish normal and abnormal flow patterns. Furthermore, current applications of 4D flow
MRI in the heart and great vessels will be discussed, showing its potential as an additional
diagnostic modality which could aid in disease management and timing of surgical

intervention.
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Introduction

In normal cardiovascular physiology, blood flow in the heart and great vessels shows
complex and dynamic three-dimensional (3D) flow patterns, leading to efficient ejection of
the blood into the pulmonary and systemic circulation [1]. Congenital or acquired heart
disease cause alterations in these blood flow patterns resulting in increased energy loss [2]
and reduction of the efficiency of the heart pump by over 10% [1]. Moreover, altered blood
flow patterns induce changes to the endothelium, which may increase the risk for
cardiovascular incidents later in life [3, 4]. Knowledge of these flow patterns increases our
understanding of normal physiology and may help unravel the complex pathophysiological
mechanisms leading to cardiovascular disease [1, 5]. However, these complex 3D flow
patterns remain challenging to visualize and characterize. Four-dimensional (4D) flow
magnetic resonance imaging (MRI) has emerged as a suitable technique for comprehensive
visualization and quantification of blood flow and energy distribution in the heart and great

vessels in healthy subjects as well as in patients with cardiovascular disease [6].

The influence of altered aortic flow patterns on pathophysiology has been investigated most
intensely in patients with a bicuspid aortic valve (BAV) [3, 7, 8] and in patients with Marfan
syndrome [9-13]. For example, in patients with Marfan syndrome, flow parameters have been
linked to an increased aortic size, as shown by 4D flow MRI [9-13]. Because of the
complexity of the heart’s atria and ventricles, assessment of intra-cardiac blood flow
characteristics is more challenging, but knowledge of such blood flow is of utmost
importance in diseases like ischemic heart disease, dilated cardiomyopathy, congenital heart
defects (CHD) and pulmonary hypertension.

In this review, the challenges in the application of 4D flow MRI to study hemodynamics in
the cardiovascular system are discussed, as well as the visualization and quantification
methods. Furthermore, current insights in normal flow patterns, flow disturbances due to
cardiovascular disease and its consequences, as assessed with 4D flow MRI, will be
addressed.
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State of the art

Four-dimensional flow MRI, phase-contrast (PC) MRI with velocity-encoding in all three
spatial directions, resolved relative to all dimensions of space and the dimension of time
along the cardiac cycle, represents all directions and spatial regions of flow within the
boundaries of the defined volume [14, 15].

Acquisition parameters

Recently, a consensus statement was published, stating the clinical and scientific significance
of 4D flow MRI and providing recommendations for its use [15]. In this consensus statement,
a list of acquisition parameter settings as a baseline 4D flow MRI protocol is proposed against
which alternative protocols can be compared. Optimized parameter choices are
recommended for special populations (e.g. children) or analysis of advanced flow parameters
[15]. An important parameter is the Venc, which represents the maximum flow velocity that
can be acquired without having to correct for phase wrapping. If the Venc is set too low,
velocity aliasing will occur, however when the Venc is set too high, the level of velocity
noise will increase [14]. A Venc that is set 10% higher than the maximal expected velocity

is recommended [15].

Evaluation of flow patterns in the cardiac chambers requires a spatial resolution of
<3.0x3.0x3.0 mm? and <2.5x2.5x2.5 mm?® for the aorta or pulmonary artery. In order to
extract feature information (i.e., stroke volume, peak velocity, peak flow rate, etc.) of flow
(velocity) curves from the velocity field, a high temporal resolution is required. This
resolution is defined by the repetition time, the number of velocity encodings and, in case of
segmented acquisition, the number of segments. Since 4D flow MRI is to be applied to these
large anatomical regions in the human body with adequate spatial and temporal resolution
and potentially with some form of respiratory motion compensation, the acquisition time
required to collect all this flow information is typically long (i.e., 10-25 minutes) and may be

too demanding on patients or on the clinical workflow.

Three-directional encoding without any acceleration technique would be the most accurate
approach, with the best signal-to-noise ratio (SNR) and the least amount of phase offset errors
[15]. However, this is generally not feasible in a clinical setting. Therefore, to make 4D flow
MRI applicable for clinical use, several methods are available to reduce acquisition time.
Such accelerating techniques include parallel imaging using multi-element phased array coils
(SENSitivity Encoding, SENSE) [16] or k-t undersampling methods like k-t BLAST (Broad
Linear Acquisition Speed-up Technique) [17]. Acquiring read-outs of multiple k-lines per

86 | Chapter 6



radiofrequency excitation may accelerate the acquisition as well, however, at the penalty of
reducing temporal resolution and/or signal-to-noise. Furthermore, different acquisition
strategies apart from the standard Cartesian k-space read-out, like echo planar imaging (EPI)
[18], spiral [19] or radial [20] (e.g., PC-VIPR, vastly undersampled isotropic projection
reconstruction) read-out methods can further reduce acquisition time.

Another way to accelerate the acquisition is to acquire free-breathing 4D flow MRI with
sophisticated respiratory gating or even without any respiratory motion control.
Compensation of respiratory motion, which is used to reduce motion artifacts and improve
accuracy, is usually difficult to achieve without significantly increasing scan duration. The
most commonly used method for this motion suppression is respiratory gating by a navigator,
however this increases acquisition duration substantially. Respiratory self-gating methods
allow sampling of 4D flow data over the entire cardiac cycle, usually using center Ko point,
center Ky profiles or low-resolution images to derive the breathing motion and then to adjust
the acquisition scheme in real-time to reacquire motion-corrupted data, allowing free
breathing while acquiring 4D flow data within clinically acceptable acquisition time [21, 22].
However, recently it was shown that 4D flow MRI without any respiratory gating may be
performed while preserving accurate quantitative results from stroke volume assessment in
the great vessels [23] and in whole-heart 4D flow [24].

Sources of error

Several sources of errors can affect the 4D flow data and should be corrected for. Major
sources of error are: eddy current effects, concomitant gradient field effects, gradient field
non-linearity and phase wraps [15]. Inhomogeneities in the magnetic field and eddy current
effects in the receive coil will result in background phase distortion [25]. Concomitant
gradient fields are a result of Maxwell’s equations for the divergence and curl of the magnetic
field and lead to background offsets [26]. Furthermore, a non-linear gradient field can induce
deviations from the nominal gradient strength and orientation causing deviations in velocity
quantification [27]. Some of these errors are partially corrected by reconstruction algorithms
implemented on the MRI scanner software. Background phase offset errors are usually
corrected by either performing a phantom velocity-encoded scan simulating static tissue and
using this data set as a reference for background subtraction, or by the approach of fitting a
multi-order polynomial through areas identified as static tissue, for correcting the local phase
signal [28].

Finally, velocity aliasing, or phase-wrapping, will occur when blood flow velocities exceed

the a priori set Venc value. The use of a phase-unwrapping algorithm is recommended prior
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to image analysis. Identification of abrupt phase shifts in the temporal and/or spatial domain
is a common way to identify areas with phase wrapping [29]. Aliasing correction should be

performed in the original source images of each individual encoding direction.

Visualization and quantification

Several tools are developed to help visualize velocity vector fields of blood flow in the heart
and vessels, which makes qualitative assessment of flow patterns possible. Visualization is

needed in order to characterize blood flow parameters.

Most common visualization types are the vector glyph representation, or the use of
streamlines or pathlines (Figure 1). A vector glyph represents the magnitude and direction of
the velocity measured from each voxel. However, a cine representation of vector data may

be difficult to interpret, as data may quickly become cluttered.

Streamlines are curves which are tangent to the velocity direction at a particular point in time,
representing the blood flow direction at an instant of time [30, 31]. Streamline visualization
can be used for visualization of inflow and outflow direction, regurgitant jets and circulating
flow patterns at specific time points in the cardiac cycle [32, 33]. In the aorta, streamline
visualization is often used to show helical flow patterns [34]. Streamline visualization in
combination with retrospective valve tracking allows for accurate quantification of net flow
volumes through each of the four heart valves (Figure 2) [35, 36].
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Figure 1. Visualization of left ventricular systolic blood flow using 4D flow MRI in a healthy volunteer (24
year old man). In A, blood flow velocity is displayed by color-coded vector glyph representation. Direction
and velocity magnitude are presented by vector size and color. In B, a streamline representation is presented
and C shows a pathline representation. Isosurfaces can be used to display flow structures with a common
property, such as vorticity. In D, a ring-shape vortex is displayed in late diastolic LV filling in the same
volunteer. Vortex extraction is performed using Eulerian vortex core analysis. The vortex ring is displayed
with streamlines superimposed. LA: left atrium, LV: left ventricle, Ao: Aorta.
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Figure 2. Left ventricular (LV) inflow assessment from 4D flow MRI and retrospective valve tracking.
Streamline visualization with color coding of early LV inflow shows central inflow in a healthy volunteer (in
A; 53 year old man) and a laterally directed inflow in a patient with corrected atrioventricular septal (AVSD)
defect (in B; 26 year old woman). Positioning of the reformat plane is displayed by the dashed line. In C,
eccentric regurgitant jets in both atrioventricular valves during systole in the same corrected AVSD patient
are displayed (arrows). In D, shunt flow in an uncorrected AVSD is displayed (arrowhead) in a 24 year old
male patient. LA: left atrium, LV: left ventricle, RA: right atrium; RV: right ventricle.

Retrospective valve tracking is a method in which the scanned 3D volume is retrospectively
reformatted into two-dimensional (2D) measurement planes with through-plane velocity
encoding to allow for trans-valvular flow quantification [35, 36]. Measurement planes can be
adjusted per individual phase, following the valve position, inflow direction and the
dynamically changing regurgitant jets. Optimized positioning of these planes should be based
on the direction of the peak velocity visualized by streamlines [37].

Figure 3 shows an example of retrospective valve tracking in patient with Ebstein’s
Anomaly, a rare congenital heart disease in which the septal and posterior leaflets of the
tricuspid valve are located more apically (Figure 3A, stylized representation of the tricuspid
valve leaflets with the septal leaflet indicated by an arrow) [38]. In this case example
validated 4D flow MRI with retrospective valve tracking was used to directly quantify

tricuspid regurgitation (TR). Streamline visualization was used to visualize flow patterns and
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the dynamic regurgitation jet. A measurement plane was placed on the level of maximum

velocity in every timeframe and adjusted perpendicular to the flow direction (Figure 3B).

The resulting flow curve (Figure 3C) shows a regurgitation fraction of 82%, illustrated by
the ratio between the negative versus positive area-under-the-curve. Retrospective valve
tracking was done over all valves in a single acquisition (acquisition time 8 minutes, post-
processing time 20 minutes). The small differences between the net flow volumes through
the four valves of maximally 3 ml indicate conservation of mass (Figure 3D). This proof-of-
principle case demonstrates the feasibility of direct TR-quantification by 4D flow MRI with
retrospective valve tracking in a patient with Ebstein’s anomaly and can be a starting point
for prospective evaluation of clinical utility of direct TR-quantification in Ebstein patients
with various degrees of TR. 4D flow MRI-derived direct quantification of TR may prove to
be helpful in the follow-up of patients with Ebstein’s anomaly and may have implications for

the timing of an intervention.

Different from streamlines, pathlines show the path a particle (i.e., a voxel) has followed over
time [30]. Particle paths or pathlines are generated by backward/forward particle tracing
using integration methods to calculate displacement from the velocity data [30]. For intra-
cardiac blood flow, typically, at end diastole, each voxel inside the LV is considered to
represent a seed point (i.e., a particle). Pathlines are then calculated by integration over time:
backward tracing over the diastole and forward tracing over systole. Pathlines are also
frequently used to evaluate complex flow patterns, such as helical flow patterns in the aorta
and pulmonary artery [34, 39].

Another unique feature of particle tracing in intra-cardiac blood flow is the possibility to
discriminate different parts of blood flow with some specific functional property based on
where the seed points are flowing towards and where they came from. Different components
in the blood flow organization in the left ventricle (LV) [40] and the right ventricle (RV) [41]
can be discriminated, such as the 4-component evaluation (Figure 4) as introduced by Bolger
et al. [42].
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Figure 3. Direct assessment of Tricuspid Regurgitation by 4D flow MRI in a Patient with Ebstein’s Anomaly

The following components can be discriminated for the LV:

1. Direct flow: Blood that enters the LV through the mitral valve during diastole and
is ejected from the LV into the aorta during the subsequent systole in the analysed
heartbeat;

2. Retained inflow: Blood that enters the LV during diastole but is not ejected during
the subsequent systole in the analysed heartbeat;

3. Delayed ejection flow: Blood that starts and remains inside the LV during diastole
but is ejected during the subsequent systole;

4. Residual volume: Blood that remains within the LV for at least two subsequent
cardiac cycles.
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Figure 4. Multi-component particle tracing of left ventricular (LV) blood flow in a healthy volunteer (26

year old man). In A, five components of LV are schematically presented. Green: direct flow; Yellow: retained
inflow; Blue: delayed ejection flow; Red: residual volume; White: regurgitation. Three time-points in cardiac
cycle are represented: diastole in B, end diastole in C, systole in D. LA: left atrium, LV: left ventricle, Ao:
Aorta.

A fifth component can be added, Regurgitation: Blood that leaves the LV through the mitral
valve into the atrium during systole [43]. It should be taken into account that particle tracing
analysis requires high temporal resolution and adequate signal-to-noise, as results coming

from an integration procedure on noisy data and over large time steps may not be reliable.

From the 3D flow velocity field, helical and vortical flow patterns can be identified in normal

and pathological blood flow. An important intra-cardiac flow pattern is vortex flow: a group
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of fluid particles swirling around a common axis. Two methods have been used to analyze
and visualize intra-cardiac vortex flow patterns: Lagrangian and Eulerian. Lagrangian
coherent structures (LCS) can be used to quantify and visualize the total amount of flow that
entrains into vortex ring flow structure over a period of time [44]. Eulerian vortex core
analysis allows quantitative characterization of instantaneous 3D vortical flow patterns and
its intra-cardiac evolution over time [45]. Altered intra-cardiac 3D vortex flow properties
have been identified in the presence of abnormal valvular morphology and were associated
with adverse blood flow efficiency [2, 45, 46].

Four-dimensional flow MRI is also used for studying energetics in the blood flow. The
kinetic energy (KE) of a moving particle with a certain mass m (particle volume multiplied
by the blood density) and velocity v, can be calculated with the formula Yam?. The KE at a
specific time point can then be calculated by summing the KE of each voxel within a specified
anatomical region. Viscous energy loss (EL) is the kinetic energy that is lost due to frictional
forces among blood particles and surrounding structures in the ventricle, induced by the blood
viscosity. EL can be calculated from the Navier-Stokes energy equations [2]. Turbulent
kinetic energy (TKE) is another frequently used energy parameter used to quantify the energy
lost due to turbulent flow and is calculated from dedicated reconstructions of the intravoxel

distribution of spin velocities [47].

Figure 5 shows an example of a patient with a Fontan circulation because of a complete
atrioventricular septal defect (AVSD) and a double outlet right ventricle with pulmonary

stenosis [48].
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In this case example 4D flow MRI-derived streamline visualization showed a complex 3D
inflow pattern from the common atrioventricular valve with the formation of vortical flow
around the ventricular part of the septal defect (Figure 5B). Mathematical identification of
vortex core structures from 4D flow MRI [45] showed a large 3D ring-like vortex formation
filling the common biventricular region at the level of the ventricular septal defect, with
protrusion in both ventricles (Figure 5C). To assess the regions of highest EL in this patient,
a map of EL inside the ventricle was made in the cross-sectional four-chamber view (Figure
5D). In Figure 5E, regions of the identified 3D vortex structure associate with the highest EL
levels in the EL map. These high EL levels anatomically correspond to the region of the
ventricular septal defect and part of the remaining septum. Knowledge on the consequences
of intracardiac deformations on hemodynamic vortex formation and viscous energy loss
might be useful in unraveling the pathophysiological mechanisms leading to circulatory
failure, one of the main causes of morbidity and mortality in Fontan patients.

Knowledge on the consequences of intracardiac deformations on hemodynamic vortex
formation and viscous energy loss might be useful in unraveling the pathophysiological
mechanisms leading to circulatory failure, one of the main causes of morbidity and mortality

in Fontan patients.

Wall shear stress (WSS) is a quantitative value for the shear forces of the blood flow acting
on the vessel wall [49]. It can be used to quantify the impact of flow on the vessel wall and
it has been shown to correlate with changes in the extracellular matrix (ECM) and endothelial
cells [3]. Higher blood flow velocity will increase WSS [50].

Aortic wall elasticity, an important mechanical property of the vascular wall, can be
measured with traditional 2D one-directional velocity-encoded MRI [51], but also by multi-
directional velocity-encoding or 4D flow MRI [52], by measuring the propagation speed of
the systolic wave front along the course of the aorta. This biomarker for arterial stiffness is
called the pulse wave velocity (PWV) [53]. A shorter propagation time, thus higher PWV, is
indicative of a stiffer aorta and presence of atherosclerosis [54].
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Applications

In the following section normal and abnormal blood flow characteristics as assessed with 4D
flow MRI will be reviewed. We will describe the use of 4D flow MRI in assessing normal
intra-cardiac and intravascular flow patterns, as well as applications in acquired and

congenital cardiovascular disease.
Atrial flow patterns

In the normal human heart, blood flow in the left atrium (LA) follows specific paths from the
pulmonary veins to the mitral valve. The occurrence of atrial vortices has been shown, which
may be beneficial in avoiding atrial stasis [55]. In the LA, inflow from the right pulmonary
veins follows the atrial wall from its inlet near the inter-atrial septum toward the mitral
annulus, while inflow from the left pulmonary veins suddenly shifts towards the mitral valve
after entry through the lateral left atrial wall, as was shown with particle tracing analysis [55].
In the right atrium (RA), blood flow from the inferior vena cava (IVC) and superior vena
cava (SVC) turns anterior after entering the atrium, which causes a forward rotating
movement of the anterior part of the right atrial blood volume towards the inlet of the

tricuspid valve [56].

Assessment of atrial flow patterns and blood flow velocity is important in patients with atrial
fibrillation (AF), since AF is associated with an increased risk of embolic stroke due to
thrombus formation in the LA [57]. Patients with AF show global and regional changes in
atrial flow dynamics, such as decreased blood flow velocities and increased stasis, which can
be evaluated with 4D flow MRI and could be a helpful indicator in risk assessment for
thrombogenesis in these patients [58-60].

In patients with mitral regurgitation, severely disturbed flow patterns in the LA with elevated
values of TKE develop, related to the severity of regurgitation [61]. These atrial flow effects
of mitral regurgitation assessed by 4D flow MRI could potentially be used in risk assessment
for the onset of decompensated heart failure in patients with prior asymptomatic mitral
regurgitation [61]. The amount and severity of mitral valve regurgitation (i.e., the regurgitant
flow volume and the regurgitant flow fraction) can accurately be assessed with the use of 4D

flow MRI with retrospective valve tracking [35, 36].

In corrected AVSD patients, regurgitation of the left atrioventricular valve (LAVV) is
common [62]. In these patients, the regurgitant jets are dynamic and eccentric (Figure 2) and
have a non-circular cross-sectional shape, which makes them challenging to quantify with
echocardiography [63]. However, the regurgitant fraction and the volume of the complex
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regurgitant jets can be quantified accurately with the use of 4D flow MRI with retrospective
valve tracking [33]. Furthermore, 4D flow MRI can also be applied to investigate intra-
cardiac baffle constructions for leakage and obstruction, for instance after double switch

operation for congenitally corrected transposition of the great arteries [64].
Flow patterns in the lefi ventricle

The complex geometry of the normal LV causes asymmetric blood flow, which promotes
efficient ejection of blood in the systemic circulation and minimizes the energy dissipation
[1, 56]. In the normal LV, 30-35% of the LV end diastolic volume represents blood flow that
enters the LV during diastole and is ejected into the aorta during systole in the subsequent
heartbeat (i.e. direct flow) [40, 43]. Using 4D flow MRI, vortical flow patterns have been
described that form during diastole, with a close relation to the motion of the anterior mitral
leaflet and the shape of mitral inflow [44, 45, 65]. During diastole, a pair of counter rotating
vortices has been consistently reported to form distal to the mitral valve. In three-dimensions,
this pair of vortices extend to form a ring-like vortex shape. 4D flow MRI has enabled the
characterization of the instantaneous time-evolution of 3D vortex ring flow within the LV
over the complete diastole [45]. Formation of vortex ring flow has been suggested to help
efficient MV closure and diastolic filling, minimize kinetic energy loss and prevent thrombus
formation [1, 56, 66, 67]. Vortex flow patterns can change due to age, gender, blood pressure,

ventricular geometry and mitral/atrioventricular valve abnormalities [46, 68].

In patients after AVSD correction, the LV inflow over the LAVV is altered (i.e., a more
lateral inflow was shown by streamline visualization) (Figure 2) [32]. 4D flow MRI with
particle tracing showed that this altered inflow after AVSD correction also affected the intra-
cardiac flow organization, which presented as reduced direct flow and increased retained
inflow in apical and lateral region of the LV cavity [43]. Despite that global cardiac function
parameters (including EF, EDV, SV, CO) were within the normal range in these patients,
significantly altered vortex ring flow properties were found and associated with a 2-4 fold
increase in viscous energy loss levels compared to healthy volunteers [2, 46]. This might
indicate that properties of vortex ring flow within LV blood flow could be a subclinical

marker of cardiac (dys)function preceding decline in global functional parameters [2].

In patients with systolic or diastolic dysfunction, flow disturbances can be evaluated with 4D
flow MRI imaging. LV diastolic dysfunction in patients with normal systolic LV function is
a risk factor for mortality [69]. LV diastolic function parameters, such as early (E) and late
(A) filling rates, E/A ratio, and E-peak acceleration and deceleration duration, can be assessed

accurately with the use of 4D flow MRI with retrospective valve tracking [70]. Furthermore,
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a study using 4D flow MRI with color vector visualization showed that in patients with
various stages of diastolic dysfunction, LV diastolic flow only extends a short distance in the
LV and stops in the middle of the L'V cavity due to decreased flow acceleration [71]. Patients
with dilated cardiomyopathy showed a smaller direct flow volume and greater end-diastolic
KE distribution in the residual volume, despite normal LV stroke volume, as shown by
particle tracing analysis with the 4-component model [72]. Whereas, in patients with
ischemic dilated cardiomyopathy, altered flow patterns were related to complex and
asymmetric vortex rings and decreased vortex volume [44].

Patients who have had a Fontan operation, a palliative treatment for patients with single-
ventricle physiology, have complex and heterogeneous underlying ventricular morphologies
which makes studying the intra-cardiac blood flow in these patients challenging. However,
the dynamic and 3D nature of the blood flow in these patients makes 4D flow MRI
particularly suitable for the assessment and quantification of these flow patterns. Recently,
various blood flow patterns were shown in these patients with 4D flow MRI with streamline
visualization and inflow volumes were quantified with retrospective valve tracking [37].
Assessment of the caval blood flow in these complex patients will be addressed in the section

on intravascular blood flow patterns.
Flow patterns in the right ventricle

Visualization of flow in the RV remains challenging because of the complex 3D shape of this
ventricular cavity. In vivo and in vitro studies showed that in the normal RV, blood flow
rearranges along the converging outflow tract during systole to form helical circulating flow
towards the pulmonary orifice [5, 41, 56]. Particle tracing analysis in the RV showed that
44% of the blood is direct flow, which moves from the RA into the RV during diastole and
moves towards the RV outflow tract, rounding the infundibular septum and contributing to
vortical formation that extends in the outflow tract [41]. Compared to the other flow
components, this direct flow possesses a larger presystolic KE, which may benefit the
efficiency of systolic ejection [41].

Extensive knowledge of the RV flow and function is of interest in many types of heart defects,
especially in patients with CHD, as lesions affecting the RV are an independent risk factor
for early attrition [73]. For example, patients with Tetralogy of Fallot (ToF) have altered RV
flow patterns resulting in increased vortical flow patterns in the RA and RV during diastole
[74]. Accurate assessment of forward flow and regurgitation fraction over the tricuspid and
pulmonary valve in these ToF patients after corrective surgery, which is important in the
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assessment of RV diastolic functional impairment, can be performed using 4D flow MRI

with retrospective valve tracking [75].

In patients with pulmonary hypertension (PH), RV diastolic dysfunction (RVDD) is an
important prognostic factor [76]. Recently, it was shown by 4D flow MRI that patients with
RVDD due to PH have altered vorticity in the RV at peak E- and A- diastolic filling. The
presence of altered RV vorticity could be a valuable marker to evaluate the risk of RVDD
development, as it was shown to have a clear relationship [77]. Furthermore, 4D flow MRI
showed that PH is related to altered KE RV work density (i.e., a measure of the amount of
work the RV has produce to transport blood from RA to the pulmonary artery) and viscous
energy loss in the blood flow in the pulmonary artery [78], which is also shown to be related

to increased vorticity in the blood flow in the pulmonary artery [79].

In patients with ischemic heart disease, 4D flow MRI could be used to detect impairment of
RV function, as shown by changes in flow distribution and KE, which could potentially have
prognostic implications [80].

Flow patterns in the great vessels
Aorta

Normal aortic flow patterns include right-handed helical outflow and late systolic retrograde
flow (blood flowing counter to the main forward stream), as shown by 4D flow MRI [34,
81]. This helical and retrograde flow results from the curvature of the arch, the pulsatility of
the blood flow and the compliance of the aortic wall [81]. Aging has been shown to influence
flow patterns in several ways; direction of the helical flow may change from right-handed to
left-handed [82, 83], the aortic velocity distribution may change, resulting in changing WSS
maps [84-86] and PWV values along the aorta increase [87, 88]. Therefore, age has to be
taken into account when evaluating aortic flow patterns in healthy subjects and patients with
cardiovascular disease. The application of 4D flow MRI in patients with aortic disease is
promising as it can help gain knowledge of the disease progression, it can aid the prediction
of adverse aortic events and can be useful in the optimization of individualized management
strategies. Most extensive aortic 4D flow research has been done in patients with BAV [3, 7,
8] and Marfan syndrome [9-13].

Patients with BAV frequently develop aortic valve dysfunction, ascending aortic aneurysms,
and aortic dissection. For many years, aortic dilatation in these patients has been attributed
to the genetic susceptibility resulting in a concomitant abnormal development of the
ascending aorta and BAV. 4D flow MRI shed another light on this hypothesis by identifying
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different abnormal outflow patterns in the ascending aorta (Figure 6) that might predispose
to this aortopathy [7, 8]. Recently, it has been shown that different fusion patterns of the
aortic valve will lead to different impingement flow jets on the ascending aortic wall [3, 8].
Fusion of right and left leaflets causes right-handed helical flow and right-anterior flow jets,
while right and non-coronary leaflet fusion causes left-handed helical flow with left-posterior
flow jets [8]. These regions of altered flow patterns show elevated WSS which correlates
well with extracellular matrix changes in that aortic region [3]. This suggest a hemodynamic
contribution of the aortopathy.

In patients with Marfan syndrome, an inherited connective tissue disease at risk for thoracic
aortic dilatation, local helix flow in the ascending aorta as well as abnormal regional WSS
has been linked to increased aortic size [9-11]. Furthermore, in young patients with Marfan
syndrome, hemodynamic differences in WSS were found at specific regions along the
thoracic aorta that correspond to the locations where aortic dissection and aortic rupture often
originate in these patients, i.e., the proximal ascending aorta and proximal descending aorta
[13]. These data, together with the report of a single Marfan syndrome case in which prior to
an aortic dissection type B, formation of abnormal flow patterns and altered WSS in the
proximal descending aorta was observed, suggest that hemodynamic factors may play a

predictive role in the onset of adverse events [12].

Figure 6. Patient with bicuspid aortic valve (BAV, 28 year old man) and mild dilatation of the ascending
aorta. A and B show axial views of through-plane velocity-encoded phase contrast MRI acquisition of the
flow velocity through the valve (A: magnitude image, B: phase image). In C, a double-oblique lateral view of
the aortic outflow tract with BAV is presented. D shows streamline visualization with color coding of systolic
outflow, with abnormal circulating blood flow (arrowhead) and helical flow in the aortic arch.
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In patients with coarctation of the aorta (CoA), a short segment of narrowing of the proximal
descending aorta just beyond the origin of the arteries that supply the head and arms, 4D flow
MRI is an accurate method for the evaluation of collateral flow, which is related to
hemodynamic significant coarctation [89]. Also, altered flow patterns and increased WSS
can be found in patients with CoA in the entire aorta, before and after repair (Figure 7) [90].
Other promising applications of aortic 4D flow MRI are related to noninvasive investigation
of trans-stenotic pressure gradients in the presence of stenosis in vascular diseases such as
aortic CoA [91, 92]. Today, severity of stenosis in CoA is estimated by ultrasonography but
the pressure gradients are often overestimated compared to the actual measurements in vivo
per catheter. This potentially leads to unnecessary early interventions, with its risk for the
need of more complex and a larger amount of re-interventions per patient. Thus, better
predicting the need and timing of intervention for aortic CoA non-invasively can be
optimized with 4D flow MRI. Furthermore, energy losses that appears in these turbulent flow
conditions can be quantified and maps for dissipation of kinetic energy can be created [93,
94]. These applications make it possible to simulate with advanced post-processing software
(by virtual interventions) which intervention preserves the natural thoracic aortic function the
most, prior to the intervention [95].

-10cm/s
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Figure 7. Patient with a coarctation of the aorta (CoA, 29 year old woman). In A, a bright blood image of the

aortic arch and proximal descending aorta with CoA (arrow) is presented, B shows the streamline visualization
with color coding. Distal to the CoA, abnormal flow with recirculation is presented (arrowhead).

Pulmonary artery

In normal pulmonary physiology, two counter-rotating helical flow structures in the main
pulmonary artery (PA) were shown with 4D flow MRI, which both contribute mainly to the
flow in the right pulmonary artery (RPA) [96]. In early systole, blood flow from the right
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side of the PA is distributed to the RPA and blood flow from the left side of the PA is
distributed to the left pulmonary artery (LPA), while later in systole blood flow from the left
posterior side of the PA is distributed to the RPA as shown by streamline visualization [96].
Changes in the pulmonary blood flow are age dependent, which may be helpful in future
studies in understanding pathological blood flow in patients with pulmonary disease [97].

Patients with PH are currently diagnosed when mean pulmonary artery pressure (mPAP),
measured invasively by right heart catheterization, exceeds 25 mmHg [98]. However, 4D
flow MRI with streamline visualization showed abnormal vortical flow in the main PA of
these patients. The presence, and in particular the duration of vortical flow presence, could
become a useful noninvasive diagnostic marker as it has been shown to correlate well with
mPAP [79]. Also, a decrease in vorticity in the main PA and RPA as assessed by 4D flow
MRI was recently associated with an increase in pulmonary vascular resistance (PVR) in
patients with PH [99].

Altered flow patterns have also been described with 4D flow MRI in the PA of patients with
repaired ToF [74]. The increase of these abnormal flow patterns, specifically helical and

vortical flow, could be related to the size of the pulmonary arteries or increased PVR and
clevated PAP [74].

In patients with a Fontan circulation, blood flows passively from the IVC and SVC to the
pulmonary arteries without passing through a ventricle. As expected, this results in altered
pulmonary and caval blood flow patterns [39]. As these patients require lifelong follow-up,
accurate visualization and quantification of flow patterns is crucial. Several 4D flow MRI
studies have shown that blood flow from the SVC favors the right pulmonary artery, while
most of the IVC blood flows to the left pulmonary artery, as shown by particle tracing
analysis [100, 101]. Recently it was shown that the cross-sectional area of the pulmonary
arteries in these patients is related to altered flow distribution [101]. The study of caval blood
flow distribution could help to identify the patients at risk for Fontan failure or the
development of pulmonary arteriovenous malformations, an important complication in these

patients leading to systemic oxygen desaturation [102].

Conclusions and future application/advances

In the recent years, 4D flow MRI has emerged as a suitable technique for research use and
several studies have shown its clinical value in patients with congenital and acquired heart
disease. Shorter acquisition duration has made this application feasible in the clinic.

However, dedicated studies investigating the reproducibility and reliability of some of the
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4D flow MRI parameters are still warranted before 4D flow MRI can be applied in daily
clinical practice. In this review, we showed the different advantages and possibilities of 4D
flow MRI intra-cardiac as well as intravascular. Knowledge of normal and abnormal blood
flow has increased the understanding of normal physiology and is necessary for the
distinction between cardiovascular healthy and diseased. 4D flow MRI is a promising
additional diagnostic tool that could aid in management of cardiovascular disease and timing
of surgical intervention. Furthermore, 4D flow MRI gives the opportunity to further unravel
the influence of different surgical reconstruction methods on the cardiac and vascular
function. However, longitudinal follow-up studies are needed to clarify the clinical value of
4D flow MRI derived hemodynamic factors for risk stratification. Other future applications
could include the use of 4D flow MRI in the assessment of blood flow patterns in coronary
arteries, which is currently still too challenging because of demands regarding the high spatial
resolution needed for such small vessels and stringent necessity of cardiac motion correction,
but this application might become feasible when further improvements in hardware and
imaging at high field strength become available.
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Abstract

Objective

To evaluate the in-scan and scan-rescan consistency of left ventricular (LV) in- and outflow
assessment from 1) 2D planimetry; 2) 4D flow magnetic resonance imaging (MRI) with
retrospective valve tracking and 3) 4D flow MRI with particle tracing.

Methods

Ten healthy volunteers (age 27+3 years) underwent multi-slice cine short-axis planimetry
and whole-heart 4D flow MRI on a 3T MRI scanner twice with repositioning between the
scans. LV in- and outflow was compared from 1) 2D planimetry; 2) 4D flow MRI with
retrospective valve tracking over the mitral valve (MV) and aortic valve (AV) and 3) 4D flow
MRI with particle tracing through forward and backward integration of velocity data.

Results

In-scan consistency between MV and AV flow volumes is excellent for both 4D flow MRI
methods with 1>0.95 (P<0.001). In-scan AV and MV flow by retrospective valve tracking
shows good to excellent correlations versus AV and MV flow by particle tracing (r>0.81,
P<0.004). Scan-rescan SV assessment by 2D planimetry shows excellent reproducibility
(ICC=0.98, P<0.001, CV=7%). Scan-rescan MV and AV flow volume assessment by
retrospective valve tracking shows strong reproducibility (ICCs>0.89, P<0.05, CVs<12%),
as well as by forward and backward particle tracing (ICCs>0.90, P<0.001, CVs<11%). Multi-
component particle tracing shows good scan-rescan reproducibility (ICCs>0.81, P<0.007,
CVs<16%).

Conclusion

LV in- and outflow assessment by 2D planimetry and 4D flow MRI with retrospective valve
tracking and particle tracing show good in-scan consistency and strong scan-rescan
reproducibility, which indicates that both 4D flow MRI methods are reliable and can be used
clinically.
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Introduction

Accurate assessment of left ventricular (LV) in- and outflow volumes is crucial for the
evaluation of cardiovascular disease and the distinction between health and disease. The most
commonly used approach for assessing LV dimensions and stroke volume is multi-slice
planimetry from cine short-axis slices. However, this approach has important limitations for
direct quantitation of in- and outflow volumes in the presence of (multi-valve) regurgitation
or intracardiac shunts. In such cases, a direct flow assessment at the LV inlet and outlet will
resolve these limitations [1, 2].

Four-dimensional (4D) flow MRI (three-dimensional cine phase-contrast (PC) MRI with
three-directional velocity-encoding) represents all directions and spatial regions of blood
flow velocity and has emerged as a suitable technique for comprehensive visualization and
quantification of blood flow volumes over the valves [1-11]. 4D flow MRI with retrospective
valve tracking enables accurate direct flow volume quantification through all four valves
within a single acquisition, even in patients with valve regurgitation [1, 2] and allows for
assessment of diastolic function in the presence of aortic or pulmonary valve regurgitation
[7]. 4D flow MRI can also be used in combination with particle tracing to evaluate the

intracardiac blood flow distribution and ventricular in- and outflow volumes [5, 8-11].

This approach allows unprecedented insights into normal intracardiac physiology and the
way it changes due to congenital or acquired heart disease and may eventually lead to new
parameters for early detection of cardiovascular disease [9, 10]. Four functional flow
components can be discriminated in a multi-component particle tracing approach as
introduced by Bolger et al. [8]. This approach has been used to show ventricular in- and
outflow in the healthy LV [5] and right ventricle (RV) [11], as well as for identification of
changed ventricular flow in patients with various cardiovascular diseases [9, 10, 12].
Validation of this method and comparison with other techniques for LV volumetry is
currently lacking, as particle tracing was only compared to echocardiography and 2D phase-
contrast MRI [5] and it was never tested against 2D planimetry or 4D flow MRI with
retrospective valve tracking. Both retrospective valve tracking as well as particle tracing have
shown good accuracy in LV in- and outflow assessment and low intra- and interobserver
variation from repeated analysis [1, 2, 5]. However, scan-rescan reproducibility of LV in-
and outflow assessment by valve tracking and particle tracing remains unknown. Scan-rescan
reproducibility is important in the clinical workflow since patients often undergo several MRI
examinations during their life as follow-up. Furthermore, scan-rescan reproducibility is
essential to differentiate an abnormal stress response with prognostic importance from a

normal response during a stress MRI-examination [13].
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Therefore, the purpose of this study is to compare LV in- and outflow from 1) 2D planimetry;
2) 4D flow MRI with retrospective valve tracking and 3) 4D flow MRI with particle tracing

and to assess the scan-rescan reproducibility of these three methods.
Methods

Study population

The study protocol was approved by the Medical Ethical Committee of the Leiden University
Medical Center and informed consent was obtained from all participants. Ten healthy
volunteers with no history of cardiac disease were included. All subjects underwent an MRI
scan including whole-heart 4D flow MRI between July 2015 and March 2016. The same
scanning protocol was performed twice in the same session with a 10-minute break between

the scans and repositioning and replanning for every volunteer.
MRI acquisition

Whole-heart 4D flow MRI was obtained on a 3 Tesla MRI scanner (Ingenia, Philips Medical
Systems, with Software Stream 4.1.3.0) with maximal amplitude of 45 mT/m for each axis,
slew rate of 200 T/m/sec and a combination of FlexCoverage Posterior coil in the table top
with a dStream Torso coil, providing up to 32 coil elements for signal reception. The
orientation of the acquisition of 4D flow data was identical to the four-chamber orientation
(usually double-oblique axial or coronal). Velocity-encoding of 150 cm/s in all three
directions was used in a standard four-point encoding scheme, spatial resolution
3.0 x 3.0 x 3.0 mm?, flip angle 10°, echo time (TE) 3.7 ms, repetition time (TR) 10 ms, true
temporal resolution 40 ms, SENSitivity Encoding (SENSE) factor 2 in anterior-posterior
direction and Echo Planar Imaging (EPI) readout with a factor 5 for acceleration. No contrast
agent was used. Concomitant gradient correction and local phase correction were performed
from standard available scanner software and the heart was scanned in the isocenter of the
magnet to minimize phase offset. For the 4D flow MRI acquisition, whole-body Specific
Absorption Rate (SAR) was < 0.3 W/kg and Specific Energy Dose (SED) was <0.2 kJ/kg.
Cine 2D left two-chamber, four-chamber, coronal and sagittal aorta views and a cine multi-
2D short-axis stack of slices were acquired, using steady-state free-precession sequences with
TE/TR 1.5/3.0, 350 mm field-of-view, 45° flip angle, acquisition resolution 1.9 x 2.0 x 8.0
mm?. Retrospective gating was used with 30 phases reconstructed to represent one cardiac
cycle. Free breathing was allowed without using motion suppression, three signal averages
were taken to minimize effects of breathing motion. For the 2D cine acquisition, whole-body
SAR was < 2.6 W/kg and SED was <0.5 kJ/kg.
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MRI analysis

Image analysis was performed by one observer with two years of experience in MRI (VPK)
and verified by one observer with over 15 years of experience in MRI (JJMW). Ventricular
volume segmentation was done based on multi-slice 2D cine short-axis images using in-
house developed MASS software (Leiden University Medical Center, Leiden, the
Netherlands). The endocardial border was manually traced in all slices and phases and
ventricular volume was calculated at the end-diastolic (ED) and end-systolic (ES) phases.
Papillary muscles were disregarded and assumed to be included in the ventricular volume.
Stroke volume (SV) was calculated as left ventricular end-diastolic volume (LVEDV) - left

ventricular end-systolic volume (LVESV).

Phase wrapping artefacts in the 4D flow data were corrected in the source images [14].
Retrospective valve tracking over the mitral valve (MV) and aortic valve (AV) was done
using in-house developed MASS software (Leiden University Medical Center, Leiden, the
Netherlands) following previously published methods [1, 2]. In short, streamlines of LV in-
and outflow were visualized and multi-planar reformatting planes (MPR) were obtained
perpendicular to these streamlines in all phases at the location of peak flow velocity.
Through-plane velocity-encoded MPR images for all phases were reconstructed (typically in
sets of 5 parallel slices with 5 mm interslice distance) on which borders of the MV or AV
and myocardial wall (for through-plane motion and velocity offset error correction, not
necessarily in the same slice as the transvalvular flow velocity) were manually segmented.
Correct positioning of the MV and AV and background contours was verified using the
resulting velocity-time curves. LV in- and outflow per heart beat were obtained as area under
the curve from resulting flow rate-time curves. For internal validation, the net LV inflow
volume per heartbeat measured over the MV (MV flow) was compared with the net LV
outflow volume per heartbeat measured over the AV (AV flow). Cardiac output (CO) was
computed from the 4D flow data as: LV outflow volume per heartbeat x Heart Rate (HR).

For segmenting the LV cavity in the 4D flow MRI data, the available segmentation of the 2D
cine short-axis acquisition was used. To correct for patient motion-related misalignment
between the two acquisitions, automated image-based 3D rigid registration was performed
using the phase with optimal depiction of the LV cavity in both scans with the Elastix image
registration toolbox [15]. In addition to the concomitant gradient correction as provided by
the scanner software, prior to particle tracing, the residual velocity offset errors were further
minimized by subtracting the median velocity within the myocardial region at the moment
of end-systole for all voxels and at every time phase. The 4D velocity data was then used for

the particle tracing algorithm, using fourth-order Runge-Kutta numerical integration with a
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time-step of one fifth of the actual temporal resolution (~8 ms) to create pathlines. At end-
diastole, each voxel inside the LV was considered to represent one seed point (i.e., one
particle). Pathlines of the particles were calculated by integration of velocity data over time:
backward tracing over the diastole and forward tracing over systole. In- and outflow was
allowed over the MV and AV only; particles exiting the LV other than into the aorta (i.e.,
aortic outflow) or the left atrium (i.e., mitral regurgitation) were calculated and excluded
from analysis. Using particle tracing, L'V in- and outflow volumes (i.e., flow volume over
MYV and AV, respectively) can be calculated in two ways. The first method is by performing
a direct calculation by forward tracing to calculate AV flow and by backward tracing to
calculate MV flow. The second method is by using the multi-component particle tracing
evaluation (i.e., discriminating direct flow, delayed ejection flow, retained inflow and
residual volume) as introduced by Bolger et al. [8] and then summing direct flow and
delayed ejection flow components to calculate the AV flow volume and summing

direct flow and retained inflow components to calculate MV flow.
In-scan comparison of MRI methods

To evaluate in-scan agreement (i.e. measurements within one scan), SV by short-axis 2D
planimetry was compared to AV flow assessment from retrospective valve tracking and from
particle tracing analysis. Furthermore, to evaluate agreement between the two 4D flow MRI
methods, MV and AV flow values from retrospective valve tracking were compared to MV
and AV flow values from particle tracing analysis. Figure I shows the three methods for LV

in- and outflow assessment that were used.
Scan-rescan analysis

For the scan-rescan analysis, all data were presented blinded to the observer and all scans
were analyzed in a random order. Scan-rescan analysis was performed to test the
reproducibility of 1) SV assessment by 2D planimetry; 2) MV and AV flow volume
assessment by 4D flow MRI with retrospective valve tracking and 3) MV and AV flow
volume assessment by 4D flow MRI with backward and forward particle tracing only and

multi-component particle tracing.

Statistical analysis

Data analysis was performed using SPSS Statistics software (v. 23.0 IBM SPSS, Chicago,
IL). Variables were tested for normal distribution using the Shapiro-Wilk test. Continuous
data was expressed as mean + standard deviation (SD) or as median with inter-quartile range
(IQR), in case of non-normality of the data. Mean differences were determined for in-scan
and scan-rescan comparison and for comparison of different methods. Significance was
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tested by a paired samples t-test or, in case of non-normality, the Wilcoxon signed-rank test.
Correlation between two methods or measurements done in repeated scans was tested by the
Pearson correlation coefficient (r), or the Spearman correlation coefficient (p) in case of non-
normality of the data. The approach described by Bland and Altman [16] was used to study
systematic differences between the two scans. To detect a possible trend in bias in the Bland-
Altman plots, linear regression was performed for the differences versus the means.
Agreement between scans was assessed by determining the intra-class correlation (ICC)
coefficient and coefficient of variation (CV). The CV was defined as the SD of the differences
between two series of measurements divided by the mean of both measurements. Correlation
and agreement were classified as follows for both r and ICC: >0.95: excellent, 0.95-0.85:
strong, 0.85-0.70: good, 0.70-0.5: moderate, <0.5: poor. A P-value <0.05 was considered
statistically significant.

Reproducibility of LV in- and outflow assessment by 4D flow MRI | 117




Figure 1. Three methods illustrating the assessment of LV in- and outflow volumes. Short-axis planimetry
(in a, planning for multislice 2D short-axis is illustrated on four-chamber view and in b, mid-ventricular short-
axis slice is presented). Streamline representation of 4D flow MRI shows mid-systolic aortic outflow (c¢) and
early diastolic mitral (d) inflow volume with the positioning of the retrospective valve tracking indicated by a
dashed line. Outflow assessment over the aortic valve by forward particle tracing (e) and inflow assessment

over the mitral valve by backward particle tracing (f)
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Results

Volunteer characteristics are shown in Table 1. Fifty percent of the study group were male
(5/10), mean age was 27 + 3 years. HR was marginally significantly different between the
two scans (scan 1: 62.3 + 7.3; scan 2: 59.8 + 7.6 bpm, P=0.047). CO was not significantly
different between the two scans (scan 1: 5.7 £ 0.8; scan 2: 5.7 £+ 1.4 1/min, P=0.88). 4D flow
MRI data acquisition was successful in all volunteers. Mean acquisition time of the whole-
heart 4D flow MRI scan was 9.6 + 1.4 minutes in scan 1 and 9.5 + 1.7 minutes in scan 2. In
two cases phase wrapping occurred. This was mathematically unwrapped in the source
images of the respective velocity directions which presented the phase wrap.

Table 1. Characteristics of the volunteers

Total population

N 10
Male % 50 (5)
Age (years) 27+3
Height (cm) 176 £7
Weight (kg) 69 + 13
BSA (m?) 1.8+0.2
BMI (kg/m?) 22+3
Scan 1 Scan 2 P-value
HR (bpm) 62.3+7.3 59.8+7.6 0.047
CO (I/min) 5.7+0.8 57+14 0.88

Data are presented as mean + standard deviation. Abbreviations: BMI = Body Mass Index, BSA

= Body surface area, HR = Heart rate, bpm: beats per minute.
In-scan comparison of MV versus AV flow for both 4D flow MRI methods

Table 2 shows the in-scan comparison of flow volume assessment through the MV and AV
by retrospective valve tracking and by particle tracing. When using retrospective valve
tracking, both scans show excellent correlation between MV and AV flow volumes (scan 1:
r=0.95, P<0.001; scan 2: r=0.98, P<0.001). The mean difference between MV and AV flow
was -2.7 £ 5.5 mL (P=0.15) in scan 1 and -2.3 £ 5.7 mL (P=0.23) in scan 2. The ICC is
excellent (scan 1: 0.97, P<0.001; scan 2: 0.98, P<0.001) and the CV of MV and AV flow
assessment by retrospective valve tracking is small in both scans (6%). Also when using
particle tracing analysis to determine LV in- and outflow, excellent in-scan correlation
between MV versus AV flow volumes is observed in both scans (scan 1: r=0.95, P<0.001;
scan 2: r=0.99, P<0.001). The mean difference between MV and AV flow in scan 1 was -
0.04 £ 11.3 mL (P=0.99) and -5.9 + 6.8 mL (P=0.02) in scan 2. The ICC is strong (scan 1:
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0.92, P=0.001; scan 2: 0.93, P<0.001). The CV of MV and AV flow assessment by particle
tracing shows more variation (8-12%) than assessment by retrospective valve tracking.

In-scan comparison of MV and AV flow between MRI methods

Figure 2 shows the in-scan comparison between SV assessment by short-axis 2D planimetry
versus AV flow assessment by retrospective valve tracking (Figure 2a) and SV assessment
by short-axis 2D planimetry versus AV flow assessment by particle tracing analysis (Figure
2b). AV flow assessment by retrospective valve tracking shows strong to excellent
correlation with 2D planimetry (scan 1: r=0.88, P=0.001; scan 2: r=0.95, P<0.001). AV flow
assessment by particle tracing shows excellent correlation with 2D planimetry (scan 1:
=0.95, P<0.001; scan 2: r=0.95, P<0.001). The Bland-Altman plots, also shown in Figure
2, display small limits of agreements. However, SV by 2D planimetry versus AV flow
assessment by retrospective valve tracking shows a significant trend in scan 1 (r=-0.64
P=0.05), but not in scan 2 (r=-0.17 P=0.64), as shown in Figure 2a. This trend in scan 1
means that the differences between 2D planimetry and retrospective valve tracking increase
with an increasing mean from both methods. A significant trend is also present in the
measurement of SV by 2D planimetry versus AV flow assessment by particle tracing in both
scans. The linear regression lines are plotted in Figure 2b (scan 1: r=-0.85, P=0.002; scan 2:
r=-0.84 P=0.002). This trend in both scans means that the differences between 2D planimetry

and particle tracing increase with an increasing mean from both methods.

120 | Chapter 7



UOTJBLIBA JO JUDIOIJO0I=A ) JUSIIIJFO00 UOTJB[IIIOD SSB[ORIUI=) ] ‘DA[RA [ENTW=A]JN ‘QAJA OTJIOB=AY SUONIBADIqQY

S0°0>d S9YRIIPUL, ‘100" 0>d SAILIIPU],
15031 sojdures poired oy Yim poje[no[ed 9I0M SOOUSII(,

06 (Tsor [CRE4!
8 4(660-95°0) €60 466°0 -991-) 89 F 66~ “T89) 9°€1 T 188 -€'€9) 00T F I'v6 T ueds Juroen donIed
(Fat (rert (reer
! 2(86°0-59°0) T6°0 aS6'0  -LTT) ETTFH0°0- -SIL) 0vT F9'16 “S'LS)9ETFLT6 [ ueds Suroen d[onIed
(89 (F'9z1 (0°s€t1 T ueods
9 L0071-€60) 86°0 486°0 LI LSFET -0'99) 6'0T F €56 “€T9) 0YTF9°L6 Sunpoen oAJeA dATI0dsONOY
(TrL (x4 (T1e1 [ ueds
9 (66°0-L8°0) L6'0 aS6°0 TI)SSFLT “+'89) S'ST F L'T6 Y1L) O'LT F1'S6 Suppoen dAJeA dAT00dsONY
(xew (xew (xew
-ur) Js F UedN - umw) S F VBN - utw) (S F UeO
JUIIIJJI0d
(%) uoneR.LId LTu) (AN
AOD (T'D %S6) D1 uosIedg -AY) ddudIRPIq (Tw) Mo AV () Moy AW

sisATeue Suroer oponted

pue Supjoe1) dAJeA 9A1309dsona1 Aq (AY) 9A[RA d11I0E pue (AJA) [BIIW oY) YSNOIY) SOWN[OA MO[} JO JUSWSSISSE JO ADUI)SISUOD [RUIN] *T B L

Reproducibility of LV in- and outflow assessment by 4D flow MRI | 121



a. 2D planimetry versus retrospective valve tracking
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Figure 2. Scatterplots and Bland—Altman plots for comparison of left ventricular in- and outflow by 2D
planimetry and 4D flow MRI with retrospective valve tracking and particle tracing. (a) left: scatter plot
depicting the correlation between SV measured by 2D planimetry versus AV flow measured by retrospective
valve tracking in scan 1 and scan 2, right: Bland-Altman plot depicting the agreement between SV measured
by 2D planimetry versus AV flow measured by retrospective valve tracking in scan 1 and scan 2. (b) left:
scatter plot depicting the correlation between SV measured by 2D planimetry versus AV flow measured by
forward particle tracing in scan 1 and scan 2, right: Bland-Altman plot depicting the agreement between SV
measured by 2D planimetry versus AV flow measured by forward particle tracing in scan 1 and scan 2. The
linear regression lines are plotted in the Bland-Altman plots.
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Table 3 shows the in-scan comparison of MV flow assessment by retrospective valve tracking
versus MV flow assessment by particle tracing and the in-scan comparison of AV flow
assessment by retrospective valve tracking versus AV flow assessment by particle tracing.
MYV flow from retrospective valve tracking versus MV flow from particle tracing shows
strong correlation in both scans (scan 1: r=0.95, P<0.001; scan 2: r=0.88, P=0.001). There is
no significant difference between MV flow values from retrospective valve tracking and MV
flow values from particle tracing (scan 1: 3.7 £ 9.1 mL, P=0.23; scan 2: 3.6 £ 11.5 mL,
P=0.35). Also, AV flow from retrospective valve tracking versus AV flow from particle
tracing shows good correlation in both scans (scan 1: r=0.81, P=0.004; scan 2: r=0.87,
P=0.001) and no significant difference between AV flow values from retrospective valve
tracking and AV flow values from particle tracing (scan 1: 1.1 £9.2 mL, P=0.72; scan 2: 7.2
+11.2 mL, P=0.07).

Table 3. Comparison between retrospective valve tracking and particle tracing for MV and AV

flow quantification

Statistics MYV retrospective valve AV retrospective valve
tracking versus MV tracking versus AV particle
particle tracing tracing

Scan 1

Mean difference (mL) 3.7+9.1 1.1+£9.2

P-value* 0.23 0.72

Pearson correlation coefficient 0.95 0.81

P-value <0.001 0.004

Scan 2

Mean difference (mL) 3.6+11.5 72+11.2

P-value* 0.35 0.07

Pearson correlation coefficient 0.88 0.87

P-value 0.001 0.001

*P-values were calculated with the paired samples t-test
Abbreviations: AV= aortic valve, MV= mitral valve

Scan-rescan analysis of MRI methods

Results of the scan-rescan analysis for flow assessment by all three methods (2D planimetry,
4D flow MRI with retrospective valve tracking and particle tracing) are presented in Table
4. Scan-rescan assessment of SV by 2D planimetry shows excellent correlation between both
scans (r=0.95, P<0.001) with an excellent ICC (0.98, P<0.001) and low CV (7%) indicating
excellent reproducibility. Also, scan-rescan assessment of MV and AV flow volumes by
retrospective valve tracking from 4D flow MRI shows good reproducibility with good to
strong Pearson correlation coefficients (MV: r=0.90, P<0.001; AV: r=0.83, P<(0.003) and a
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strong ICC (MV: 0.92, P<0.001; AV: 0.89, P=0.002). CVs for both MV and AV flow
assessment by retrospective valve tracking are low (MV: 12%; AV: 12%). MV and AV flow
assessment by particle tracing from backward (MV) and forward (AV) particle tracing only
shows good to strong correlation between both scans (MV: r=0.89, P=0.001; AV: r=0.83,
P=0.003), non-significant differences (MV: 2.4 £ 10.7 mL, P=0.50 ; AV: -3.5 + 8.2 mL,
P=0.21) and strong ICCs (MV: 0.94, P=0.001; AV: 0.90, P=0.001). CVs for both MV and
AV flow assessment by backward and forward particle tracing only are low (MV: 11%; AV:
9%).

MYV and AV flow assessment by particle tracing using the multi-component analysis shows
good correlation between the values from both scans (MV: r=0.76, P=0.01; AV:
r=0.72, P=0.02), a non-significant difference (MV: 0.8 = 13.6 mL; AV:, -5.8 £ 10.7 mL)
and good to strong ICCs (MV: 0.88, P=0.003; AV: 0.81, P=0.007). CVs for both MV
and AV flow assessment by multi-component particle tracing are acceptable (MV: 16%);
AV: 12%).

Scatter plots and Bland-Altman plots for flow assessment by 2D planimetry and 4D flow
MRI with retrospective valve tracking and particle tracing are shown in Figure 3. No trend
is present in the Bland-Altman plot for the assessment of SV in scan 1 versus SV in scan 2
(r=-0.10, P=0.80), as shown in Figure 3a. The Bland-Altman plot for the assessment of AV
and MV flow from retrospective valve tracking (Figure 3b) shows a significant trend for
the scan- rescan assessment of MV flow, but not for AV flow (MV: r=0.63, P=0.05; AV:
r=0.48, P=0.16). This trend in MV flow assessment by retrospective valve tracking means
that the differences between MV flow assessment by retrospective valve tracking in scan 1
and scan 2 increase with an increasing mean from both scans. The Bland-Altman plot for
the assessment of AV and MV flow from particle tracing (Figure 3c¢) shows no significant
trend for the scan-rescan assessment of MV and AV flow (MV: r=-0.34, P=0.34; AV:
r=-0.05, P=0.89).

124 | Chapter 7



UONEBLIBA JO JUSIIFI00=A ) ‘IUSIONJO0I UONL[IIIOD SSB[OBNUI=) ] ‘QUWINJOA IJOXS =A S ‘DAJBA [EIIW —AJA “OAJEA OIHIOR = A SUONBIAJIQQY

S0°0>d SANBIIPUL, * [00"0>d SAIBOIPU],
1591-1 so[dwres paired oy Yim Paje[NO[ed dIOM SOIUIHI(,

(€¢o1 (s601 (Tu) (mopy uonoals
4! A($6'0-6T°0) 18°0 5tL0  (€€1-L'TT) LOT F8°6- “TES) SYIFIP8  -TIL)SEIF668 POAR[OP + MO[J JORII(T) MO[J AV
(9601 (setn (Tu) (mopyur
91 (L6'0-87°0) 88°0 9L0  (§9T-L'TI)) 9ETF80 SULS) TOIFLES  -0°9S) I'0TF 6'T8  PAUIRIAL + MO 10011(T) MO AN
MO[JINO pue -ul A7 J10J Suroen a[onaed jusuodwod-nny
(Tso1 (rein
6 AL6°0-19°0) 06°0 -€8°0 (S6-L'81-) T8 FS'¢- ST89) 9EIFI88  -SIL)OVIFOI6 (Tu) (ATu0 premio) Moy AV
Q121 (reet
11 o(66°0-LL°0) ¥6°0 680  (TSI-CT1)LOIFHT -€€9) 00TF V6 -S'LS) 9ETFLI6 (Tu) (AJuo premsoeq) Moy AN
MO[JINO pue -ur A7 1oj Suroer) ajonted premioy pue premyoeg
(€756 (6TIT
4! S(L6°0-85°0) 68°0 5680 (L0T-¥81) LTIFOT -0'99) 60TF €6 -1'89) SSTFLT6 () Moy AV
(0-s€1 (T1zn
4! o(86°0-0L°0) T6°0 060  (9LT-L9T-) CTTFTT S€TY)0YTF L6 -VIL) OLIFHS6 () Moy AN
Supjoen oAJeA 0A10ddsSON0Y
(6'1¢€1 (S€1-0°LL)
L A(66°0-16°0) 86°0 aS6°0 (6T1-T67) 0LF80 “vbL) T'TTF €401 8'TTFSE01 (Tw) AS
Anowuerd g
(xewr (xew
(xew-urn) S F UL -um) @S FuedN - uiw) S F UBdN
JUIIJJI0D
(%) AOD (I'D %S6) D1 UOPE[ALI0) U0SIEd +(TW) U T uedg I ueds

(AV) 2ATRA O1I0R PUR (AJA) [BDIW AU} YSNOIY} MO[J PuB (AS) dWN[OA Y0NS (JZ JO UOSLIRAWOD UBISII-URIS * d[qB L

Reproducibility of LV in- and outflow assessment by 4D flow MRI | 125



a. 2D planimetry

® SVy =092+ 864, r=0.95, P<0.001 osv mean difference 0.8, 95% C.. -12.8-14.5
40 | ¥=-0.03x+ 398, r=0.10, P=0.80

g

E I 20
T E -
§ 110 T 10
4 H -
£ kd L] .
E a0
H & e o .
5 &
2 90 £ 10 hd .
a g
8 8
H % 20
H
70 30
a0
50 50
50 70 90 110 130 150 50 70 20 110 130 150
SV by 2D planimetry scan 1 (mL) Mean (SV scan 1, SV scan 2) (mL)
b. Retrospective valve tracking
150 50
=3 @ AV flow —— y=1.13x - 9.08, r=0.83, £=0.003 @ AV flow —— mean difference 2.6, 95% C.|. -20.4-25.5
£ MVflow v =127x- 23,59, 1=0.90, P<0.001 o a0 | ¥=032x-27.501-048,P0.16
< £ MV flow mean difference 2.2, 95% C..-20.0-24.4
8130 N 3p | ¥=036x-3216,r=0.63, =005
g i” =
210 T 10 .
3 5 .
H * .
2 M
Fi £ 0/'/
g 3
§ 90 ; 10 =
g
z % 20 a3
F g
E 70 § 30
K £
H & 40
2
50 50
50 70 20 110 130 150 50 70 90 110 130 150
Flow volumes by retrospective valve tracking scan 1 (mL) Mean flow volumes scan 1 and scan 2 (mL)
150 50
@AV flow _y=0.80c + 14.80, r=0.83, P=0.003 & AVflow —— mean difference -3.5, 95% C.l. 19512.5

¥=-0.03x ~0.52, 1=-0.05, P=0.89
MV flow mean difference 2.0, 95% C.. -18.523.3
30 . v=-017x+18.29,r=034, P=0.34

MV flow ¥=0.76x+ 24.48, r=0.89, P=0.001

&

= E
E =
3 ]
§ 3
[ H
g T P
H H
£ E 0 .
i H ¥ -3
F 0 § 10 LR
H 2
5 £
£ ]
g
£
50 -50
50 70 30 110 130 150 . 0 %0 110 120 150

Flow volumes by particle tracing scan 1 (mL) Mean flow volumes scan 1.and scan 2 (mL)

Figure 3. Scatter plots and Bland-Altman plots for comparison of left ventricular in- and outflow by 2D
planimetry and 4D flow MRI with retrospective valve tracking and 4D flow MRI with backward and forward
particle tracing. (a) left: scatter plot depicting the correlation between SV measured by 2D planimetry in scan
1 and scan 2, right: Bland-Altman plot depicting the agreement between SV measured by 2D planimetry in
scan | and scan 2. (b) left: scatter plot depicting the correlation between MV flow measured by retrospective
valve tracking with 4D flow MRI in scan 1 and scan 2 and the correlation between AV flow measured by
retrospective valve tracking with 4D flow MRI in scan 1 and scan 2, right: Bland-Altman plot depicting the
agreement between MV flow measured by retrospective valve tracking with 4D flow MRI in scan 1 and scan
2 and the agreement between AV flow measured by retrospective valve tracking with 4D flow MRI in scan 1
and scan 2. (c) left: scatter plot depicting the correlation between MV flow measured by 4D flow MRI with
backward particle tracing in scan 1 and scan 2 and the correlation between AV flow measured by 4D flow
MRI with backward particle tracing in scan 1 and scan 2, right: Bland-Altman plot depicting the agreement
between MV flow measured by 4D flow MRI with backward particle tracing in scan 1 and scan 2 and the
agreement between AV flow measured by 4D flow MRI with backward particle tracing in scan 1 and scan 2.
The linear regression lines are plotted in the Bland-Altman plots.
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Percentages of the multi-component particle tracing analysis are: 40.1 [36.6-41.9] % direct
flow, 20.4 + 4.5 % delayed ejection flow, 14.8 + 4.3 % retained inflow and 24.1 + 4.6 %
residual volume in scan 1 and 40.4 + 5.2 % direct flow, 18.4 + 3.5 % delayed ejection flow,
17.6 £ 4.1 % retained inflow and 23.6 + 3.3 % residual volume in scan 2. In scan 1, 13 £ 5
% of the particles was excluded as this portion of the total particles entered or exited the LV
other than through the MV or AV, and in scan 2, 15 £ 5 % of the particles was excluded.
Scan-rescan analysis of the four components of 4D flow MRI with multi-component particle
tracing analysis shows non-significant mean differences between the components of less than
3% (-0.1 [-5.9-5.7] % (P=0.80) for direct flow, -2.0 = 5.8 % (P=0.30) for delayed ejection
flow, 2.8 + 4.3 % (P=0.07) for retained inflow and -0.5 + 4.8 % (P=0.75) for residual

volume).
Discussion

4D flow MRI allows unprecedented assessment of intracardiac flow volumes and provides
new insights into normal physiology and the way this is altered by congenital or acquired
heart disease. Furthermore, 4D flow MRI allows improved quantification of LV in- and

outflow [1-3, 5] and may provide new parameters to assess cardiac dysfunction [9, 10].

In the current study, LV in- and outflow was assessed by 4D flow MRI with retrospective
valve tracking and by particle tracing and both were compared to 2D planimetry. Scan-rescan
reproducibility of all these methods was tested. Main findings of the study are: 1) In-scan
consistency between flow volumes over the MV and the AV is excellent for both 4D flow
MRI methods; 2) In-scan AV flow assessment by both retrospective valve tracking and
particle tracing correlates strongly with 2D planimetry SV assessment; 3) In-scan comparison
between MV and AV flow assessed by retrospective valve tracking and MV and AV flow
assessed by particle tracing shows good to strong correlations with no significant differences;
4) scan-rescan reproducibility of SV assessment by 2D planimetry is excellent and
reproducibility of MV and AV flow by both retrospective valve tracking and particle tracing
analysis is good to strong, however, retrospective valve tracking and particle tracing analysis

show a higher coefficient of variation than 2D planimetry.

Excellent reproducibility of SV assessment by 2D planimetry has already been shown in an
earlier study by Grotenhues et al. [17]. The current study, with an updated scan protocol,
shows similar results with respect to scan-rescan reproducibility of SV assessment by 2D
planimetry. However, in case of multiple valve lesions or intracardiac shunting, SV
assessment from 2D planimetry can be insufficient. In such cases 4D flow MRI with

retrospective valve tracking will be beneficial as it will provide a direct assessment of flow
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at the inlet and outlet of the LV (MV and AV) and valve regurgitation can be directly
quantified [1, 2]. Currently, the most common clinical MRI flow assessment technique is 2D
cine PC MRI with a static imaging plane and velocity encoding in a single (i.e., through-
plane) direction [18]. However, several studies have already shown that 4D flow MRI with
retrospective valve tracking is more accurate than 2D cine PC MRI for transvalvular flow
volume assessment [1, 3, 6]. 4D flow MRI has multiple advantages over 2D cine PC MRI.
First of all, 4D flow MRI represents all directions and spatial regions of flow [19]. Secondly,
when using 4D flow MRI with retrospective valve tracking, positioning of measurement
planes can be changed dynamically in every time frame and adjusted to the orientation of the
flow direction, while with 2D cine PC MRI, the measurement plane cannot adapt to the
motion of the heart and the flow direction during the cardiac cycle [1, 2, 4, 6]. Furthermore,
with 4D flow MRI multiple measurement planes can be defined from a single acquisition,
while 2D cine PC MRI requires a repeated acquisition when assessing flow over multiple
valves, which increases the chance of inconsistencies because of heart rate variation between
the acquisitions. Also, planning of a 3D volume acquisition is more straightforward than
planning 2D acquisition planes. A further clinical benefit of 4D flow MRI with retrospective
valve tracking is that diastolic function can be assessed, especially in the presence of aortic

or pulmonary valve regurgitation leading to two sources of diastolic ventricular inflow [7].

Roes et al. [1] showed excellent intra- and interobserver agreement for flow volume
measurements by retrospective valve tracking over all four valves. The current study
confirms the excellent in-scan consistency for MV and AV flow. Also, in the current study
AV flow assessment by 4D flow MRI with retrospective valve tracking is compared to SV
assessment using 2D planimetry, which shows strong agreement. Furthermore, our study
extents these findings by demonstrating excellent scan-rescan reproducibility with good to
strong correlations (MV flow: r=0.90, P<0.001, AV flow: r=0.83, P=0.003) and strong ICCs.
The CV is small, but shows more variation than SV assessment by 2D planimetry (CV 12%
versus 7%). These results indicate that 4D flow MRI with retrospective valve tracking is a
reliable method that can be used clinically to assess flow volumes, also over repeated

examinations.

LV in- and outflow can also be assessed by using particle tracking derived from 4D flow
MRI. Bolger et al. [8] introduced the use of multi-component particle tracing to quantify four
different functional components of blood flow distribution in the left ventricle (direct flow,
retained inflow, delayed ejection, residual volume). This comprehensive assessment of
intracardiac flow provided unique insights into normal intracardiac flow and how this is

affected by congenital and acquired heart disease. Although the clinical usefulness needs to
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be established, potentially new parameters for early detection of cardiac dysfunction can be
derived from this approach [9, 10]. Furthermore, several studies [5, 8] have used particle
tracing in the evaluation of LV in- and outflow. However, a validation of in-scan and scan-
rescan consistency and reproducibility and comparison with other techniques for LV
volumetry is currently lacking. The current study presents this necessary validation, which is
necessary for a full interpretation of quantified differences in LV stroke volume in a follow-
up study or in a rest-stress evaluation. Eriksson et al. [5] introduced a semi-automated
analysis approach based on the method by Bolger et al. [8] in order to reduce user-
dependency and enhance reproducibility. They have shown that multi-component particle
tracing can be used to evaluate ventricular flow patterns in healthy subjects as well as patients
with dilated cardiomyopathy [10]. In their study, in-scan comparison of MV flow (direct flow
+ retained inflow) and AV flow (direct flow + delayed ejection flow) assessed with particle
tracing did not show significant differences [5]. Furthermore, low intra- and interobserver
variability was shown for the assessment of the flow volumes by particle tracing [5]. A recent
3T MRI study by Calkoen et al. [9] using multi-component particle tracing analysis to assess
transvalvular flow in 32 patients with corrected atrioventricular septal defect, showed a
statistically significant in-scan difference between MV and AV flow volumes assessed with
multi-component particle tracing. In the current study, MV flow and AV flow were not only
calculated from the multi-component analysis over the full cardiac cycle as was done in the
previous studies. Here, also forward particle tracing over systole for AV flow and backward
particle tracing over diastole for MV flow were performed. Using this last approach, in-scan
as well as scan-rescan consistency was strong. The possible explanation for this may be that
for multi-component particle tracing, numerical integration over the full cardiac cycle is
required, while forward and backward particle tracing only requires integration over systole
and diastole, respectively. Adding more time steps in the integration procedure will
accumulate more error over the full cardiac cycle.

Based on the Bland-Altman analyses, some significant trends in bias were seen when the
differences between measurements were correlated with the mean of the measurements. This
should be taken into account when comparing the different methods for SV assessment.
However, in the evaluation of serial scans (during follow-up or in case of a rest-stress
protocol), generally one specific method will be used to detect changes in the SV. In that

perspective, CV and ICC are of more importance for reproducibility of the method of choice.

A limitation of the current study is the low number of samples (i.e., 10 volunteers).
Nevertheless, our findings show good in-scan and scan-rescan reproducibility of both 4D

flow MRI derived measurements of LV in- and out-flow. Additionally, no patient data was
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used in this study as it would be unethical to repeat the long 4D flow MRI acquisition in a
scan/rescan study in a routine clinical evaluation of patients. Still, scan-rescan analysis of
transvalvular flow assessment should also be tested in the presence of valve lesions, shunt
flow and decreased cardiac function. Another important limitation is the lack of gold
standard. We compared LV outflow to 2D planimetry. This method is currently considered
as the reference method for LV volume assessment when image analysis is performed in a
standardized manner [20]. However, planimetry from multi-slice short-axis acquisitions is
also subject to variability, as images are acquired using multiple breath-holds. In-scan
consistency, however, which was used in the current study to compare flow volumes through
MYV and AV, may be considered as an internal reference standard. 3D cine data might perform
better than multi-slice 2D cine. However, this is a novel approach that is not available on all
MRI platforms, and was not available for our study. Also, image segmentation for such
approach also requires a 3D algorithm instead of the current algorithm that was used for 2D
planimetry. Such a 3D approach first requires validation in order to use it in a comparison
study as was presented here. Another limitation is the fact that retrospective valve tracking
is semi-automatic, as in previous studies, since manual interaction was required to position
measurement planes. However, retrospective valve tracking can be performed with low intra-
and interobsever variation, as has been previously published [1, 2]. Compared to 2D cine PC
MRI with velocity encoding in a single direction, the adjustment of measurements planes
requires more processing time (1-2 minutes per valve). Therefore, an automatic valve

tracking procedure could further improve reproducibility and reduce analysis time.
Conclusion

In conclusion, SV assessment by 2D planimetry, and MV and AV flow assessment by 4D
flow MRI with retrospective valve tracking and particle tracing show strong to excellent in-
scan consistency and good to strong scan-rescan reproducibility and correlation, which
indicates that 4D flow MRI with retrospective valve tracking and 4D flow MRI with particle

tracing analysis are reliable methods to assess LV in- and outflow to be used clinically.
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Abstract

Objectvive
To compare 4D flow MRI with automated valve tracking to manual valve tracking in patients

and healthy volunteers.

Methods

Data of 114 patients (33 acquired heart disease; 81 congenital heart disease; median age 17
years, 55% male) and 46 healthy volunteers (median age 28 years, 59% male) who underwent
a 4D flow MRI scan between 2006-2017 at 1.5T or 3.0T MRI was retrospectively evaluated.
Two orthogonal cine steady-state free-precession views of each valve were used for manual
and automated valve tracking. Wilcoxon signed-rank test was used to compare time needed
for analysis and differences and variation in net forward volume (NFV) and valvular
regurgitant fraction. Intra- and inter-observer variability was tested by the intra-class

correlation coefficient (ICC).

Results

Time needed for analysis was significantly shorter for automated versus manual tracking
(patients: 14 [12-15] versus 25 [20-25] minutes, P<0.001). Although overall differences in
NFV and regurgitant fraction were comparable between automated and manual tracking,
NFV variation over four valves was significantly smaller for automated versus manual
tracking (patients: 4.9 [3.3-6.7]% versus 9.8 [5.1-14.7]%, P<0.001). This resulted in
significant reclassification of regurgitation severity. Intra- and inter-observer agreement for
automated tracking was excellent for NFV (intra- and inter-observer: ICC>0.99) and strong-
to-excellent for regurgitant fraction assessment (intra-observer: ICC>0.94; inter-observer:
ICC=0.89).

Conclusion

Automated valve tracking reduces analysis time and improves reliability of valvular flow
quantification by 4D flow MRI in patients with acquired or congenital heart disease and in
healthy volunteers.
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Introduction

In patients with acquired or congenital valvular heart diseases, accurate quantification of
blood flow volumes over the heart valves is essential for overall patient management: from
diagnosis to follow-up and optimal treatment planning (conservative or surgical) [1-3].
Valvular flow quantification by cardiac magnetic resonance imaging (MRI) with velocity-
encoding is considered an important diagnostic tool in addition to conventional imaging
modalities, such as (Doppler) echocardiography [4]. In particular for valvular regurgitation
assessment, it has been suggested that MRI can overcome some limitations that characterize
echocardiography, such as requirements for the acoustic window, operator experience, and

the use of geometric modelling assumptions [5, 6].

Time-resolved, three-dimensional, three-directional velocity-encoded MRI, also termed
four-dimensional (4D) flow MRI allows for direct quantification of blood flow volumes
through all four valves derived from one acquisition and showed superior accuracy over
conventional two-dimensional phase-contrast MRI [7-13], in particular for quantification of
regurgitant volumes and severity of cardiac shunts [4]. Still, widespread use of this approach
into clinical practice is hindered because manual placement and tracking of multi-planar
reformatting planes in every cardiac phase for each valve is a time-consuming procedure with

observer-dependent variation.

We hypothesize that automated valve tracking will reduce analysis time and improve
accuracy of quantification of blood flow volumes by 4D flow MRI post-processing. The
purpose of this study was to compare 4D flow MRI post-processing with automated valve
tracking to manual tracking in patients and healthy volunteers, and to explore potential
differences related to MRI field strength and acquisition protocols.

Materials and Methods

Data in this study were collected as part of several prospective research studies except for
two patients who were scanned for clinical evaluation. Institutional medical ethical approval
was obtained for all prospective research studies and written informed consent was obtained
from all these patients and healthy volunteers. Regarding the two clinical cases, at the time
of the study no ethics approval was required for anonymized studies with patient data that

were collected as part of standard care in the Netherlands.
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Study population

The total study group consisted of 114 patients and 46 healthy volunteers. Patient data was
retrospectively retrieved from several prospective research studies and included patients with
ischemic cardiomyopathy (IschCMP) and mitral valve regurgitation [9], corrected tetralogy
of Fallot (ToF) [10], corrected coarctation of the aorta (CoA) [14] and corrected
atrioventricular septal defect (AVSD) [8]. From the same MRI research database, 46 healthy
volunteers without history of cardiac disease were randomly retrieved. All studies were
performed as clinical research at the Leiden University Medical Center, Leiden, The
Netherlands, from 2006-2017. All included studies contained 4D flow MRI data accessible
for the post-processing-tools, with all heart valves inside the acquired volume-of-interest.
Patients with shunt flow were excluded since the net forward flow volume (NFV) over the
four valves was used as internal reference. Since patient data was obtained using either 1.5T
or 3.0T field strength and different acquisition protocols, the effect of these variables was
tested using data from the healthy volunteers. Some patient and volunteer data has been
reported in previous work: 32 of the 33 patients with IschCMP [9, 12], 29 of the 29 patients
with AVSD [7, 8], 23 of the 24 patients with ToF [10] and 46 of the 46 volunteers [7, 9, 13].
These previous studies reported on manual valve tracking in these separate patient groups,

but current results on automated valve tracking have not been reported.
MRI acquisition

MRI data has been acquired by PJvdB and JJIMW (both 20 years’ experience in cardiac MRI)
using 1.5T or 3.0T MRI systems (Philips Healthcare, Best, The Netherlands). Two validated
4D flow MRI acquisition approaches were followed: a whole-heart protocol covering all four
chambers of the heart [15] or a cardiac basal volume acquisition (planned parallel to the basal
plane of the heart, encompassing all heart valves) [9, 12]. 4D flow MRI was supplemented
with 2D steady-state free-precession cine acquisitions of left and right ventricular two- and
four-chamber views and left and right ventricular outflow tract in such way that for each
valve, two orthogonal cine views were available for valve tracking during post-processing.
Acquisition details are presented in Supplementary data 1. Reported acquisition times for
basal 4D flow protocol were typically between 4 and 5 minutes (depending on the patient’s
heart rate). Reported acquisition times for whole-heart 4D flow were between 5 and 12

minutes (depending on the patient's heart rate and cardiac size).
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Ventricular volume segmentation by 2D Planimetry

Ventricular volume segmentation was performed based on multi-slice multi-phase 2D cine
images using CAAS MR Solutions 5.0 (Pie Medical Imaging, Maastricht, The Netherlands)
by two observers (JIMW with >20 years of cardiac MRI experience and VPK with >3 years
of cardiac MRI experience). Ventricular volumes were calculated at the end-diastolic and
end-systolic phases. Papillary muscle were assumed to be included in the ventricular volume.
Stroke volumes (SV) were calculated as end-diastolic volume (EDV) — end-systolic volume
(ESV) for both LV and RV. Ejection fraction (EF) was calculated as (SV/EDV) x 100 (%)
for the LV and RV. Stroke volumes and EDV were indexed by body surface area (BSA).
Comparison between stroke volumes from 2D cine images and automated valve tracking are

presented in Supplementary data 2.
Automated versus manual valve tracking

Manual retrospective valve tracking over the aortic valve (AV), pulmonary valve (PV), mitral
valve (MV) and tricuspid valve (TV) was done using in-house-developed software MASS
(version 5.1, Leiden University Medical Center, Leiden, The Netherlands; software available
per request), following previously published methods [7-13, 16] by one observer (JIMW).
Automated valve tracking was performed with the commercially available CAAS software
(4D Flow version 2.0, Pie Medical Imaging, Maastricht, The Netherlands) by one observer
(JJIMW) as shown in Figure 1. The excursion of the AV and PV was identified on the left
and right ventricular outflow tract cine acquisitions, respectively. MV and TV excursion was
identified on the left and right ventricular two- and four-chamber cine acquisitions. Using the
valve tracking algorithms, measurement planes, corrected for aliasing, velocity offset and
through-plane motion, were obtained for each valve by multi-planar reformatting. Figure 2
shows automated valve tracking in a ischemic cardiomyopathy patient with mitral
regurgitation (regurgitant fraction:17%). Figure 3 shows automated valve tracking in patients
with corrected congenital heart defects and various degrees of valvular regurgitation. Details
on valve tracking algorithms, unwrapping of aliased velocity and correction for phase offset
and through-plane motion are presented in Supplementary data 3. Time needed for complete
analysis (valve tracking plus contouring in velocity mapping for all four valves combined)
was recorded. For each patient and healthy volunteer, the difference between NFV over the
respective valve versus the mean NFV over the three other valves is defined as “NFV
difference”. The NFV variation among the four valves (calculated as the standard deviation
of differences among all four valves divided by the mean NFV of all four valves) and the

NFV differences were used for internal validation of NFV consistency. Regurgitation
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severity was categorized into four groups by regurgitant fraction as none-mild (<15%), mild-
moderate (15-25%), moderate-severe (26-48%), and severe (>48%) [6].

Intra- and inter-observer analysis

To assess intra- and inter-observer variability of NFV difference and regurgitation
quantification by automated valve tracking, a randomly selected group of 22 patients and 6
volunteers (representing all patient groups, MRI field strengths and acquisition protocols)
was blinded and analyzed twice by observer 1 JJIMW with > 4 weeks between analyses and
> 1 week later by observer 2 (VPK).

Statistical analysis

Data analysis was performed using SPSS Statistics (v.23.0 IBM SPSS, Chicago, IL).
Continuous data was expressed as median [inter-quartile range]. Automated versus manual
tracking results were compared with the Wilcoxon signed-rank test for analysis time, NFV
difference, NFV variation and regurgitant fractions. For these tests the Holm method was
used to correct for multiple testing [17]. Agreement between methods for regurgitation
severity categorization was tested by Fleiss-Cohen’s kappa. Systematic differences between
methods and intra- and inter-observer analyses were tested with Bland-Altman analyses [18].
Median differences (with 95% confidence intervals) between measurements were determined
and significance was tested with the Wilcoxon signed-rank test. Agreement between repeated
analyses was assessed by the intra-class correlation coefficient (ICC). Variation was tested
by the coefficient of variation (COV), calculated as the standard deviation of the differences
between measurements divided by the mean of the measurements. Correlation and agreement
were categorized as follows: >0.95: excellent; 0.95—0.85: strong; 0.85—0.70: good; 0.70—0.5:
moderate; <0.5: poor. A P value less than .05 was considered to indicate a statistically

significant difference.

138 | Chapter 8



Step 1: valve tracking (automated) for each valve

Trcusped | Puimonary | Maral | Acrtic

2 chamber view left 4 chamber view

tral | Pulmonary

Contour mevement for all phases

Result: complete flow data over all four valves

Tricuspid Pulmonary Mitral Aortic
Forward flow (ml) 46.47 49.00 49.47 47.30
Backward flow (ml) 191 152 5.04 121
Net forward volume (ml) 4457 47.47 44.43 46.09
Regurgitation fraction 0.04 0.03 0.10 0.03

Figure 1. Schematic workflow of automated valve tracking. Example evaluation of one valve (left
atrioventricular valve) in a patient with corrected atrioventricular septal defect. Abbreviations: LAVV, left
atrioventricular valve.
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IsehCMP

Systole

Figure 2. Automated valve tracking in a patient with ischemic cardiomyopathy (IschCMP) with streamlines

projected on cine MRI views. (a) Aortic and pulmonary outflow during systole, (b) aortic outflow and mitral
regurgitation during systole. * Mitral regurgitation is shown in purple instead of yellow/orange (i.e. the setting
of post processing software) because of the overlap with aortic outflow. (c) mitral regurgitation during systole
on a standard four-chamber cross-sectional view, (d) mitral and tricuspid inflow on the same four-chamber

view.

140 | Chapter 8



| Diastole

[ Systole

Figure 3. Automated valve tracking in patients with congenital heart defects with streamlines projected on
the cine views. (a) Aortic and pulmonary outflow during systole in patient with corrected tetralogy of Fallot
(ToF); (b) inflow over the tricuspid valve and pulmonary regurgitation during diastole; (c) aortic outflow
during systole in a patient with corrected coarctation of the aorta (CoA); (d) aortic regurgitation during
diastole; (e) left and right atrioventricular valve (LAVV, RAVYV, respectively) regurgitation during systole in
a patient with corrected atrioventricular septal defect (AVSD); (f) inflow over the LAVV and RAVV during

diastole.
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Results

Characteristics of the 114 patients and 46 healthy volunteers are shown in Table 1. Median
age [IQR] at the time of MRI acquisition of the total patient group was 17 [13-49] years: 48%
(55/114) of the patients was > 18 years of age and 55% (63/114) was male. Median age of
the volunteers was 28 [22-36] years. 85% (39/46) of the volunteers was >18 years of age and
59% (27/46) was male. Patients with IschCMP had the highest median LV end-diastolic
volume/BSA (138.4 [109.2-161.0] mL/m?) and the lowest LV ejection fraction (28.7 [20.0-
36.7] %). As shown in Supplementary data 2, valvular flow mapping and cine planimetry
showed significant differences in LV SV of the patients with corrected coarctation of the
aorta (CoA) (7.1 [1.4-11.6] mL, P<0.001) and volunteers (5.2 [-0.2-9.3] mL, P<0.001) and
significant differences in RV SV of the patients with corrected tetralogy of Fallot (ToF) (-5.4
[-10.9 to -2.8] mL, P=0.001), CoA (4.3 [-11.3 to -1.5] mL, P=0.001), corrected
atrioventricular septal defect (AVSD) (-2.8 [-8.0-0.5] mL, P=0.01) and volunteers (-3.9 [-
10.7-0.2] mL, P=0.001). LV and RV stroke volumes assessed from planimetry in healthy
volunteers without valve regurgitation showed a median difference of 3.3[-1.4-10.2] mL
(P=0.015), which is in the same order of magnitude as the differences between valvular flow

mapping and 2D planimetry for the patients and volunteers.
Automated versus manual valve tracking

Comprehensive results of valvular flow assessment with automated versus manual valve
tracking are shown in Table 2. Time needed to quantify flow over all valves was shorter for
automated versus manual valve tracking in all groups (patients: median and IQR: 14 [12-15]
versus 25 [20-25] minutes; volunteers: 12 [10-15] versus 22 [22-22] minutes, P<0.001).

NFV variation was less (i.e. better) for automated valve tracking in all patient groups
(P<0.001), except for patients with AVSD, in whom the range was not different (P=0.39).
For all patients combined, NFV variation over four valves was smaller for automated versus
manual tracking (4.9 [3.3-6.7]% versus 9.8 [5.1-14.71%, P<0.001). Also in volunteers,
automated valve tracking showed significantly less NFV variation (P<0.001).

To evaluate whether automated valve tracking resulted in a significantly different assessment
of NFV per valve by manual tracking, the magnitude of NFV difference per valve was
compared for both tracking techniques. In patients with IschCMP, NFV differences were not
statistically significantly different after Holm’s correction for multiple testing for automated
versus manual valve tracking (P>0.06). Also, in patients with ToF, NFV differences were

not significantly different for automated versus manual valve tracking (P>0.004). In patients
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with CoA, NFV difference was less for automated versus manual valve tracking over the AV
(P=0.002), the MV (P<0.001) and the TV (P<0.001). NFV differences over all valves in
patients with AVSD were not different for automated versus manual valve tracking (P>0.05).
In volunteers, NFV differences were not different for automated versus manual valve
tracking (P>0.20).

In patients with IschCMP and patients with ToF, median regurgitant fraction over each valve
was not statistically significantly different after Holm’s correction for multiple testing for
automated versus manual valve tracking (P>0.03). In patients with CoA, median regurgitant
fraction differed for automated versus manual valve tracking of the AV (P=0.001) and the
TV (P<0.001). In patients with AVSD, median regurgitant fraction differed for automated
versus manual valve tracking of the left atrioventricular valve (P<0.001), but not for the other
valves (P>0.01). In the volunteers, the regurgitant fraction was different for automated versus
manual valve tracking of the MV (P<0.001) and the TV (P=0.002), but not for the other
valves (P>0.12).

To evaluate whether these differences resulted in regurgitation reclassification, the agreement
in classification between methods was evaluated and shown in 7able 3. Classification of
aortic regurgitation could not be assessed because there were no patients with more than
mild-moderate aortic valve regurgitation in this study. Classification of pulmonary
regurgitation, with 6 mild-moderate, 10 moderate-severe cases and 2 severe cases for
automated tracking, showed good agreement (k 0.80, SE 0.06) between both methods, with
only seven discordant cases. Classification of mitral regurgitation (i.e., 12 mild-moderate, 5
moderate-severe cases and 0 severe cases for automated tracking) and tricuspid regurgitation
(i.e., 15 mild-moderate, 2 moderate-severe cases and 0 severe cases for automated tracking)
both showed poor agreement between both methods (MV: « 0.38, SE 0.10, TV: k 0.28, SE
0.11), with 22 discordant cases for mitral regurgitation and 21 discordant cases for tricuspid

regurgitation, respectively.
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Table 2. Automated versus manual valve tracking for valvular flow assessment

| IschCMP [ ToF | Coa | AvsD | Volunteers

Analysis time (min
Automated 12 [12-15] 15 [10-20] 15 [11-15] 12 [11-15] 12 [10-15]
Manual 25 [20-25] 30 [25-30] 25 [20-25] 25 [20-25] 22 [22-22]
P-value <0.001 <0.001 <0.001 <0.001 <0.001

NFV variation (%)*
Automated 5.6 [4.6-8.0] 5.41[3.7-7.1] 3.6 [2.9-5.9] 3.9[2.5-6.7] 4.1[3.2-5.8]
Manual 10.6 [8.3-15.9] 10.9 [5.0-14.8] 12.1[9.4-18.2] 4.31[2.7-5.7] 6.7 [4.7-10.0]
P-value <0.001 0.004 <0.001 0.39 <0.001

NFV difference (mL)**

Aortic valve
Automated —1.2[-4.9-0.0] | —1.0 [-3.1-3.6] —1.3[-2.6-0.2] -1.5[-2.8-0.3] 0.4[-2.8-4.0]
Manual -1.9[-7.9-2.5] | 2.0[-0.2-6.0] —5.0[-10.8--0.6] | —0.5[-3.1-1.2] —3.1[-7.2-5.1]
P-value 0.91 0.13 0.002 0.69 0.21

Pulmonary valve
Automated 1.3 [-3.6-5.6] —1.1[-4.7-2.5] 0.1 [-2.2-1.5] -1.3[-4.2-0.9] —1.3[-4.8-2.2]
Manual -3.0[-7.5-7.3] | 0.6 [-4.6-5.2] —1.4[-6.8-4.1] —0.6 [-2.2-1.7] —1.0 [-6.2-5.5]
P-value 0.33 0.21 0.51 0.05 0.91

Mitral valve}
Automated —0.1[-4.0-2.8] | 3.4[-1.2-54] —0.5[-2.5-2.9] 1.1[-0.9-6.2] 0.0 [-2.0-3.1]
Manual 2.3[-4.6-7.7] 3.8[-1.0-8.1] —8.0[-13.7--1.8] | —0.3[-3.6-2.1] 1.2[-2.8-6.0]
P-value 0.06 0.51 <0.001 0.006 0.20

Tricuspid valvet
Automated 1.6 [-1.3-3.9] -1.3[-3.5-1.3] 3.2[-0.7-5.2] 1.2[-1.8-3.4] 1.1[-3.2-42]
Manual -1.6[-9.5-8.8] | —6.2[-14.1-1.2] 15.2 [6.5-26.7] 1.6 [-1.0-4.2] 1.9 [-7.7-7.5]
P-value 0.60 0.004 <0.001 0.28 0.97

Regurgitant fraction (%)
Aortic valve

Automated 2.2[0.8-4.8] 1.9 [0.2-4.0] 0.9[0.1-1.7] 0.6 [0.4-1.2] 1.4[0.7-2.3]
Manual 29[1.1-4.2] 1.2[0.1-3.7] 2.1[1.0-3.5] 0.1[0.0-0.9] 1.0[0.4-1.8]
P-value 0.90 0.09 0.001 0.01 0.12
Pulmonary valve
Automated 1.7[0.5-3.6] 26.3 [10.2-38.6] 0.9 [0.2-1.3] 1.5[0.3-2.2] 1.30.5-2.0]
Manual 2.2[1.0-5.9] 26.5[15.4-40.7] 1.20.6-2.5] 0.3[0.1-1.1] 1.310.2-3.5]
P-value 0.03 0.65 0.11 0.01 0.62
Mitral valvef
Automated 13.4[6.1-20.7] | 4.3[3.1-6.0] 2.1[1.7-3.8] 6.5[4.3-10.0] 3.4[2.5-5.0]
Manual 9.2 [4.8-18.1] 3.4[2.0-5.1] 2.5[1.7-3.2] 11.9[7.1-19.4] 2.410.9-3.7]
P-value 0.21 0.25 0.63 <0.001 <0.001
Tricuspid valvet
Automated 10.1[6.7-13.4] | 7.9 [4.3-10.4] 8.3[5.3-12.2] 4.412.9-7.3] 9.5[7.1-11.2]
Manual 10.6 [7.0-14.3] | 6.6 [3.0-10.7] 43[2.8-6.7] 3.9[2.2-57] 7.2 [4.3-9.8]
P-value 0.91 0.20 <0.001 0.55 0.002

All data are presented as median [IQR], for analysis times minimum-maximum values are also provided

Results were compared with the Wilcoxon signed-rank test for analysis and the Holm method was used to correct for
multiple testing [17], which resulted in a multiple testing corrected threshold for significance of 0.05/1 = 0.05 for analysis
time, 0.05/1 = 0.05 for NFV variation, 0.05/17 = 0.003 for NFV difference and 0.05/15 = 0.003 for regurgitant fraction.

* NFV variation = the standard deviation of the differences among all four valves divided by the mean NFV among all four
valves

** NFV difference = the difference between the net forward flow volume (NFV) over the respective valve versus mean
NFV over the three other valves

T = in the patients with corrected AVSD, mitral valve = left atrioventricular valve; tricuspid valve = right atrioventricular
valve

Abbreviations: ToF = tetralogy of Fallot; CoA = coarctation of the aorta; AVSD = atrioventricular septal defect; IschCMP
= ischemic cardiomyopathy; NFV = net forward volume; MV = mitral valve; AV = aortic valve; TV = tricuspid valve; PV
= pulmonary valve
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Table 3. Cross tables for kappa agreement in valvular regurgitation classification
Pulmonary valve regurgitation

Manual
<15% 15-25% 26-48% >48% Total
<15% 141 1 0 0 142
= 15-25% 0 4 2 0 6
g 26-48% 0 2 8 0 10
g >48% 0 0 2 0 2
s Total 141 7 12 0 160
«: 0.80, SE: 0.06 , P<0.001
Mitral valve regurgitation
Manual
<15% 15-25% 26-48% >48% Total
<15% 131 11 1 0 143
2 15-25% 5 5 2 0 12
g 26-48% 2 1 2 0 5
= >48% 0 0 0 0 0
© Total 138 17 5 0 160

k: 0.38, SE: 0.10, P<0.001

Tricuspid valve regurgitation

Manual
<15% 15-25% 26-48% >48% Total
<15% 134 9 0 0 143
B 15-25% 11 4 0 0 15
g 26-48% 0 1 1 0 2
= >48% 0 0 0 0 0
s Total 145 14 1 0 160

k: 0.28, SE: 0.11 , P<0.001

Acquisition differences

Patient data was collected over 10 years, using two different scanning approaches and two
different field strengths. In order to rule out possible effects from these variables, healthy
volunteer data was evaluated with both tracking techniques. Of the 25 volunteers who were
scanned at 1.5T, 14 were scanned with a whole-heart protocol and 11 volunteers with a basal
volume protocol. For these volunteers, there was no difference in NFV variation between
volunteers scanned with a whole-heart protocol versus a basal volume protocol (automated
tracking: 3.6 [2.6-4.5] % versus 3.8 [2.8-4.8] %, P=0.98; manual tracking 8.2 [5.8-13.0] %
versus7.3 [5.5-12.5] %, P=0.65). Of the 35 volunteers that were scanned with a whole-heart
protocol, 21 were scanned at 3.0T and 14 at 1.5T. For automated tracking, the volunteers
who were scanned at 3.0T showed a smaller difference in NFV variation compared to those
scanned at 1.5T (5.2 [4.1-7.9] % versus 3.6 [2.6-4.5] %, P=0.005) but not for manual tracking
(5.9 [3.2-9.4]1% versus 8.2 [5.8-13.0] %, P=0.07).
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In order to understand whether differences between automated and manual valve tracking
were influenced by the type of heart disease, acquired (ischemic) versus congenital heart
disease patients were compared. NFV variation was less in patients with congenital heart
disease compared to patients with acquired heart disease when using automated valve
tracking (congenital: 4.3 [3.0-6.5] %; acquired: 5.6 [4.6-8.0] %, P=0.002) or manual valve
tracking (congenital: 8.8 [4.4-13.8] %; acquired: 10.6 [8.3-15.9] %, P=0.001). In order to
understand whether results in children would be different from adults, NFV variation was
compared in pediatric (<18 years) versus adult (>18 years) patients. NFV variation was not
different when using manual valve tracking (<18 years: 10.9 [5.8-16.6] %; > 18years: 8.3

[4.4-12.2] %, P=0.05), or automated valve tracking (<18 years: 4.3 [3.2-6.3] %; > 18years:
5.5[3.3-7.3] %, P=0.05).

Intra- and inter-observer analysis

Results of the intra- and inter-observer analysis with automated valve tracking are shown in
Table 4 and Figure 4. Intra-observer analysis showed excellent ICCs for NFV assessment of
all valves with COV <5.2%. Mean differences between intra-observer measurements of NFV
were < 1.8 mL (Figure 4a). ICCs for regurgitant fraction assessment were strong-excellent
with mean differences between intra-observer measurements of regurgitant fraction < 1.3%
(Figure 4b).

Also, inter-observer analysis showed excellent ICCs for NFV assessment of all valves with
COV < 5.6%. Mean differences between inter-observer measurements of NFV were < 1.5
mL (Figure 4c). Furthermore, inter-observer analysis showed strong-excellent ICCs for
regurgitant fraction assessment with mean differences between inter-observer measurements
of < 1.3% (Figure 4d).
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Intra-observer variability
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Figure 4. Bland-Altman plots for intra- and inter-observer variability. (a) Bland-Altman plot depicting the
agreement between net forward volume (NFV) assessment and (b) regurgitant fraction of measurement 1
and 2 of observer 1. (¢) Bland-Altman plot depicting the agreement between NFV assessment and (d)
regurgitant fraction assessment of observer 1 and observer 2. MV, mitral valve; AV, aortic valve; TV,
tricuspid valve, PV, pulmonary valve.
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Discussion

In this study the clinical applicability of 4D flow MRI with automated valve tracking was
evaluated. The main findings are: 1) time needed for analysis was shorter for automated
versus manual valve tracking; 2) automated tracking showed less NFV variation compared
to manual tracking; 3) automated tracking resulted in reclassification of regurgitation severity
for 7 pulmonary valves, 22 mitral valves and 21 tricuspid valves; 4) intra- and inter-observer
agreement for automated tracking was excellent for NFV and strong-to-excellent for

regurgitant fraction.

Diagnosis and follow-up in valvular heart disease is usually performed with
echocardiography. According to current guidelines, additional testing by MRI is appropriate
when echocardiographic images are suboptimal, regurgitation severity might be
underestimated or better characterization of the regurgitant jet is needed [5]. Clinically, 2D
phase-contrast MRI with static imaging planes and through-plane velocity encoding is the
most commonly used MRI valvular flow quantification technique. However, several studies
have shown that 4D flow MRI with manual retrospective valve tracking is more accurate than
2D phase-contrast MRI when quantifying valvular flow volumes and regurgitation [7-13].
However, manual placement and tracking of measurement planes in every cardiac phase for
each valve is time-consuming and may introduce observer-dependent variation. The time
needed for analysis for automated tracking was approximately half of that of manual tracking.
Of note, the automated tracking procedure itself was a matter of seconds and analysis time

was mostly dedicated to manual contouring for velocity mapping.

Four patient groups with valve regurgitation were studied: IschCMP and corrected ToF,
corrected CoA and corrected AVSD. In patients with IschCMP, accurate regurgitation
quantification, especially of the MV, is important for patient management (surgery versus
conservative management) [3] and progressing MV regurgitation is recognized as an
independent predictor of adverse events [1]. In patients with corrected ToF, PV regurgitation
is a common complication, which can eventually lead to right ventricular dilatation and
dysfunction, arrhythmias and sudden cardiac death [19, 20]. Severity of PV regurgitation
may warrant replacement [19]. In patients with corrected AVSD, left atrioventricular valve
regurgitation is a frequent complication and the main indication for late reoperation [18].
Therefore, in these patients, accurate quantification of regurgitation severity is crucial since
mild versus moderate regurgitation has an impact on treatment [19].

Significant differences in NFV variation, difference and regurgitant fraction between

automated and manual valve tracking were found in all patient groups, also resulting in
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different classification of regurgitation severity. Significant NFV differences were mostly
smaller for automated compared to manual valve tracking. Smaller differences and less
variation indicate better NFV consistency among the four valves. Only in patients with
corrected AVSD, NFV variation was not significantly different between automated and
manual tracking and NFV differences were not significantly different for automated versus
manual tracking. These findings in patients with corrected AVSD, that are in discrepancy
with our findings in other patient groups, probably relate to the fact that automated tracking
does not allow for plane alignment perpendicular to the flow direction, which leads to greater

accuracy for manual valve tracking in these patients [7, §].

No independent reference standard is available for NFV or regurgitant fraction assessment,
however, automated tracking showed stronger internal consistency in NFV than manual
tracking, thus better agreement with conservation of mass, therefore these results imply a
better assessment of forward and of regurgitant volumes by automated valve tracking. Stroke
volumes from 2D planimetry were compared to valvular flow mapping from automated valve
tracking. Of note, LV and RV stroke volumes assessed from planimetry in healthy volunteers
without valve regurgitation showed a median difference of 3.3 [-1.4-10.2] mL, (P=0.015),
which is in the same order of magnitude as the differences between valvular flow mapping
and 2D planimetry for the patients and volunteers. When using planimetry as a reference
standard against valvular flow mapping, planimetry has some notable limitations as well.
Over- or underestimation of the blood pool volume may occur in the basal slice due to the
relatively high slice thickness. Also, when using breath holding, translation between slices
from different expiration levels can occur. Furthermore, some patients, especially with
cardiac disease, may have difficulty performing breath holding. Additionally, breath holding
may have an effect on cardiac output, which may be different for assessment of 4D flow data
with free breathing. On the other hand, free breathing protocols for planimetry as well as 4D

flow MRI result in inferior image quality which may lead to variation in contour definition.

Since this was a retrospective study, the findings did not change patient management at this
moment. However, if diagnosis would have been based only on MRI results, automated valve
tracking would have reclassified 6 patients with at least mild-to-moderate valve regurgitation
at the pulmonary valve (6/114, 5%), 10 patients with at least mild-to-moderate mitral valve
regurgitation (10/114, 9%) and 12 patients with at least mild-to-moderate tricuspid valve
regurgitation (12/114, 11%). This may have significant impact on clinical decision making
regarding follow-up regime. Two patients with severe pulmonary valve regurgitation with
automated valve tracking were misclassified with manual valve tracking, which could have

impacted a recommendation for surgery.
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Roes et al. [9] reported intra- and inter-observer variability for manual tracking for all four
valves (intra-observer ICC>0.93%, COV<7%,; inter-observer ICC>0.91, COV<8%). In the
current study, intra- and inter-observer agreement for automated valve tracking was stronger
and variability was smaller (intra-observer ICC>0.99, COV<5.2%; inter-observer [CC>0.99,
COV<5.6%).

Fifty-nine patients with congenital heart diseases in this study were children, which could
cause more variation because children might be less cooperative during scanning. However,
on the contrary, the current study showed significant, but limited, smaller NFV variation in
patients with congenital versus acquired heart disease. Also, NFV variation was not
significantly different for pediatric versus adult patients.

Furthermore, volunteer data from different acquisition protocols was analyzed to rule out
effects of protocol differences. Only volunteers scanned with a whole-heart protocol at 3.0T
showed slightly higher NFV variation compared to volunteers scanned at 1.5T (5.2 vs. 3.6%,
P=0.005) , however, 5.2% variation might still be considered clinically irrelevant.

One of the limitations of this study is the retrospective design of the study, however data
were collected as part of several prospective studies. Another limitation is that patients with
aortic valve regurgitation or stenosis were not part of the study population. Furthermore, the
number of patients with severe valvular regurgitation was limited. However, clinically,
distinction between mild versus moderate regurgitation is important since it may impact
patient management. Finally, automated and manual valve tracking approaches handled
phase offset correction and phase unwrapping differently, which could have introduced
additional variation.

Conclusion

In conclusion, automated cardiac valve tracking reduces analysis time and improves
reliability of valvular flow quantification by 4D flow MRI in patients with acquired or
congenital heart disease and in healthy volunteers, possibly allowing for a wider application

of this imaging technique in the clinical setting.
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Supplementary data 1.
MRI acquisition

MRI data has been acquired using 1.5T (Intera release 11 and 12 and Ingenia release 5) and
3.0T (Ingenia release 4 and 5) MRI systems (Philips Healthcare, Best, the Netherlands). The
1.5T Intera MRI system makes use of a five-element surface cardiac coil for signal reception.
The 1.5T and 3.0T Ingenia MRI systems make use of the combination of dStream Torso coil
and FlexCoverage Posterior coil in the table top, providing up to 32 coil elements for signal
reception. Two different validated acquisition approaches were followed for 4D flow MRI:
a whole-heart 4D flow MRI protocol on 1.5T [1] and 3.0T [2] Ingenia MRI systems and a
cardiac basal volume acquisition (planned parallel to the basal plane of the heart,
encompassing all four heart valves) on a 1.5T Intera MRI system [3,4]. Both sequences used
standard four-point three-directional velocity encoding with Venc between 150 cm/s and 350
cm/s per anticipated maximal velocity, retrospective gating with 30 phases reconstructed,
non-compensated free breathing and echo planar imaging with echo-planar imaging factor of
5 for accelerated read-out. Commercially available concomitant gradient correction was
performed by scanner software. Furthermore, the whole-heart protocol used parallel imaging
with sensitivity encoding factor 2 in anterior-posterior direction and a 300-370 mm field-of-
view with 105-135mm slab thickness covering the whole heart, reconstructed into 35-41
slices of 3mm thickness. Acquired spatial resolution was 2.3-3.0x2.3-3.0x3.0 mm3. Flip
angle was 10°, echo time/repetition time was 3.2/7.7 resulting in 31ms temporal resolution.
The basal protocol used a 370 mm field-of-view with 48 mm slab thickness reconstructed in
12 slices of 4mm thickness resulting in an acquired spatial resolution of 2.9x3.8x4.0 mm3.
Flip angle was 10°, echo time/repetition time was 3.3/14 to 4.3/7.5 resulting in 30-56ms

temporal resolution.

4D flow MRI was supplemented with 2D steady-state free-precession cine acquisitions of
left and right ventricular two- and four-chamber views and left and right ventricular outflow
tract in such way that for each of the four valves, two orthogonal cine views were available
for valve tracking during post-processing. For the whole-heart protocol, these acquisitions
were obtained with free breathing and 3 signal averages were taken to suppress breathing
motion artifacts and for the basal protocol, breath-holding and 1 signal average was
performed. These orthogonal cine acquisitions were obtained with retrospective gating and

30 cardiac phases were reconstructed.

All patients and volunteers were scanned without the use of contrast agent, except for the
patients with ischemic cardiomyopathy (IschCMP) and the patients with corrected
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atrioventricular septal defect (AVSD). For these patients, contrast was used as part of a
clinical myocardial viability evaluation by late gadolinium enhancement, and 4D flow MRI
was performed directly after the administration of gadolinium contrast (Dotarem, Guerbet,
Aulnay-sous-Bois, France or Magnevist, Schering/Berlex, Berlin, Germany prior to 2008) at
a dose of 0.015 mmol/kg body weight.

Supplementary data 2.
Comparison between stroke volumes from 2D cine planimetry and automated valve tracking

Multi-slice multi-phase 2D cine images were available for all patients and volunteers. For
patients with corrected tetralogy of Fallot, the left ventricle (LV) and right ventricle (RV)
were imaged with a multi-slice multi-phase cine 2D stack in transverse orientation using a
steady-state free-precession gradient echo sequence [5]. For all other patients and healthy
volunteers, LV and RV were imaged with a multi-slice multi-phase cine 2D stack in short-
axis orientation [2, 6-8]. For patients with corrected AVSD and corrected coarctation and
healthy volunteers <18 years old, data were acquired using a free breathing protocol and 3
signal averages to compensate for respiration artifacts. Acquisition for other patients and
volunteers were performed with breath-holding after expiration. End diastolic and end
systolic volumes of LV and RV were assessed from planimetry with semi-automated
contouring using CAAS MR Solutions 5.0 (Pie Medical Imaging, Maastricht, The
Netherlands). LV and RV stroke volumes (SV) were compared with valvular flow mapping
from automated valve tracking: LV SV versus aortic forward flow plus mitral valve
regurgitation and RV SV versus pulmonary forward flow plus tricuspid valve regurgitation.
Stroke volumes from 2D cine images and automated valve tracking and differences between
these methods are shown in Table S1.
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Table S1. Comparison between stroke volumes from 2D cine planimetry and automated valve

tracking
IschCMP ToF CoA AVSD Volunteers
LV SV (mL) 70.0 [58.8-84.3] 64.6 [58.1-90.4] 78.9 [65.3-91.9] 83.2 [66.3-91.0] 94.5 [80.8-
109.9]
AV oryard + 69.4[57.8-81.1]  67.8[554-974]  71.1[55.3-85.4]  78.1[64.0-90.11  91.6[77.2-
MV regurgitation 102.9]
(mL)
Difference -0.2 [-3.3-6.4] -0.3[-6.6-4.7] 7.1[1.4-11.6] 3.0 [-1.9-7.9] 5.2[-0.2-9.3]
(mL)
P-value 0.24 0.65 <0.001 0.10 <0.001
RVSV(mL)  70.1 [50.8-79.5]  91.8 [65.0- 70.9 [54.4-84.6]  77.5[58.5-84.5]  89.0 [774-
113.7] 106.8]
PV forward + 69.6 [57.4-82.3] 93.5[72.6- 79.3 [62.2-92.1] 78.9 [62.4-87.7] 96.5 [83.3-
TV regurgitation 121.3] 111.5]
(mL)
Difference -1.3 [-8.7-3.8] -541[-109to - -43[-11.3to- -2.8 [-8.0-0.5] -3.9[-10.7-0.2]
(mL) 2.8] 1.5]
P-value 0.13 0.001 <0.001 0.01 0.001

Data is shown as median [interquartile range]. Abbreviations: IschCMP = ischemic cardiomyopathy;
ToF = tetralogy of Fallot; CoA = coarctation of the aorta; AVSD = atrioventricular septal defect; LV =
left ventricle; SV = stroke volume MV = mitral valve; AV = aortic valve; RV = right ventricle; TV =
tricuspid valve; PV = pulmonary valve

Supplementary data 3. Manual and automated valve tracking
Manual valve tracking

Manual retrospective valve tracking over the aortic valve (AV), pulmonary valve (PV), mitral
valve (MV) and tricuspid valve (TV) was done using in-house developed software (MASS),
following previously published methods (3,4). The excursion of the AV and PV was
identified on the left and right ventricular outflow tract cine acquisitions, respectively. MV
and TV excursion was identified on the left and right ventricular two- and four-chamber cine
acquisitions. Streamlines were visualized on these cine views to aid positioning and
angulation of the multi-planar reformatting measurement planes, as these measurement
planes were positioned perpendicular to the streamlines in all phases at the location of peak
flow velocity [5]. For all phases, through-plane velocity-encoded images were reconstructed
by multi-planar reformatting (typically in sets of 5 parallel slices with 5 mm interslice
distance) on which borders of the valvular and myocardial wall were manually segmented
(for through-plane motion and velocity offset error correction, not necessarily in the same
slice as the transvalvular flow velocity measurement). Analysis times (valve tracking and
velocity mapping combined) were recorded. For each patient and healthy volunteer, the
difference between NFV over the respective valve versus mean NFV over the three other
valves is defined as NFV difference. The NFV variation among the four valves (calculated
as the standard deviation of differences among all four valves divided by the mean NFV of
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all four valves) and the NFV differences were used for internal validation of NFV
consistency. In case aliasing occurred, phase unwrapping was performed prior to the valve
tracking in the source images of the three velocity components, using a sliding scale for the
velocity sensitivity between minimal encoded velocity (—Venc) and maximal encoded

velocity (+Venc).
Automated valve tracking

The automated valve tracking was performed using CAAS MR 4D Flow v2.0 (Pie Medical
Imaging, Maastricht, The Netherlands). Tracking was initiated in each long-axis cine
acquisition (within an arbitrary phase) by manually indicating two points at the valve annulus
at the selected cardiac phase. Next, the movement of the valve was automatically tracked
throughout the cardiac cycle with a multiple template matching using normalized cross-
correlation strategy to identify the valve position in every phase of the long-axis cine
acquisition. Visual feedback on the valve motion was presented and if required, minimal
correction for the tracking was performed by repeating the automated tracking starting from
a different cardiac phase. Minimal correction consisted of only choosing another cardiac
phase as initiation phase for valve tracking. This manual adaptation was needed in
approximately 50% of the tracked pulmonary valves and in less than 5% of the other valves.
After changing the initiation phase as starting point for valve tracking, the tracking procedure
was fully automatic. Once the valve plane was tracked in the two orthogonal long-axis cine
acquisitions (e.g. 2-chamber 4-chamber views), a 3D plane was constructed. These 3D planes
were mapped to the 4D flow MRI volume and used for multi-planar reformatting. Initial
valve contours were provided for the reformatted velocity image based on the tracked valve
landmarks, which were then manually corrected by the user when necessary. Through-plane
velocity of the valve plane movement was calculated based on the tracked valve and used for
through-plane motion correction. 3D visualization of time-resolved streamlines enabled

visual assessment of valvular blood flow, aiding contour delineation.

Automatic velocity aliasing correction was performed for each of the three velocity
components independent in an iterative process. During each iteration, the first step was to
determine the likelihood of aliasing of each voxel by comparing the local velocity component
with that of the two temporal and the six spatial neighbouring voxels. In the next step, those
voxels marked as being aliased were unwrapped and marked as being processed. During the
next iteration, only the unprocessed voxels were checked again against the already partly

unwrapped data.
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Furthermore, automatic velocity offset correction was performed for each of the three
velocity components independently. Velocity offset correction was based on the method as
described by Lankhaar et al. [9] Stationary (i.e., non-moving) tissue was identified by
evaluating the behavior of the velocity component of each voxel over time. Per image, a
surface was fitted through the time-averaged velocity of only those voxels corresponding
with the identified stationary tissue. The obtained fitted velocity image represented the
velocity offset per component and was subtracted from each corresponding image over time.
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Abstract

Objective
To assess the scan—rescan reproducibility of left ventricular (LV) kinetic energy (KE),
viscous energy loss (EL) and vorticity during diastole from four-dimensional (4D) flow

magnetic resonance imaging (MRI) in healthy subjects.

Methods

Twelve volunteers (age 27 + 3 years) underwent whole-heart 4D flow MRI twice in one
session. In-scan consistency was evaluated by correlation between KE and EL. ELjngex Was
computed to measure the amount of EL relative to KE over diastole. Scan—rescan analysis
was performed to test reproducibility of volumetric measurements of KE, EL, ELin¢ex and
vorticity in the LV over early (E) and late (A) diastolic filling.

Results

In-scan consistency between KE and EL was strong-excellent (E-filling scan 1: r=0.92, P <
0.001; scan 2: p=10.96, P <0.001 and A-filling scan 1: p=0.87, P <0.001; scan 2: r=0.99,
P <0.001). For the majority of subjects (10 out of 12), KE and EL measures showed good to
strong reproducibility. However, with a wide range of agreement [intraclass correlation
(ICC): 0.64-0.95] and coefficients of variation (CV) < 25%. ELiex showed strong
reproducibility for all 12 subjects with a strong ICC (0.94, P <0.001) and a CV of 9%. Scan
rescan reproducibility of volumetric vorticity showed good—excellent ICCs (0.83—0.95) with
CVs<11%.

Conclusion

The current study shows strong—excellent in-scan consistency and overall good agreement
between scans for 4D flow MRI assessment of left ventricular kinetic energy, energy loss
and vorticity over diastole. However, substantial differences between the scans were also
found in some parameters in two out of twelve subjects. Strong reproducibility was found in
the dimensionless ELindex, Which measures the amount of viscous energy loss relative to the
average kinetic energy over diastole.
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Introduction

Congenital and acquired heart diseases affect the efficacy of intracardiac flow patterns and
energy distribution [1,2]. Given the three-dimensional (3D) time-varying nature of these flow
patterns and energetics, specialized in vivo imaging and analysis techniques are needed to
evaluate volumetric changes in such complex hemodynamic parameters. Four-dimensional
(4D) flow magnetic resonance imaging (MRI) allows for comprehensive non-invasive
assessment of 3D time-varying blood flow properties in the heart and great vessels in all three
velocity encoding directions and spatial dimensions over the cardiac cycle [3].

4D flow MRI has recently emerged as a novel tool for in vivo quantification of intracardiac
flow energetics, associated energy losses and vortical flow patterns by means of kinetic
energy (KE) [4-7], viscous energy loss (EL) [1] and vorticity [8, 9]. KE is the energy
contained in the flow of the bloodstream due to motion and EL is the KE that is irreversibly
lost due to viscosity-induced frictional forces within the blood flow [1]. In acquired heart
disease, remodelling occurs which can lead to alterations in intracardiac hemodynamics [4].
Alteration in intraventricular KE derived from 4D flow MRI has been used to assess left
ventricular (LV) and right ventricular (RV) (dys) function in patients with different stages of
heart failure (HF) [4—7]. This is also the case in various congenital heart diseases. Even after
correction, patients may develop systolic and/or diastolic dysfunction, leading to changes in
intracardiac flow energetics [1]. In addition, intracardiac anatomy may not be restored. In
corrected atrioventricular septal defect patients, elevated EL was associated with altered 3D
vortex ring formation in the LV filling pattern [1]. Vorticity, the curl of velocity, is a
fundamental quantity in fluid mechanics that describes the local spinning rate of fluid
particles and can characterize vortex flow [10]. Quantitative vortex parameters, such as
vorticity, have been used to assess diastolic (dys) function in several patient groups [8, 9, 11,
12]. Furthermore, in patients with complex congenital intracardiac deformations such as after
the Fontan operation, flow collision with remaining septal structures and stagnation of flow
through a ventricular septal defect may result in altered EL and vortex formation [13].

Recently, good reproducibility of inflow- and outflow assessment from 4D flow MRI was
shown [14]. However, there is a lack of studies validating the reproducibility of intracardiac
energy and quantitative vorticity parameters from 4D flow MRI in a scan-rescan setting.
Scan-rescan reproducibility is important for clinical applicability as it expresses the
reliability in repeated quantitation, for example during serial follow-up or in case of a rest—

stress protocol. Therefore, the aim of this study was to assess the scan-rescan reproducibility
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of 4D flow MRI measurements of kinetic energy, viscous energy loss and vorticity within
the LV during diastolic filling in healthy subjects.

Methods

Study population

The study protocol was approved by the local Medical Ethical Committee of the Leiden
University Medical Center and informed consent was obtained from all participants. Twelve
healthy volunteers with no history of cardiac disease were included. All subjects underwent
an MRI scan including whole-heart 4D flow MRI between July 2015 and April 2017. The
same scanning protocol was performed twice in the same session with 10-min breaks between
the scans and repositioning and replanning for every volunteer. Ten of these volunteers were
included in a recent study [14]. That study did not report assessment of KE, EL or vorticity.

Cardiovascular magnetic resonance acquisition and data preparation

Whole-heart 4D flow MRI was obtained on a 3 T scanner (Ingenia, Philips Medical Systems,
The Netherlands) with maximal amplitude of 45 mT/m for each axis, slew rate of 200 T/m/s
and a combination of FlexCoverage Posterior coil in the table top with a dStream Torso coil,
providing up to 32 coil elements for signal reception. The orientation of the acquisition of
4D flow data was identical to the 4-chamber orientation (usually double-oblique axial or
coronal). Velocity-encoding of 150 cm/s in all three directions was used in a standard four-
point encoding scheme, spatial resolution 3.0 x 3.0 x 3.0 mm3, field-of-view 400 mm, flip
angle 10°, echo time (TE) 3.7 ms, repetition time (TR) 10 ms, true temporal resolution 40
ms, SENSitivity Encoding (SENSE) factor 2 in anterior— posterior direction and Echo Planar
Imaging (EPI) readout with a factor 5. Free breathing was allowed and no respiratory motion
compensation was performed. Retrospective gating was used with 30 phases reconstructed
to represent one cardiac cycle. Expected scan-time for the 4D flow MRI acquisition for a
patient with a heart rate of 60 bpm and 39 slices would be 9 minutes and 11 seconds. This
4D flow MRI sequence with EPI readout has been validated in vivo and in vitro [15] and
compared to other 4D flow MRI sequences [16]. Concomitant gradient correction was
performed from standard available scanner software. Cine two-dimensional (2D) left 2-
chamber, 4-chamber, coronal and sagittal aorta views and a cine multi-2D short-axis stack of
slices were acquired, using steady-state free-precession (SSFP) sequences with TE/TR
1.5/3.0, 350 mm field-of-view, 45° flip angle, acquisition resolution 1.9 x 2.0 x 8.0 mm3.
Retrospective gating was used with 30 phases reconstructed to represent one cardiac cycle.
Expected scan-time for the cine multi-2D short-axis acquisition for a patient with a heart rate
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of 60 bpm and 12 slices would be 1 minute. Free breathing was allowed without using motion
suppression, three signal averages were taken to minimize effects of breathing motion, which
makes the expected scan-time 3 minutes. Image analysis was performed by one observer
(VPK) with over 2 years of experience in MRI and verified by one observer (JJMW) with
over 15 years of experience in MRI. The endocardial border was manually traced in all slices
and phases in the multislice 2D cine short-axis images and ventricular volume was calculated
at the end-diastolic and end-systolic phases using in-house developed MASS software.
Papillary muscles were disregarded and assumed to be included in the ventricular volume.
LV in- and outflow was assessed using the 4D flow MRI data with retrospective valve
tracking of the mitral and aortic valve, as shown in a recent study [14]. Cardiac output (CO)
was computed from the 4D flow data as LV outflow x heart rate (HR). Beginning and ending
of diastolic phases [early diastolic filling (E-filling) and late diastolic filling (A-filling)] were
derived from the mitral valve flow-time curves that resulted from retrospective valve
tracking. Segmentation of the LV cavity in the 4D flow MRI acquisition, that is required for
the energy analysis, was obtained by transforming the available time-varying segmentation
of multi-slice cine short-axis acquisition to the 4D flow MRI data. To correct for patient
motion related misalignment between the two acquisitions, automated image-based 3D rigid
registration was performed using the phase with optimal depiction of the LV cavity in both
scans with the Elastix image registration toolbox [17]. Kinetic energy, viscous energy loss
and vorticity analysis of segmented LV volumes was done by one investigator (MSME) using
in-house developed software.

KFE analysis over LV diastole

The amount of KE during diastolic filling was computed following previously published
methods [1]. KE for each voxel within the LV was computed as 1/2 mv?, with (m) as the
mass representing the voxel volume multiplied by the density of blood (1.025 g/mL) and (v)
as the 3-directional velocity from 4D flow MRI. For each acquired time phase, volumetric
KE was then computed by integrating (by cumulative sum) the computed KE over the
segmented 3D LV volume. In order to quantify KE during diastolic filling, the time-averaged
KE during diastolic phases (KEg-avg and KEs-ave) and peak KE (KEg peak and KEa-pear), in

Joule, were assessed.

Viscous EL analysis over LV diastole

Following recently published methods [1], we have computed EL from 4D flow MRI using
the dissipation terms from the Navier—Stokes energy equations, assuming blood as a
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Newtonian fluid. The formulae that were used to calculate EL are summarized in Appendix
1. The time-averaged viscous energy loss rate [EL, in Watt (W)] during E-filling (ELg-avg) and
A-filling (ELA-avg) and EL peaks (ELg.peak and ELa—peak) Were assessed. We have used the
previously reported correlation between KE and EL [1] as a measure of in-scan consistency.
Furthermore, EL over the total diastole (EL ol diastole) in Joule (J) was computed. Given that
the amount of viscous energy lost is proportional to the amount of kinetic energy, we
computed a dimensionless energy loss parameter, ELindex, that reflects the amount of viscous
energy loss indexed for the average kinetic energy over diastole. ELingex is @ dimensionless
index that was used in an earlier echo particle image velocimetry study by Agati et al. [18]
to indicate the relative amount of kinetic energy lost to that available over cardiac cycle. In
this study, ELindex Was computed over diastole as ELial diastole/ KEaverage diastoles With KEaverage
diastole Deing the average KE during total diastole. In order to compare our results with a
previous study reporting EL values normalized by stroke volume (SV) [1], we also report EL
values in the current study as normalized by SV (reported as norm_ELg ave, norm_ELg pea,
norm_ELa-ave, Norm_ELa—peak and norm_ELigal diastole). TO be consistent with the previous

study SV was derived from cine SSFP short-axis slices.

Integral vorticity magnitude over LV diastole (vorticity LV)

The formulae that were used to calculate the integral vorticity magnitude are shown in
Appendix 1. In short, following previously published work [8, 9], for each acquired time-
phase, voxel-wise vorticity magnitude (1/s) was first computed over the segmented LV
volume. Then, the instantaneous integral vorticity magnitude was computed as the
cumulative sum of voxel-wise vorticity and multiplied by voxel volume to give the integral
in (milliliter x 1/second) i.e. (mL/s). Note that the computed vorticity integral parameter is a
scalar quantity and therefore does not take the vorticity direction into account. We will refer
to this vorticity integral over the LV as vorticity LV throughout the text, to differentiate it
from voxel-wise vorticity. In order to quantify the integral vorticity LV over diastolic filling,
the time-average and peak vorticity L'V during E-filling (vorticity LVEg.ay, vorticity LVe.
peak, Tespectively) and A-filling (vorticity LV a-ave, voriticity LVa-peak, respectively) were
computed.

Scan—rescan analysis

For the scan—rescan analysis, all data was blinded by one observer (VPK) and presented in a
random order to the observer (MSME) that performed the energy and vorticity analysis.
Scan-rescan analysis was performed to test the reproducibility of (1) KE over E-filling and
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A-filling; (2) EL over E-filling, A-filling and total diastolic filling and (3) vorticity LV over
E-filling and A-filling.

Statistical analysis

Data analysis was performed using SPSS Statistics software (v. 23.0 IBM SPSS, Chicago,
IL). Variables were tested for normal distribution using the Shapiro—Wilk test. Continuous
data was expressed as mean + standard deviation (SD) with minimum and maximum values
or as median [interquartile range] where suitable. Mean differences were determined for
inter-scan comparison and significance was tested by a paired samples ¢ test or, in case of
non-normality, the Wilcoxon signed-rank test. Differences were computed as: measurement
in scan 2—measurement in scan 1. The coefficient of variation (CV) was calculated with the
root mean square method [19]. Correlation between the in-scan and inter-scan measurements
done in repeated scans was tested by the Pearson correlation coefficient (r), or the Spearman
correlation coefficient (p) in case of non-normality of the data. The approach described by
Bland and Altman [20] was used to study systematic differences between measurements
obtained from the two scans. Agreement between these measurements was assessed by
determining the intra-class correlation (ICC) coefficient. Correlation and agreement were
classified as follows: r/p and ICC > 0.95: excellent, 0.95-0.85: strong, 0.85-0.70: good, 0.70—
0.5: moderate, < 0.5: poor. A P value < 0.05 was considered statistically significant.

Results

Volunteer characteristics are shown in Table I. Heart rate and cardiac output were not
significantly different between the two scans (HR: 60.8 = 7.8 vs. 59.9 + 6.9 bpm, P = 0.52
and CO:5.5+£0.9vs. 5.6+ 1.3 L/min, P=0.75). 4D flow MRI data acquisition was successful
in all volunteers. Figure Ila—c shows cross-sectional mapping of the volumetric
measurements of KE, EL and vorticity inside the LV at peak E-filling in a standard 4-
chambers view. An example of the temporal evolution of KE and EL over LV diastole is

shown in one subject in Figure 1d.
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Figure 1. Maps of left ventricular kinetic energy (KE), viscous energy loss rate (EL) and vorticity over the
LV of a healthy female subject (age 20 years) in a standard four-chambers MRI cross-sectional view. (a) left
ventricular kinetic energy at peak early diastolic filling, (b) left ventricular viscous energy loss rate at peak
early diastolic filling, (c¢) left ventricular voxel-wise vorticity at peak early diastolic filling, (d) temporal

evolution of volumetric kinetic energy, viscous energy loss rate and vorticity over LV diastole

Table 1. Baseline characteristics

Scan-independent characteristics

N 12
Male (%) 6/12 (50%)
Age (years) 27+3
Height (cm) 175+7
Weight (kg) 69+ 12
BSA (m?) 1.8+£0.2
BMI (kg/m?) 22+3
Characteristics per scan

Scan 1 Scan 2 P-value
HR (bpm) 60.8 = 7.8 59.9+ 6.9 0.52
End-diastolic volume (mL) 143.8 [132.4-183.8] 158.6 £30.3 0.64
End-systolic volume (mL) 64.4+16.9 56.2+12.9 0.15
Stroke volume (mL) 100.8 +21.8 102.4+£21.0 0.44
Ejection fraction (%) 62.8+3.6 63.0 [61.6-65.4] 0.22
CO (I/min) 5.5+0.9 56+1.3 0.75

Abbreviations: bpm: beat per minute, BMI = Body Mass Index, BSA = Body surface area, CO = cardiac
output, HR = Heart rate, LV = left ventricular
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Intra-scan comparison of energetics (KE vs. EL)

Figure 2 shows the in-scan comparison of KE versus EL. Comparison of KEg 4y to E'LE_avg
showed strong—excellent correlation (scan 1: r=0.92, P<0.001; scan 2: p=0.96, P <0.001).
Also, correlation between KEa—avg and ELa—aye Was strong—excellent in both scans (scan 1: p
=0.87, P <0.001; scan 2: r=0.99, P <0.001).

Scan—rescan analysis of kinetic energy and viscous energy loss rate over early diastolic

filling

Detailed results of the scan—rescan tests of KE and EL assessment over early diastolic filling
are shown in Tables 2 and 3 and Figure 3. Scan—rescan assessment showed poor results for
early diastolic filling, as shown in Table 2. Of note, Figure 3 shows that for KE and EL
assessment over early diastolic filling two subjects showed more distinct differences.
Throughout the text we will refer to these two subjects as “Subject 1” and “Subject 2”.
Detailed scan—rescan information of these two subjects is provided in Appendix 2. In Figure
3a, Subject 1 and 2 are indicated as dark (KEg.ave) and light red triangles (KEg-peax) and in
Figure 3b, as dark (ELg.avg) and light red triangles (ELg.peak). Possibly some factors related to
the 4D flow MRI acquisition or physiological factors have resulted in these marked
differences, therefore we performed an evaluation for a subcohort without Subject 1 and 2.
Scan-rescan correlations were much stronger and variation was less for this sub-cohort, as
shown in Table 3. KEg avg and ELg g assessment showed non-significant differences between
the two scans, strong ICCs (KEg-avg: 0.95, P <0.001 and E'LE.avg: 0.91, P=10.03) and CVs <
11% (KEg.aye: 10% and ELg ayg: 11%). norm_ELg 4y showed a strong ICC (0.90, P = 0.001)
and a CV of 12%. Scan-rescan assessment of KEp peax and ELg peax sShowed nonsignificant
differences. The ICC of KEg peak was good (0.82, P = 0.01) with a CV of 15%. Similarly the
ICC of ELgpeak Was good (0.76, P = 0.03) with a CV of 17%. Furthermore, norm_ELgpeak
showed a strong ICC (0.86, P =0.005) and a CV of 16%.
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Figure 2. Scatter plots of kinetic energy (KE) versus viscous energy loss rate (EL) during early diastolic
filling and KE versus EL during late diastolic filling. a) scatter plot depicting the correlation between KEE.avg
and E'LE,W measured in scan 1 (grey) and scan 2 (black), in all 12 subjects, b) scatter plot depicting the

correlation between KE ., and E'LA,W measured in scan 1 (grey) and scan 2 (black), in all 12 subjects.

Scan—rescan analysis of kinetic energy and viscous energy loss rate over late diastolic filling

Detailed results of the scan—rescan tests of KE and EL assessment over late diastolic filling
are shown in Tables 2 and 3 and Figure 3. Scan—rescan assessment showed good results for
late diastolic filling, as shown in 7able 2. Subject 1 and 2 are now within the same range as
the other values [Figure 3c, indicated as dark (KEa-avg) or light red triangles (KEA-peak)]. The
same was observed when assessing ELa-ave and ELa—peax [Fig. 3d, indicated as dark (ELa-ave)
or light red triangles (ELa—peax)]. However, to be consistent we repeated the evaluation in the

sub-cohort without Subject 1 and Subject 2. Scan—rescan correlations and variation were
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similar for the sub-cohort without Subject 1 and Subject 2, as shown in Table 3.
Reproducibility of KEa-aye and ELa-ay, assessment showed non-significant differences, good
ICCs (KEa-avg: 0.77, P=0.02 and ELa-aye: 0.75, P=0.03) and CVs up to 24% (KEa-ave: 23%
and ELa-ave: 24%). norm_ELa_a, showed a non-significant difference between the scans, a
good ICC (0.70, P = 0.048) and a CV of 22%. Scan-rescan assessment of KEa-peax and
ELA-peax showed non-significant differences, good ICCs (KEa-pea: 0.83, P = 0.01 and
ELA—pea: 0.79, P=0.02) and CVs up to 25% (KEa—peak: 23% and ELa—peak: 25%). Lastly, scan—
rescan assessment of norm_ELa-pea showed a non-significant difference between the scans,
a moderate ICC (0.64, P =0.08) and a CV of 24%.

Scan—rescan analysis of kinetic energy and viscous energy loss over total diastole

Detailed results of the scan—rescan tests of KE and EL assessment over total diastole (ELotal
diastole and norm EL ol diastole) and ELindex are shown in Tables 2 and 3 and Fig. 3. Scan—
rescan assessment showed poor results for total diastole, but strong results for ELindex, as
shown in Table 2. Scan—rescan correlations were much stronger and variation was less for
the sub-cohort without Subject 1 and Subject 2 (7able 3). Scan—rescan assessment of EL ol
giastole Showed a non-significant difference between the scans, a strong ICC 0f 0.91 (P =0.001)
and a CV of 11%. norm_ EL ol diastole Showed a non-significant difference between the scans,
a good ICC (0.81, P =0.01) and a CV of 12%. Figure 3f shows the Bland—Altman plot of
ELindex. For all subjects, scan—rescan assessment of ELiy¢ex Showed excellent reproducibility
with a small non-significant difference between the scans, a strong ICC of 0.94 (P < 0.001)
and a CV of 9%. When evaluating the sub-cohort without Subject 1 and 2 the results remained
similar (ICC: 0.95, P <0.001 and CV: 8%).
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KE and EL over early diastolic filling
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Figure 3. Bland-Altman plots of kinetic energy (KE) and viscous energy loss rate (EL) at peak early diastolic
filling (KEg.peax and E'LE_peak) and peak late diastolic filling (KEa.peax and E’LA_peak) and ELjygex. (2) Bland-Altman
plot depicting the agreement between KEg..,, (black) and KEg . (grey) in scan 1 and scan 2.The subjects
with distinct higher differences between scan and rescan measurements (Subject 1 and 2) are depicted as red
triangles (KEg .y, dark red; KEg ek light red). (b) Bland-Altman plot depicting the agreement between E'Lg,avg
(black) and E'LE,pa.k (grey) in scan 1 and scan 2. Subject 1 and 2 are depicted as red triangles (KEg.,, dark red;
KEE peak light red). (c) Bland-Altman plot depicting the agreement between KE 4.\, (black) and KE4 ek (grey)
in scan 1 and scan 2. Subject 1 and 2 are depicted as red triangles (KE a.avg dark red; KEa peax light red). (d)
Bland-Altman plot depicting the agreement between E'L,HWg (black) and ELa peax (grey) in scan 1 and scan 2.
Subject 1 and 2 are depicted as red triangles (E'LA,avg dark red; E'LA,pcak light red). (e) Bland-Altman plot
depicting the agreement between EL o1 diastole in Scan 1 and scan 2. Subject 1 and 2 are depicted as red triangles.
(f) Bland-Altman plot
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Scan—rescan analysis of volumetric vorticity LV over early diastolic filling

Detailed results of the scan—rescan tests of vorticity LV assessment over early diastolic
filling are shown in Tables 4 and 5 and Figure 4. Scan—rescan assessment showed moderate
results for early diastolic filling as shown in Table 4. The Bland—Altman plots of the
assessment of vorticity LVg.aye and vorticity LVgpeax showed higher differences between
scan and rescan measurements for Subject 1 and 2 (Figure 4a, indicated as dark
(vorticity LVE.ave) or light red triangles (vorticity LVg.peak)). Scan—rescan correlations were
much stronger and variation was less for the sub-cohort without Subject 1 and 2 (Table 5).
Scan-rescan assessment of vorticity LV peak and vorticity L Vg, showed a non-significant
difference between the scans, good-strong ICCs (vorticity LVgpeak: 0.83, P = 0.01 and
vorticity LVE.ay: 0.95, P < 0.001) and CVs up to 11% (vorticity LVEpeak: 11% and
vorticity LVg.ave: 7%).

Scan—rescan analysis of volumetric vorticity LV over late diastolic filling

Detailed results of the scan—rescan tests of vorticity LV assessment over late diastolic filling
are shown in Tables 4 and 5 and Figure 4. Scan—rescan assessment showed good results for
late diastolic filling as shown in Table 4. Subject 1 and 2 are now within the same range as
the other values (Figure 4b, indicated as dark (vorticity LV a-ae) and light red triangles
(vorticity LV a-peak)). Scan—rescan variation was similar for the sub-cohort without Subject
1 and 2 (Table 5). Scan—rescan assessment of vorticity LVa-peak and vorticity LV a-ave
showed non-significant differences between the scans, good-strong ICCs (vorticity LV a-peak:
0.91, P =0.001 and vorticity LV a-ayg: 0.89, P =0.002) and CVs of 11%.
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Vorticity over early diastolic filling
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Figure 4. Bland-Altman plots of volumetric vorticity over peak early filling (vorticity LV and

vorticity LVEgpea) and late filling (vorticity LV a.avgand vorticity_ LV a ). (a) Bland-Altman plot depicting
the agreement between vorticity L V.. (black) and vorticity LV ek (grey) in scan 1 and scan 2. Subject 1
and 2 are depicted as red triangles (vorticity LV, dark red; vorticity LV e light red). (b) Bland-Altman
plot depicting the agreement vorticity LV a.. (black) and vorticity LV a.pea (grey) in scan 1 and scan 2.
Subject 1 and 2 are depicted as red triangles (vorticity LV .., dark red; vorticity LV peax light red)
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Discussion

In the current study, kinetic energy, viscous energy loss and vorticity inside the left ventricle
during diastole are derived from 4D flow MRI and scan-rescan reproducibility of these
parameters is tested. Scan—rescan reproducibility is essential for the clinical application of a
parameter since it reflects the reliability of a measurement and feasibility of repeated
measurement evaluations. The main findings of this study are: (1) internal consistency
between kinetic energy and viscous energy loss is strong-excellent in both scans during early
and late diastolic filling; (2) In the majority (10 out of 12) of subjects, reproducibility of peak
and average kinetic energy and viscous energy loss during early, late and total diastolic filling
shows non-significant differences with a good to excellent agreement (by means of ICC)
and CVs up to 25%; (3) In the studied parameters, time-averaged measurements over E-
and A-filling show stronger reproducibility than peak measurements. (4) For all subjects,
ELindex shows good reproducibility with a small non-significant difference between the
scans, strong agreement and a CV of 9%; (5) Assessment of volumetric vorticity over the
left ventricle during early and late diastolic filling shows non-significant differences, good—
excellent ICCs and CVs up to 11%.

In the Bland—Altman plots for E-filling parameters, measurements obtained in two subjects
(Subject 1 and 2 in Appendix 2) showed distinct higher differences between scan and rescan
measurements than the measurements of the majority of the cohort. These high differences
had an impact on the scan—rescan reproducibility for KE and EL measures. This impact
seemed to be largest during early diastolic filling, where reproducibility was much higher for
the sub-cohort without Subject 1 and 2. However, during late diastolic filling, reproducibility
was similar. There is no obvious explanation for the measurements that showed distinct
higher differences between scan and rescan measurement, but this could be related to the
technical restrictions of the 4D flow MRI acquisition or to physiological differences between
scans, or a combination of both. It is to be expected that physiological differences were small
as all subjects are healthy volunteers that were scanned twice under the same circumstances
with only a short break between the scans (+ 10 min) and heart rate was not significantly
different between both scans. Still, subtle physiological differences could result in poor scan—
rescan reproducibility for these few cases. Table A1 in Appendix 2 shows the HR, LV outflow
and CO of all subjects. Subject 1 and 2 present the highest CO differences, however there are
other subjects with CO differences within the same range. Table A2 in Appendix 2 shows
subject specific scan—rescan information from the mitral valve flow curves. Subject 1 and 2
have the highest difference in area under the curve of the E-filling and peak filling rate of the
E-filling. This could indicate that differences may be related to technical restrictions of the
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acquisition, as the E-filling duration, E peak filling rate and the area-under-the-curve are
sensitive to temporal and spatial resolution. These observations are important to take into

consideration when evaluating flow energetics and vorticity in a research or clinical setting.

Kinetic energy (KE) over LV diastole

Multiple 4D flow MRI studies showed that patients with LV dysfunction present altered flow
patterns through the LV with impaired preservation of inflow KE to the end of diastole and
altered KE-time curves (the amount of KE inside the LV during each time step over the total
cardiac cycle) [4, 6, 7, 21], even in patients with normal to mild LV remodeling and normal
to mildly depressed LV systolic function [7]. These KE changes in the LV could be a valuable
diagnostic marker to evaluate diastolic function and might be useful for early detection of
deteriorating ventricular function [1, 4-7, 21, 22], which could reduce patient morbidity and
mortality [23]. However, there is a lack of studies validating LV KE derived from 4D flow
MRI in a scan—rescan setting. Therefore, reliability and reproducibility of KE measurements
from 4D flow MRI in a repeated scan setting remains largely unknown. Kanski et al. [24]
compared mean KE and peak KE between two scans (with and without respiratory gating)
with the aim to evaluate the impact of respiratory gating on KE measurements. They found
a strong correlation between the KE measurements in both scans. The current study differs
from the study by Kanski et al. [24] in that we used the same protocol for both scans. In the
current study, moderate—strong correlation was found between KE measurements in both
scans. Absolute values of KEg.peak and KEa-peak reported in the current study are in agreement
with previous studies [1, 25, 26].

In the current study we showed the reproducibility of the KE measurements assessed with
4D flow MRI with good-strong agreement (by means of ICCs), however substantial CVs up
to 23% were also found. Based on the Bland—Altman analysis the variability of KEg 4z and
KEa-avg Was less than the variability of KEg peak and KEa-peak as shown by the smaller limits
of agreement. This might be expected, given that the definition of average is computed over
multiple time points and therefore evens out the variations more than a single-time measure
such as the peak, especially when the definition of the peak also is affected by the temporal
resolution of the 4D flow MRI data.
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Viscous EL over LV diastole

The assessment of intracardiac EL could provide crucial details on the function of the heart
apart from the standard MRI parameters and could be used to further unravel the influence
of complex surgery for congenital heart defects [1]. To our knowledge, this is the first study
assessing scan—rescan reproducibility of in vivo LV EL over diastole assessed by 4D flow
MRI. Results of norm_ELg peax in the current study correspond well with that of a different
healthy controls cohort of a recent 4D flow MRI study by Elbaz et al. [1] Also norm_ELg ayg
values are consistent. Furthermore, both results of norm  ELa—peak, as well as norm ELa—ay,
are similar to previously reported numbers [1]. Both EL ol diastole and norm_ELoi diastole ar€
slightly higher in our study than in the study by Elbaz et al. [1]. However, results remain in
the same range. These differences in results could be explained in part by differences in heart
rate between the volunteers of this study and those of the previous study. This is because the
total viscous energy loss over diastole is computed over the time period between the first and
the last phase of the diastole (Eq. 3) in Appendix 1) and heart rate mainly affects the duration
of diastole. Still, the EL-time curve over total diastole in the current study (Figure /d) agrees
well with reported in vivo [1] and in vitro [2] EL time curves. In this study we demonstrated
the reproducibility of the EL parameters with moderate—strong ICCs and substantial CVs of
up to 25%. Similar to KE, the Bland—Altman analysis shows that the variability of E'LE_avg
and ELxave was less than the variability of ELgpeak and ELa—peak. The amount of energy lost
over diastole relative to the average kinetic energy as measured by means of ELingex, sShows
good reproducibility for all subjects with an ICC of 0.94 (P <0.001) and an CV of 9%. The
Bland—Altman plot shows that all subjects are within the same range of differences. This
suggests that among tested parameters ELiydex 1S the least sensitive to subtle physiological
variations or discrepancies affected by technical limitations of the 4D flow MRI data in the
healthy subjects, which might have affected the lesser reproducibility of KE and EL in some
subjects. This observation could be attributed to the fact that ELiyex is @ dimensionless
parameter concerned with the relative changes in EL to KE and not with their absolute
changes as in other tested parameters. As such, the reported reproducibility of ELinex could
also be considered as another reflection of a good internal consistency in this study. Although
a similar ELi,qex parameter was reported in a previous study and was shown to be significantly
altered in patients with acute myocardial infarction [18], ELis¢ex Was computed in that study
from 2D echo particle image velocimetry and over the complete cardiac cycle as compared
to this study’s volumetric measurement from 4D flow MRI and over diastole only. Therefore,
it is not possible to perform a direct comparison with the published results of that study.
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Vorticity inside the LV during diastolic filling

LV vortex quantification parameters, such as vorticity, could be useful in the assessment of
LV and RV diastolic (dys)function [1, 8, 9, 11, 12]. In recent studies, vorticity was shown to
be a marker of diastolic dysfunction, both in the LV [9] and the RV [8] of patients with
pulmonary hypertension. To our knowledge, no previous study is available on assessing
scan—rescan reproducibility of in vivo vorticity LV over diastole from 4D flow MRI. Fenster
et al. [8] assessed vorticity inside the RV using the integral of vorticity magnitude over the
volumes and found results in the same order of magnitude as the results in the current study.
In a recent paper by Schafer et al. [9] LV vorticity in healthy subjects was assessed. However,
it is not clear whether this was computed over the whole LV volume and therefore we cannot
compare results to our measurements. The current study showed scan—rescan reproducibility
of integral vorticity LV during E-filling as well as during A-filling with good—excellent ICCs
and CVs up to 11%. Based on the Bland—Altman analyses, similar to the KE and EL results,
the variability of the average of the vorticity LVg.gand vorticity L'V a-av was less than the
variability of the peaks vorticity LVEgpeak and vorticity LV a-peak. Vorticity LVE.avg shows
less variability than vorticity LV —a but vorticity LVe.peax shows slightly more variability

than vorticity LV a-peak.

Technical considerations

The post-processing steps that are followed for obtaining these flow energetics and vorticity
parameters involve manual segmentation, registration and valve tracking. Manual
segmentation on cine short axis images can be performed with excellent reproducibility [27].
In this study, manual segmentation was performed by one observer with over 2 years of
experience in MRI and verified by another observer with over 15 years of experience, with
validated software [28], which warrants high accuracy. Next, to correct for patient motion
related misalignment and minimize errors between the cine short axis and the 4D flow
acquisitions, automated image-based 3D rigid registration was performed using the validated
Elastix image registration toolbox [17]. Another post-processing step requires retrospective
valve tracking and mitral flow velocity mapping for assessing the beginning and ending of
diastole. The reproducibility and observer variability of this semi-automated method was
shown to be excellent [14, 15].
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Limitations

A limitation of this study is the small number of subjects. Furthermore, no patients were
scanned in this study as this is difficult to assess in clinical research. In most of our patient
studies, 4D flow MRI is part of a clinical MRI evaluation of about 75-90 minutes, sometimes
involving the use of contrast for late gadolinium enhancement and sometimes involving a
Dobutamine rest/stress protocol. Scan—rescan evaluation in such cases would imply repeating
some of these evaluations as well. Furthermore, repeating 4D flow MRI for scan—rescan
purposes would imply an additional scan-time of approximately 30 minutes (because of
replanning), which makes the total scan-time too long to keep the patient in the same
physiological state. Another limitation is that the influence of a different scanning protocol
or scanner was not assessed. However, it is important to note that in the current study the aim
was to assess scan—rescan reproducibility by using the exact same protocol and the same
scanner machine twice. The use of different scanners or scanning protocols could result in
altered reproducibility, which should be evaluated in future studies.

Conclusion

In conclusion, left ventricular kinetic energy and viscous energy loss quantification from 4D
flow MRI in healthy volunteers shows strong—excellent in-scan consistency. Scan—rescan
assessment of left ventricular kinetic energy, viscous energy loss and vorticity shows overall
good agreement in the majority of the scanned subjects. Nevertheless, in two out of twelve
subjects, considerable variation between the scans was found. Agreement of A-filling
measurements is better than E-filling between scans in the studied parameters. Furthermore,
time-averaged measurements over early and late filling show better reproducibility compared
to peak measurements. Strong reproducibility for all cases is found in the dimensionless
index, ELingex, that measures the ratio of the amount of viscous energy lost relative to the
average kinetic energy over diastole. ELiy¢x seems to be less influenced by technical and/ or
slight physiological differences between scans and may therefore be a useful parameter of
energetics for future studies
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Appendix 1
Viscous Energy Loss Computation from 4D flow MRI

Given the acquired velocity field v, the rate of viscous energy loss (EL) in watt (W) and the total energy
loss (ELtotq;) in joule (J) over a given period of time T can be computed from 4D flow MRI using the

viscous dissipation function @,, in the Newtonian Navier-Stokes energy equations:

 ow 2 (8, =1ifi=]
_1v3 v3 [fow 9w _2 j = J
O B |G+ 52) ey ’{si,-=0,ifi¢i 7 (Fa-1

@, represents the rate of viscous energy dissipation per unit volume. i,j correspond to the principal
velocity directions x, y, z. V. v denotes the divergence of the velocity field. Therefore, the rate of viscous

energy loss (EL) in Watt at an acquired time phase t can be computed as:
EL, = pXM, ®,L; [watt (W)] (Eq.2)

assuming the blood as a Newtonian fluid, the dynamic viscosity is i =0.004 Pa-s, N as the total number

of voxels in the given domain of interest (e.g. LV), L; as the voxel volume.

As a result, the total viscous energy loss (EL) in joules over time period T starting at phase t g ¢ and

ending at t ¢,q can be computed as:

ELy = 3% ELgpq [joule ()] (Eq.3)

d=t sart
with pg the time step (temporal resolution) of the acquired 4D flow MRI.
Vorticity Computation from 4D flow MRI

If u v,w denote the three velocity field components acquired from 4D flow MRI over the principal

velocity directions x, y, z, respectively, the vorticity (w; ¢) at voxel i of an acquired time phase ¢
an't a‘li“; au“ an't 617” 6uit)
W=l ———,——— I/S Eq.4
Lt (33’i,t 0zip Oziy  Oxir OXxir Oyir [17s] (Eq4)

Then, Vorticity_LV denoting the integral sum of vorticity over the segmented LV volume at an acquired

time phase t in liter (ml) per second (s) can be computed as
Vorticity LV, = XM |w;¢| L [ml/s] (Eq.5)

With |w; ¢| as the magnitude of the vorticity vector, M as the total number of voxels in the segmented

LV volume and L; ; as the voxel volume.
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Appendix 2

Table Al. Subject specific scan-rescan assessment

Subject  HR1 HR2 Difference LV LV Difference LV Cco1 CO2 Difference

(bpm) (bpm) HR (bpm) outflow outflow outflow (ml) (V/min) (V/min) co

1 (ml) 2 (ml) (/min)

1* 67.1 69.6 2.5 104.1 124.9 20.7 6.99 8.7 244
2% 53.8 51.6 -2.2 1129 94.4 -18.5 6.08 4.9 -19.7
3 58.0 51.8 -6.2 110.0 126.4 16.4 6.38 6.6 2.7
4 61.5 59.1 -2.4 81.5 72.4 9.1 5.01 43 -14.7
5 71.9 66.2 -5.7 68.4 66.0 -2.4 4.92 4.4 -11.2
6 50.5 529 2.4 100.7 108.6 7.9 5.08 5.7 12.9
7 63.7 60.4 -3.3 104.0 107.8 3.8 6.62 6.5 -1.7
8 57.7 53.1 -4.6 85.4 86.4 1.0 4.93 4.6 -6.9
9 71.1 72.1 1.0 753 84.5 9.1 5.35 6.1 13.7
10 68.0 61.3 -6.7 85.0 81.8 -3.2 5.78 5.0 -133
11 48.5 583 9.8 90.3 88.7 -1.5 4.38 52 182
12 58.0 62.0 4.0 71.1 76.3 5.2 4.12 4.7 14.7

Differences were calculated as: value scan 2 - value scan 1.

* subjects with marked high differences for the assessment of early filling parameters
Abbreviations: A=late diastolic filling; AUC=area under the cure; CO=cardiac output; E= early diastolic filling; HR=heart rate.

Table A2. Subject specific scan-rescan information from the MV flow curves

E-filling

Subject EAUC1 E Difference E E E Difference E E dur E dur Difference E
(ml) AUC2 AUC PFR 1 PFR 2 PFR 1 2 dur (ms)

(ml) (ml) (ml/s) (ml/s) (ml/s) (ms) (ms)

1* 78.6 94.8 16.2 522.8 738.8 216.0 332 292 -40

2% 84.3 71.3 -13.0 567.4 388.4 -179.1 323 413 90

3 85.7 96.4 10.7 744.5 734.7 -9.9 309 270 -39

4 68.5 61.4 -7.1 551.4 5379 -13.5 316 263 -53

5 52.6 46.8 -5.8 343.6 362.2 18.6 348 297 -51

6 83.9 84.6 0.7 500.2 545.2 45.0 378 328 -50

7 79.3 87.5 8.2 683.6 647.7 -35.8 314 351 37

8 722 71.6 -0.6 592.5 543.6 -48.9 384 350 -34

9 59.4 66.8 7.4 506.1 563.6 57.4 272 300 28

10 58.7 58.9 0.2 367.5 376.7 9.2 322 373 51

11 64.5 60.9 -3.6 398.4 363.9 -34.4 349 343 -6

12 52.8 47.4 -5.4 380.3 3144 -65.9 330 313 -17

A-filling

Subject AAUC1 A Difference A A Difference A A A Difference A
(ml) AUC2 AUC A PFR 1 PFR 2 PFR dur1 dur 2 dur (ms)

(ml) (ml) (ml/s) (ml/s) (ml/s) (ms) (ms)

1* 28.1 293 1.18 342.1 357.7 15.5 166 175 9

2% 19.1 14.1 -4.95 243.5 159.6 -83.9 144 188 44

3 32.8 28.0 -4.80 409.5 347.0 -62.5 172 194 22

4 153 12.4 -2.93 161.8 158.0 -3.8 190 131 -59

5 16.7 15.0 -1.67 187.0 176.3 -10.7 174 208 34

6 13.6 22.0 8.36 137.4 2313 93.8 189 197 8

7 323 29.6 -2.74 409.2 374.7 -34.5 157 160 3

8 17.5 17.5 0.08 221.1 217.1 -4.0 175 176 1

9 18.3 19.6 1.30 243.7 245.0 1.3 136 137 1

10 17.6 14.4 -3.26 185.3 173.6 -11.8 162 170 8

11 17.5 14.4 -3.12 181.8 172.3 -9.5 209 205 -4

12 8.5 12.9 4.43 114.5 164.0 49.5 165 187 22

Differences were calculated as: value scan 2 - value scan 1.

* subjects with marked high differences for the assessment of early filling parameters
Abbreviations: A=late diastolic filling; AUC=area under the cure; CO=cardiac output; dur= duration; E= early diastolic filling; HR=heart
rate; PRF=peak filling rate.
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Abstract

Objective

To noninvasively assess intraventricular viscous energy loss (EL) and proportionality to
kinetic energy (KE) in Fontan patients using 4D flow magnetic resonance imaging (MRI) and
compare to healthy controls.

Methods

Thirty Fontan patients and 15 controls underwent 4D flow MRI. Ventricular EL was
computed and normalized by end-diastolic volume (EDV). EL over the cardiac cycle (ELcycic)
relative to the average kinetic energy (KEy) was quantified using a dimensionless index,
ELindex (ELcycte/KEcycle).

Results

Viscous energy loss was significantly elevated in Fontan patients compared to controls
(EL¢yele/EDV: 3.7 vs. 2.6 J/m?, P=0.001). Fontan patients with inflow of blood entering a
ventricle, which leaves that ventricle through a ventricular septal defect to the aorta, defined
as discordant inflow-to-outflow showed significantly higher EL compared to patients with
inflow of blood into the same ventricle from which the blood is ejected into the aorta, defined
as concordant inflow-to-outflow (ELyae/EDV: 6.8 vs. 3.2 J/m?, P=0.001). EL was not
significantly different in Fontan patients with a systemic left versus a systemic right ventricle
(EL¢yete/EDV: 3.5 vs. 3.6 J/m?, P=0.91). ELingex Was significantly elevated in Fontan patients
compared to controls (ELingex: 0.4 vs. 0.2, P<0.001). Highest ELinex was found in Fontan
patients with discordant inflow-to-outflow compared to concordant inflow-to-outflow (0.5
vs. 0.3, P=0.01).

Conclusion

Fontan patients show disproportionate intraventricular viscous energy loss relative to kinetic
energy. Intraventricular viscous energy loss is elevated in these patients compared to healthy
controls, and highest viscous energy loss is found in patients with discordant inflow to

outflow.
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Introduction

In patients with complex congenital intracardiac deformations, in whom a biventricular
circulation cannot be created, the Fontan procedure is a palliative approach in which the
systemic venous return is directed to the pulmonary arteries without passing through a
ventricle [1]. The Fontan procedure results in normalisation of the arterial saturation and
abolishment of the volume overload, however at the cost of increased systemic venous
pressure and decreased cardiac output (CO) [2]. Furthermore, the intracardiac anatomy is not
restored which leads to alterations in intracardiac hemodynamics [3]. These patients require
lifelong follow-up and the main cause of mortality is circulatory failure [4]. The reasons
behind such failure are not fully understood [5], and little is known about the influence of
disturbed intracardiac flow patterns on cardiac efficiency and its role in the
pathophysiological mechanisms leading to declining circulatory function. Accurate
visualization and quantification of intracardiac hemodynamics might help in understanding

this decline and may aid in early detection of deterioration of ventricular function.

4D flow MRI is a novel technique that is used to assess in vivo blood flow patterns and to
quantify hemodynamic markers from blood flow velocity [6]. This technique was recently
used to show decreased diastolic intraventricular kinetic energy (KE) in Fontan patients [7].
Also, increased viscous energy loss (EL), the KE that is lost due to frictional forces between
blood and surrounding structures and induced by blood viscosity, was reported in corrected
atrioventricular septal defect (AVSD) patients [8]. In the healthy left ventricle (LV), the
amount of EL is proportional to the KE that is produced [9]. The EL/KE ratio can be defined
by the dimensionless ELindex [10, 11].

We hypothesize that the various underlying intracardiac deformations of Fontan patients
promote inefficient flow-structure interactions that would increase EL disproportionate to the
KE produced, reflected by an altered ELinex. To our knowledge, in vivo EL or ELingex has not
been reported in Fontan patients. Therefore, the purpose of this study is to noninvasively
assess intraventricular EL and ELinqex in Fontan patients using 4D flow MRI and to compare
these results to EL and ELiygex in the LV of healthy volunteers.
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Methods
Study population

Of'the 30 Fontan patients who were prospectively included in this study, 7 patients underwent
MRI with 4D Flow as part of standard care and 23 were part of a multicentre study that was
approved by the Medical Ethical Committee of the Erasmus Medical Center Rotterdam, with
local approval of the Medical Ethical Committee of the Leiden University Medical Center,
The Netherlands. Informed consent was obtained from all prospectively included
participants. Regarding the retrospective data: at the time of the study, no ethical approval
was required for anonymised studies with patient data that was collected as part of standard
care in the Netherlands. Maximum oxygen uptake (VO; max), derived from cardiopulmonary
exercise tests (CPET) on a upright bicycle ergometer was included when CPET was done
within 6 months of the MRI (N=22) [12]. Fifteen controls with a similar age and without a
history of cardiac disease were included for comparison. These volunteers were part of a
group of 30 healthy volunteers of whom KE and EL were reported previously in comparison
to corrected AVSD patients [13].

Fontan patient grouping

First, intraventricular EL results in the total Fontan patient group (11 patients with a systemic
LV, 13 patients with a systemic right ventricle [RV] and 6 “biventricular” patients, as shown
in supplementary Table A1) were compared to the LV energy loss of the controls since the
systemic RV of the Fontan patients more closely resembles loading conditions of the
systemic LV as compared to the loading conditions of the subpulmonary RV of the controls.
Furthermore, systemic loading conditions of the RV sustaining the systemic circulation in
Fontan patients induces marked changes in RV function, partly resembling LV contraction

patterns [14].

Then, patients were grouped into two groups for comparison to each other by: 1) concordance
or discordance of the inflow into the ventricle versus the outflow to the aorta; 2) systemic LV
versus systemic RV. Concordant inflow-to-outflow was defined as inflow of blood into the
same ventricle from which the blood is ejected into the aorta, as is the case in a patient with
tricuspid atresia with a normal ventriculo-arterial connection. Discordant inflow-to-outflow
was defined as inflow of all (or part of) the blood entering a ventricle, which leaves that
ventricle through a ventricular septal defect to the aorta, for example in double inlet left
ventricle with the aorta arising from a hypoplastic RV.

194 | Chapter 10



Cardiovascular MRI acquisition

For the Fontan patients, whole-heart 4D flow MRI was obtained on a 3T scanner (Ingenia,
Philips Healthcare, Best, the Netherlands) in 4-chamber orientation, with 3D volume
covering the whole heart. Maximal amplitude was 45 mT/m for each axis, slew rate of 200
T/m/s and a combination of FlexCoverage Posterior coil in the table top with a dStream Torso
coil, providing up to 32 coil elements for signal reception. Velocity-encoding of 150 cm/s in
all three directions was used in a standard four-point encoding scheme, spatial resolution
3.0 x 3.0 x 3.0 mm? or better, flip angle 10°, echo time (TE) 3.7 ms, repetition time (TR) 7.7-
10 ms, true temporal resolution 30-40 ms, sensitivity encoding factor 2 in anterior-posterior
direction and echo planar imaging readout with a factor 5. Concomitant gradient correction
and phase offset correction was performed using standard available scanner software.
Retrospective gating was used with 30 phases reconstructed to represent one cardiac cycle
and free breathing was allowed without motion suppression. It has been shown that whole-
heart 4D flow MRI can be acquired with preserved accuracy without respiratory gating [15].
Typical acquisition time of the 4D flow MRI scan was approximately 8 minutes.

Cine two-dimensional left 2-chamber, 4-chamber, coronal and sagittal aorta views and
transversal images were acquired, using steady-state free-precession sequences with TE/TR
1.5/3.0, 350 mm field-of-view, 45° flip angle, acquisition resolution 1.9 x 2.0 x 8.0 mm?>.
Retrospective gating was used with 30 phases reconstructed to represent one cardiac cycle.
Free breathing was allowed without motion suppression; three signal averages were taken to

minimize effects of breathing motion.

Volunteers underwent whole-heart 4D flow MRI on the same 3T scanner with a similar scan
protocol except for the acquired spatial resolution of 2.3 x 2.3 x 4.2 mm? [13]. To test the
influence of different spatial resolutions on EL and KE, an additional test was performed in
two healthy volunteers under the same scan conditions except for the spatial resolution,
applying the resolution used in the Fontan patients (resolution 1: 3.0 x 3.0 x 3.0 mm?®) and
volunteers (resolution 2: 2.3 x 2.3 x 4.2 mm?®) (supplementary Table A2 and supplementary
Figure Al).

Data preparation

Image analysis was performed by one observer (VPK) with >3 years of cardiac MRI
experience and verified by a radiologist (LJIMK) with >20 years of cardiac MRI experience.
Endocardial borders were manually traced in all slices and phases in the transversal images
and ventricular volume was calculated at the end-diastolic and end-systolic phases using in-

house developed MASS software (Figure I). Papillary muscles were disregarded and
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assumed to be included in the ventricular volume. Remaining parts of the septum in
“biventricular patients” were not included in the ventricular volume. Stroke volume (SV) was
calculated as ventricular end-diastolic volume (EDV) — end-systolic volume. Cardiac output
was computed as SV X heart Rate (HR). Ventricular shape was assessed by the sphericity
index as short-axis to long-axis ratio in the cine four-chamber view. Time points of systolic
and diastolic phases, E/A ratio and regurgitation fraction were derived from ventricular

inflow and outflow profiles from retrospective valve tracking [16].

Segmentation of the ventricular cavity in the 4D flow MRI acquisition, required for the
energy analysis, was obtained by transforming the available time-varying segmentation of
cine transversal acquisition to the 4D flow MRI data. To account for potential patient-motion-
related misalignment between these acquisitions, automated image-based 3D rigid
registration by mutual information was performed using the phase with maximal depiction
of the ventricular cavity in both scans with the Elastix image registration toolbox [17].
Intraventricular KE and EL were obtained by one investigator (MSME) with >6 years MRI
experience using in-house developed MATLAB-based software (MathWorks Inc., version
R2013b).
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-
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3.

Analysis of time-varying volumetric
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energy (KE).
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patient with double inlet left
ventricle.
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Figure 1. Kinetic energy (KE) and viscous energy loss (EL) analysis. 1) segmentation on the 2D cine
transversal images; 2) segmentation on the 4D flow data; 3) analysis of time-varying volumetric KE and EL
and 4) identification of the peaks and averages. DILV=double inlet left ventricle; TA=tricuspid atresia;
TGA=transposition of the great arteries; RV=right ventricle; DORV=double outlet right ventricle;
AVSD=complete atrioventricular septal defect; HLHS=hypoplastic left heart syndrome.
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Computation of intraventricular energetics

Intraventricular EL. was computed from 4D flow MRI using the dissipation terms from the
Navier-Stokes energy equations assuming blood as a Newtonian fluid [8], as shown in the
supplementary methods. The peak viscous energy loss rate (EL, in watt (W)) during systole
(ELpeak.systole), €arly (E) diastolic filling (ELg peax) and late (A) diastolic filling (EL a-peak) Were
assessed. Furthermore, summed EL over the total cardiac cycle (ELcyclc), Systole (ELsystolc)
and diastole (ELgiastole) in Joule (J) were computed. In this study, we normalized EL
parameters by EDV and SV to account for heterogeneity in ventricular volume and flow. EL
parameters normalized by EDV are reported as ELpeaksystole/EDV, ELg peat/EDV and ELa.
peak/EDV in W/m? and as ELcycie/EDV, ELsystole/EDV and ELgiasiole/EDV in J/m?.

The amount of intraventricular KE was computed as ¥4 mv?, with (m) as the mass representing
the voxel volume multiplied by the density of blood (1.025g/ml) and (v) as the 3-directional
velocity from 4D flow MRI. For each acquired time-phase, volumetric KE was then
computed by integrating the computed KE over the segmented 3D ventricular volume. In
order to quantify KE, the time-averaged KE and peak KE in Joule (J) over the total cardiac
cycle (KEcycr,), over systole (KEgystole, KEpeak-systole), over diastole (KEgiastole), peak early
diastolic filling (KEgpeak) and peak late diastolic filling (KEa-peak) Were assessed. To allow
comparison of our results with a previous study reporting peak KE values normalized by SV
[7, 8], KE values in the current study were also normalized by SV (reported as KEyci/SV,
KEgystole/SV, KEpeak-systole/ SV, KEiastole/ SV, KE g-peak/SV, KEapeak/SV), in mJ/ml.

In healthy hearts the amount of EL is proportional to the amount of KE [9]. To assess whether
changes in EL levels in Fontan patients are a proportional consequence of changes in KE we
computed an energy loss index (ELindex) indicating the amount of EL indexed to the average
KE produced over the cardiac cycle. ELingex is @ dimensionless index that was used in an
earlier 2D echo particle image velocimetry study by Agati et al. [10]. The diastolic ELindex
and its reproducibility from 4D flow MRI was recently shown in healthy subjects [11]. In the
current study, ELingex Was computed as ELcycie/KEcycle. With ELcycle as the summed volumetric
EL (in Joule) lost during the total cardiac cycle and KEcyci as the average volumetric KE (in
Joule) during the total cardiac cycle. In this study we defined “disproportionate” as a
disturbance in the ELingex compared to controls i.e. altered proportionality/fraction of total
EL that is lost relative to KE produced over the cardiac cycle (measured by ELindex) compared

to values found in the studied healthy controls.
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Statistical Analysis

Data analysis was performed using SPSS Statistics (version 23.0 IBM SPSS, Chicago, IL).
Variables were tested for normal distribution using the Shapiro-Wilk test. Continuous data is
reported as mean + standard deviation (SD) or as median with inter-quartile range (IQR) in
case of non-normality of the data. Comparison of variables amongst different groups was
performed using the unpaired Student’s t-test or, in case of non-normality, the Mann-Whitney
U-test. Normal limits were derived from the 95% confidence interval (CI) of the healthy
control group. To test the association of ELijex and EL and conventional markers of
functional status (such as E/A ratio, AV regurgitation fraction and VO, max) in the studied
Fontan patients, the correlation was tested by the Spearman correlation coefficient (p). A P-
value <0.05 was considered statistically significant.

Results

Characteristics of the patients and controls are shown in 7able 1. Of the Fontan patients 28/30
have an extracardiac conduit, 2 have a lateral tunnel. Characteristics of the patient subgroups
are also shown in Table I and supplementary table A1. As shown in supplementary Table A2
and supplementary Figure A1, the influence of spatial resolutions on EL and KE is: 1-4% on
ELcycte, 3-4% on KEcycle and 3-8% on ELiqex.

Viscous energy loss in Fontan patients versus controls

EL and ELingex results for the whole Fontan group versus the controls are reported in Table
2. During systole, ELqys0l/EDV as well as ELpeaksysole/EDV were significantly higher in
Fontan patients. During diastole ELgiastole/EDV was not significantly different in Fontan
patients versus controls. However, ELg pea/EDV was significantly lower in Fontan patients,
while ELa pea/ EDV was significantly higher in Fontan patients. Without normalization, EL
results for the whole Fontan group versus the controls are similar to the results normalized
by EDV, however, ELg peax Was not significantly different in Fontan patients versus controls
(supplementary Table A3). Also, when normalizing by SV, EL results remain similar
(supplementary Table A4).
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Table 1. Characteristics of patients and controls

Total study group

Fontan patients (N=30) Controls (N=15) P-value
Age (years) 14 [11-18] 14+5 0.42
Male (%) 10/30 (33%) 5/15 (33%) 1.00*
HR (bpm) 81.4+17.0 789+ 11.7 0.62
SV (mL) 63.6 [55.8-77.4] 73.2+18.8 0.32
CO (L/min) 55+2.0 57+13 0.78
EDV (mL) 131.2[108.2-171.1] 119.7+£35.8 0.08
EF (%) 484+7.7 61.8+4.2 <0.001
E/A ratio 1.2 [1.0-1.6] 1.9[1.8-2.2] <0.001
Regurgitation (%) 6.5 [4.8-10.0] 1.0 [0.0-2.0] <0.001
VO, max (mL/kg/min) 31.0+7.6 n/a n/a
Fontan subgroups

Concordant in- to outflow Discordant in- to outflow P-value

(N=21) (N=9)
Age (years) 13 [11-17] 15 [15-18] 0.08
Male (%) 8/21(38%) 2/9 (22%) 0.70*
HR (bpm) 859+ 14.2 70.9+19.2 0.02
SV (mL) 63.0 £16.7 84.1 £39.0 0.05
CO (L/min) 53+14 6.0+3.0 0.39
EDV (mL) 132.9+36.0 169.8 +70.7 0.07
EF (%) 48.1+84 492+59 0.73
E/A ratio 1.1+0.3 2.0+0.8 <0.001
Regurgitation (%) 8.6+6.8 8.1+3.2 0.83
VO, max (mL/kg/min) 30.4+84 33.0+3.9 0.52

Left ventricle (N=11) Right ventricle (N=13) P-value
Age (years) 15.6+4.0 13.1+2.8 0.08
Male (%) 1/11(9%) 7/13 (54%) 0.15*
HR (bpm) 74.6 +18.1 88.2+14.4 0.05
SV (mL) 61.8+17.2 62.3+16.8 0.94
CO (L/min) 4.6+18 54+12 0.25
EDV (mL) 125.7 £ 39.8 137.0 £ 34.3 0.47
EF (%) 502+7.0 459+8.5 0.20
E/A ratio 1.5+09 1.2+03 0.21
Regurgitation (%) 6.3+3.5 10.7+7.8 0.10
VO, max (mL/kg/min) 30.7+8.0 31.1+9.2 091

*assessed with the Chi-square test
HR=heart rate; SV=stroke volume; CO=cardiac output; EDV=end-diastolic volume; EF=ejection
fraction; VO,max=maximum oxygen uptake from cardiopulmonary exercise test.
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Table 2. Quantitative analysis of viscous energy loss normalized by EDV

Total study group

Fontan patients (N=30)  Controls (N=15) P-value
ELys0/EDV (J/m®) 2.1[1.3-2.6] 09+0.2 <0.001
ELpeak-systol/EDV (W/m?) 9.8 [4.6-15.3] 54+1.5 0.003
EL giastole/EDV (J/m?) 1.7 [1.3-2.1] 1.7£0.3 0.87
ELg pea/EDV (W/m®) 6.8 [4.6-8.8] 10.1£3.0 0.01
ELa-pea/EDV (W/m?)* 5.0[3.3-7.9] 32+1.7 0.003
EL¢ya/EDV (J/m?) 3.7 [2.8-5.0] 2.6+0.4 0.001
ELindex 0.4 [0.3-0.5] 0.2 +0.04 <0.001
Fontan subgroups

Concordant in-to Discordant in-to-outflow P-value

Outflow (N=21) (N=9)
ELys0/EDV (J/m®) 1.6 [1.1-2.2] 3.0 [2.2-7.3] 0.001
ELpeak-sysiol/EDV (W/m?) 7.9[4.4-11.3] 17.3[10.9-42.6] 0.002
EL giastotle/EDV (J/m?) 1.7[1.2-1.9] 24+0.8 0.03
ELg.pea/EDV (W/m®) 6.3 [4.3-8.5] 8.5+3.1 0.16
ELa-pea/EDV (W/m?)?* 64+32 43+1.7 0.09
ELyu/EDV (J/m?) 3.2[2.6-3.9] 6.8+3.5 0.001
ELindex 0.3 [0.3-0.4] 0.5+0.2 0.01

Left ventricle (N=11) Right ventricle (N=13) P-value
ELys01/EDV (J/m?) 1.7 [1.2-4.5] 1.9+09 0.53
ELpeak-sysol/EDV (W/m?) 10.1 [4.6-17.3] 8.6 [4.2-12.9] 0.39
ELgizstole/EDV (J/m?) 2.1+1.1 1.7 [1.3-1.9] 0.53
ELg.pea/EDV (W/m®) 5.1[4.4-7.7] 7.2 [4.7-8.9] 0.49
ELa-pea/EDV (W/m?)?* 4.5[3.3-6.7] 6.3+£3.0 0.53
ELyu/EDV (J/m?) 3.5[2.6-8.7] 3.6+1.0 0.91
ELingex 0.4 [0.3-0.7] 0.3 [0.3-0.4] 0.21

“one patient had no A-wave and was excluded
EL=viscous energy loss; EDV=end-diastolic volume; E-peak=peak early diastole; A-peak=peak late

diastole

Non-normalized results are shown in the supplementary Table A3, results normalized by stroke volume
are shown in supplementary Table A4.
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Figure 2. Total viscous energy loss over complete systole (a), complete diastole (b) and complete cardiac
cycle (c). The solid line represents the 97.5% (upper limit) and the dashed line represents the 2.5% (lower
limit) of the confidence interval of the controls. Patients with discordant inflow-to-outflow are marked with a
solid black outline.

Viscous energy loss in Fontan patients with concordant vs. discordant inflow to outflow

EL and ELiyex results for the Fontan patients with concordant inflow-to-outflow versus
Fontan patients with discordant inflow-to-outflow are reported in 7able 2. During systole,
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ELgysi0l/EDV as well as Elpeak-sysiole/EDV were significantly higher in Fontan patients with
discordant inflow-to-outflow. Similarly, ELgiasoi/EDV was significantly higher in Fontan
patients with discordant inflow-to-outflow versus Fontan patients with concordant inflow-to-
outflow. ELgpea/ EDV and ELapea/EDV were not significantly different in Fontan patients
with discordant inflow-to-outflow versus Fontan patients with concordant inflow-to-outflow.
EL/EDV was significantly higher in Fontan patients with discordant inflow-to-outflow.
Also, ELingex Was significantly higher in Fontan patients with discordant inflow-to-outflow
versus Fontan patients with concordant inflow-to-outflow. In Figure 2, patients with
discordant inflow-to-outflow are shown with a solid black outline. This figure shows that for
ELgyst0l/EDV and EL¢cie/EDV all patients with discordant inflow-to-outflow were above the
95% CI derived from the controls. The significantly higher EL in patients with discordant
inflow to outflow is also indicated in Figure 3, where Figure 3b shows a cross-section of the
EL rate map in a patient with concordant inflow-to-outflow at peak systole and Figure 3d
shows the EL rate cross-sectional map of a patient with discordant inflow-to-outflow at peak
systole. Notably, Figure 3d shows the highest EL rate at the level of the ventricular septal
defect to the outflow tract. Furthermore, Figure 4a and 4c show cross-sectional EL maps

with marked differences in these two patients at peak diastole.

As shown in Figure 5, ELinex in Fontan patients with discordant inflow-to-outflow (shown

with a solid black outline) was consistently above the 95% CI of the controls.

Without normalization, EL results for the Fontan patients with a concordant inflow-to-
outflow versus Fontan patients with discordant inflow-to-outflow are similar to the results
normalized by EDV. However, the absolute ELg.ek Was significantly higher in Fontan
patients with discordant inflow-to-outflow versus patients with concordant inflow to
outflow, while there was no significant difference when normalizing by EDV
(supplementary Table A3). When normalizing by SV, EL results are similar to the EL results
normalized by EDV (supplementary Table A4).

Viscous energy loss in Fontan patients with a systemic LV or systemic RV

EL and ELingex results for the Fontan patients with a systemic LV versus Fontan patients with
a systemic RV are reported in Table 2. None of the reported parameters, measured over
systole, diastole or the total cardiac cycle, were significantly different in Fontan patients with
a systemic LV versus Fontan patients with a systemic RV. Results for ELgs0l/EDV,
ELgiastole/EDV and EL¢ycl/EDV in Fontan patients with a systemic LV, systemic RV or
biventricular morphology are depicted in Figure 2 with different colors and shapes. ELindex
was not significantly different in Fontan patients with a systemic LV versus Fontan patients
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with a systemic RV. ELiex in Fontan patients with a systemic LV, systemic RV or
biventricular morphology is also depicted in Figure 5. Without normalization, EL results for
the Fontan patients with a systemic LV versus Fontan patients with a systemic RV also
showed no significant differences (supplementary Table A3). When normalizing by SV EL

results remain similar (supplementary Table A4).

Concordant inflow versus outflow

Atrium

Peak systole

Discordant inflow versus outflow

Peak systole

Figure 3. Cross-sectional Map of viscous energy loss (EL) rate in a patient with concordant inflow-to-
outflow (a, b) and a patient with discordant inflow-to-outflow (c, d) at peak systole. a) two-chamber view of
a patient with hypoplastic left heart syndrome. The dashed line shows the level of the neo-aortic valve to the
neo-aorta which is shown by an asterisk (*). b) EL rate of the same patient at peak systole. c¢) three-chamber
view of a patient with double inlet left ventricle. The dashed line shows the level of the aortic valve, the aorta
is shown by two asterisks (**). d) EL rate of the same patient at peak systole. LV=left ventricle; RV=right
ventricle; HLHS=hypoplastic left heart syndrome; DILV=double inlet left ventricle; VSD=ventricular septal
defect
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EL and KE maps in a patient with concordant inflow versus outflow (HLHS)

Peak diastole
-
L

‘~-

Peak diastole

Peak diastole
Ks
\’ .

)

Peak diastole

Figure 4. Cross-sectional maps of viscous energy loss (EL) rate and kinetic energy (KE) rate of the same

acquired diastolic time-point in a patient with concordant inflow-to-outflow (a, b) and a patient with discordant

inflow-to-outflow (c, d) at peak diastole. These maps belong to the same patients presented with systolic EL

maps in Figure 4. a) EL rate in a patient with hypoplastic left heart syndrome at peak diastole. b) KE rate in

the same patient. ¢) EL rate in a patient with double inlet left ventricle at peak diastole. d) KE rate in the same

patient. EL=viscous energy loss; KE=kinetic energy; HLHS=hypoplastic left heart syndrome; DILV=double

inlet left ventricle.
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Figure 5. EL index. The solid line represents the 97.5% (upper limit) and the dashed line represents the 2.5%
(lower limit) of the confidence interval of the controls. Patients with discordant inflow—to-outflow are marked

with a solid black outline.

Kinetic energy results

KE results for the whole Fontan group versus controls and the Fontan subgroups, normalized
by SV (in mJ/mL) as previously reported [7], are shown in Table 3. KEysto1e/SV, KEgiastole/SV
and KE,../SV were not significantly different in Fontan patients compared to controls. Also,
KEpeak-systole/SV and KEa pea/SV were not significantly different in Fontan patients versus
controls. However, KEg pea/SV was significantly lower in Fontan patients compared to
controls.

Fontan patients with discordant inflow-to-outflow showed significantly higher KEqyso1/SV
and KEpcak-systole/SV compared to patients with concordant inflow-to-outflow. Furthermore,
patients with discordant inflow-to-outflow showed significantly lower KEa_pea/SV compared
to patients with concordant inflow-to-outflow. When comparing Fontan patients with a
systemic LV to patients with a systemic RV, none of the reported KE parameters were
significantly different.
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Table 3. Quantitative analysis of kinetic energy normalized by SV

Total study group

Fontan patients (N=30) Controls (N=15) P-value
KEgystole/SV(mJ/ml) 0.025[0.018-0.034] 0.021+0.006 0.08
KE peak-systole/ SV (mJ/ml) 0.047[0.029-0.065] 0.040+0.009 0.17
KEiastole/SV (mJ/ml) 0.018[0.013-0.022] 0.021+0.006 0.16
KEE pear/SV (mJ/ml) 0.032[0.023-0.039] 0.063+0.017 <0.001
KEApea/SV (mJ/ml) 0.021[0.014-0.033]* 0.018 [0.010-0.022] 0.08
KE¢yee/SV (mJ/ml) 0.023£0.008 0.021£0.005 0.42
Fontan subgroups

Concordant in-to-outflow Discordant in-to-outflow P-value

(N=21) (N=9)
KEqsi01e/SV (mJ/ml) 0.023+0.009 0.042+0.019 0.001
KE eak-systole/ SV (mJ/ml) 0.041+0.018 0.074+0.031 0.001
KEiastole/SV (mJ/ml) 0.017[0.013-0.023] 0.017+0.005 0.86
KEg peak/SV (mJ/ml) 0.031[0.023-0.037] 0.040+0.016 0.30
KEApea/SV (mJ/ml) 0.028[0.018-0.036] 0.015+0.006 0.008
KE¢yee/SV (mJ/ml) 0.021£0.008 0.026+0.005 0.14

Left ventricle (N=11) Right ventricle (N=13) P-value
KEgys0le/SV (mJ/ml) 0.023[0.015-0.048] 0.025+0.011 0.87
KE peak-systole/ SV (mJ/ml) 0.038[0.028-0.083] 0.046+0.021 0.87
KEiastole/SV (mJ/ml) 0.016+0.005 0.022 [0.011-0.025] 0.17
KEg-peak/SV (mJ/ml) 0.031£0.011 0.032 [0.023-0.039] 0.65
KEA pear/SV (mJ/ml) 0.024+0.012 0.028 [0.017-0.038] 0.56
KEye1e/SV (mJ/ml) 0.021+0.007 0.024+0.010 0.40

“one patient had no a-wave and was excluded
KE=kinetic energy; SV=stroke volume; E-peak=peak early diastole; A-peak=peak late diastole

Relation to conventional markers

In the current study, there was no correlation between E/A ratio and ELgiastole (p=0.38,

P=0.06) in the Fontan patients. Also, there was no relation between ELcye and AV
regurgitation fraction (p=0.002, P=0.99) and no relation between ELijex and AV
regurgitation fraction (p=0.02, P=0.92). Comparison between EF and ELingex showed poor

10

correlation (p=0.25, P=0.18). Shape of the ventricle, measured by the sphericity index, was

not related to ELcycle (ELcycle versus systolic sphericity index: 1=0.18, P=0.35; ELycl Versus

diastolic sphericity index: r=0.12, P=0.52 ) or ELindex (ELindex versus systolic sphericity index:
=0.28, P=0.14; ELinqex versus diastolic sphericity index: r=0.30, P=0.11 ). Furthermore, no
relation was observed between ELcycic and VO, max from CPET (p=0.05, P=0.83) or ELindex
and VO, max (p=0.11, P=0.64).
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Discussion

In the current study, intraventricular viscous energy loss was noninvasively assessed with 4D
flow MRI in patients with a Fontan circulation. Main findings of the study are: 1) viscous
energy loss was significantly elevated in Fontan patients compared to healthy volunteers; 2)
Fontan patients with discordant inflow-to-outflow had significantly elevated viscous energy
loss compared to Fontan patients with concordant inflow-to-outflow; 3) viscous energy loss
was not significantly different between Fontan patients with a systemic left ventricle versus
a systemic right ventricle; 4) ELingex, the total amount of viscous energy loss proportional to
the average amount of kinetic energy produced over the cardiac cycle, was significantly higher
in Fontan patients (disproportionate) compared to healthy controls and ELingex was
significantly higher in Fontan patients with discordant inflow—to-outflow versus Fontan

patients with concordant inflow-to-outflow.
Energetics in Fontan patients versus controls

In the healthy heart, intraventricular blood flow is organized in such a way that is thought to
preserve KE and facilitate efficient ejection of the blood [18-20]. Interruption of this natural
flow arrangement, as seen in cardiac diseases or after valve replacement, is suggested to
increase EL, thereby reducing the efficiency of the cardiac pump [20]. The complex
intracardiac deformations in Fontan patients may promote inefficient flow-structure
interaction that could increase EL and change the proportion of EL indexed to KE. When
increased EL is present for years the accumulative effect might contribute to adverse
myocardial adaptation or remodelling due to the accumulated myocardial work load.
However, little in vivo studies describe the influence of disturbed intracardiac flow patterns
on cardiac efficiency and its role in the pathophysiological mechanisms leading to declining
circulatory function. Knowledge on the impact of altered geometric arrangement on
energetics might help in understanding circulatory failure and aid in early detection of
deterioration of ventricular function.

Our results showed that systolic and total EL were significantly elevated in Fontan patients
compared to controls. The elevated EL was most pronounced during systole, while EL during
diastole was comparable between Fontan patients and controls. This shows that the influence
of intracardiac deformations on energetics is largest during systole, most likely due to the
higher frictional forces between blood and surrounding structures during systole.
Importantly, ELinx was significantly higher in Fontan patients compared to controls. This
elevated index in Fontan patients shows that the amount of energy that is lost due to viscosity-
induced frictional forces is disproportionate to the KE produced, which indicates that the
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changes in EL are stimulated by the complex interaction between blood flow and the
intracardiac deformations and not merely a reflection of proportionate changes in KE

produced.

Intraventricular EL results in the Fontan patients were compared to left ventricular EL of the
controls. Although a matter of debate, this approach was chosen because inflow from the
pulmonary veins and from the (common) atrium and the afterload posed on the sub systemic
ventricle by the aorta is different compared to the venous return, the right atrial inflow and
the afterload caused by the pulmonary arterial circulation. Subsequently, systemic loading
conditions of the RV sustaining the systemic circulation in Fontan patients induces marked
changes to RV function, partly resembling LV contraction patterns [ 14].

In the current study group of relatively young Fontan patients, we found no correlation
between EL and other conventional markers of functional status. Currently, it is largely
unknown how the heart reacts to increased EL and how this relates to traditional markers of
functional status. However, eventually an accumulation of disproportionate EL present for
many years might contribute to increased myocardial load and eventually circulatory failure

during long-term follow-up.

As stated above, EL in Fontan patients has not been reported before. Sjoberg et al. [7] recently
reported a significantly decreased peak diastolic ventricular KE (normalized by SV) by 4D
flow MRI in Fontan patients compared to healthy volunteers (0.028 = 0.010 versus 0.057 +
0.011 mJ/ml, P<0.001). Sjoberg et al. [7] did not evaluate E and A filling separately. We
showed significantly decreased KE at peak E filling compared to controls (0.032 [0.023-
0.039] versus 0.063 + 0.017 mJ/ml, P<0.001). However, in the current study, KE at peak A
filling was not significantly different between Fontan patients and controls (0.021 [0.014-
0.033] versus 0.018 [0.010-0.022] mJ/ml, P=0.08). Furthermore, similar to Sjoberg et al. [7],
we observed no significant difference in KE at peak systole between Fontan patients and
healthy controls.

Energetics in Fontan patients with concordant vs. discordant inflow to outflow

Using computational fluid dynamics, it has been shown that the natural LV geometry leads
to the most efficient flow organization from filling to ejection and an unnatural asymmetry
caused by cardiac disease or valvular abnormalities reduces this efficiency [20]. To evaluate
whether EL in Fontan patients depends on disruption of normal geometry, we performed a
subgroup analysis of Fontan patients with discordant inflow-to-outflow versus Fontan

patients with concordant inflow-to-outflow. Our results show that Fontan patients with
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discordant inflow-to-outflow had significantly elevated EL compared to Fontan patients with
concordant inflow-to-outflow. Also, ELinex, the proportion of EL indexed to KE produced,
was significantly different in this patient group. These results are in line with our hypothesis
that abnormal flow-structure interaction, for instance because of an abnormal outflow
pathway, leads to disproportionate EL. Being dimensionless, ELinex could enable
standardized quantification of ventricular energetics and comparison between different
patients. As such, ELingex could be a novel marker indicating the efficiency of flow-structure
interaction. Furthermore, the reported results may have clinical implications for surgical

strategy and long-term follow-up in these patients.
KFE and EL in Fontan patients with a systemic LV or systemic RV

The systemic RV in Fontan patients is less capable of sustaining systemic pressures [21] and
Fontan patients with a systemic RV are more prone to heart failure [22]. In the current study,
we compared Fontan patients with a systemic L'V versus a systemic RV. However, our results
did not display any significant differences in EL or ELiyex between these two groups, which
indicates that the systemic ventricle being the LV or RV is of less influence to the

intraventricular energetics in the studied patients.
Limitations

A limitation of the current study is the heterogeneous study group with several underlying
anatomies. However, this is inherent to studies with Fontan patients. Furthermore, our
subgroups are relatively small and not equal in numbers. Still, the results show large
significant differences between the groups. Wong et al. [23] recently reported an association
between ventricular shape and functional strain markers in patients with hypoplastic left heart
syndrome. We did not find an association between ventricular shape (measured by sphericity
index) and EL. However, our study group consisted of patients with several underlying
anatomies and the 2D sphericity index might not be the optimal reflection of ventricular shape
in these complex patients. In the current study, the healthy volunteers were scanned with a
slightly different spatial resolution from the patients. To test the influence of such a difference
in resolution on EL and KE results, we have performed additional validation in two healthy
volunteers scanned twice (once under each resolution). Results of this validation in
supplementary Table A2 and supplementary Figure Al show that the different spatial
resolutions that were used for the Fontan patients (resolution 1: 3.0 x 3.0 x 3.0 mm®) and
volunteers (resolution 2: 2.3 x 2.3 x 4.2 mm?®) resulted in a relative difference of 1-4% on
ELcycte, 3-4% on KEycie and 3-8% on ELingex, Which are in the same range as scan-rescan
differences that were recently published [11]. The difference in ELingex between the total
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Fontan group versus the volunteers in the current study was 78%. Therefore, the minor
difference in spatial resolutions between healthy subjects and patients that were used in this
study, only has a minor effect on EL calculation and can be neglected when compared to the
difference in EL between healthy subjects and patients. Lastly, it has to be taken into account
that 4D flow MRI recordings are averaged over many heartbeats, thus small-scale
fluctuations and intermittent acute phenomena, that may have an important effect on energy

dissipation, cannot be evaluated by this technique.

Conclusion

In conclusion, Fontan patients show disproportionate intraventricular viscous energy loss
relative to produced kinetic energy. Furthermore, intraventricular viscous energy loss in
Fontan patients is elevated compared to healthy controls. Highest viscous energy loss is found
in patients with discordant inflow-to-outflow. To our knowledge, this is the first study that
provides a quantitative in vivo assessment of intraventricular viscous energy loss in Fontan
patients using 4D flow MRI. Future studies should further investigate the correlation between
viscous energy loss and clinical markers of circulatory failure such as decreased VO, max
during exercise tests and increased NTproBNP and the use of energy loss parameters in early

detection or prediction of heart failure.

Supplementary Data

Formulae for the computation of viscous energy loss from 4D flow MRI are provided in
supplementary methods. Additional characteristics of the Fontan patients are shown in the
supplementary Table AI. An additional experiment in two volunteers scanned with different
spatial resolutions is shown in supplementary Table A2 and supplementary Figure AI. Non-
normalized EL and EL normalized by SV results are also shown in the supplementary data
(Table A3 and A4, respectively)
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Supplementary data
Supplementary methods
Viscous Energy Loss Computation from 4D flow MRI

Viscous energy loss corresponds to the kinetic energy that is irreversibly converted/lost to
thermal energy due to frictional forces induced in the fluid through fluid viscosity and the
no-slip condition. Viscous energy loss is computed using the viscous dissipation function @,,
which represents the work done by the viscous stresses (i.e. frictional forces) on a fluid
particle. That is, @, quantifies the rate of viscosity-induced energy dissipation per unit
volume. Viscous stresses induced by frictional forces in the fluid, stimulating viscous energy
dissipation, can be computed in terms of the viscous stress tensor (a tensor that quantifies the
rate of fluid deformation due to viscosity and boundary slip condition). From the Navier-
Stokes energy balance equations of incompressible Newtonian fluid, it can be derived that
the loss of kinetic energy (to heat) due to viscosity-induced frictional/stress forces on a fluid
particle can be computed in terms of the dissipation function @,, and the dynamic viscosity

u as follows (1,2):

Given the acquired velocity field v, the rate of viscous energy loss (EL) in watt (W) and the
total energy loss in joule (J) over a given period of time T can be computed from 4D flow
MRI using the viscous dissipation function @,, in the Newtonian Navier-Stokes energy
equations:

) ) 2 (§;=1ifi=j
_1¢3 y3 (0w, 9v)_2 3 i 2
Q=5 Yie12j=1 [<0xj+ﬂxi) 5 (7.0)8; ’{5u _0ifizj 5] [Eq.1]

@, represents the rate of viscous energy dissipation per unit volume. i,j correspond to the
principal velocity directions x, y, z. V.v denotes the divergence of the velocity field.
Therefore, the rate of viscous energy loss (EL) in Watt at an acquired time phase t can be

computed as:
EL, = pX; O,L; [watt (W)] [Eq.2]

assuming the blood as a Newtonian fluid, the dynamic viscosity is p=0.004 Pa‘s, N as the

total number of voxels in the given domain of interest (e.g. LV), L; as the voxel volume.

As a result, the total viscous energy loss (EL) in joules over time period T starting at phase

t start and ending at t o4 can be computed as:
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ELy = Y5  ELypq [joule (3)] [Eq.3]

d=t sart

with pq the time step (temporal resolution) of the acquired 4D flow MRI.

For more details on the derivation of the viscous dissipation function and viscous energy loss,

readers are referred to (2)
References belonging to the supplementary data

1. Elbaz MS, van der Geest RJ, Calkoen EE, de Roos A, Lelieveldt BP, Roest AA, et al. Assessment
of viscous energy loss and the association with three-dimensional vortex ring formation in left
ventricular inflow: In vivo evaluation using four-dimensional flow MRI. Magn Reson Med.
2017;77(2):794-805.

2. Canuto C, Quarteroni A, Hussaini MY, Zang TA. Fundamentals of Fluid Dynamics. In: Canuto C,
Hussaini MY, Quarteroni A, Zang TA, editor. Spectral Methods - Evolution to Complex
Geometries and Applications to Fluid Dynamics. Berlin Heidelberg: Springer-Verlag 2007.
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Table Al. Individual subject characteristics

Subject  Diagnosis Ventricular Concordant/discordant Type of Fenestration NYHA
morphology inflow to outflow Fontan (at time of class
MRI)
1 HLHS Right Concordant Extacardiac  no I
2 cAVSD, Biventricular Discordant Lateral Yes I
DORV tunnel
3 TGA,VSD, Biventricular Discordant Extacardiac No 1
PS,
hypoplastic
LV
4 TA Left Concordant Extacardiac ~ No I
5 HLHS Right Concordant Extacardiac No I
6 DILV, with Left Discordant Extacardiac No 1
aorta from
RV
7 HLHS Right Concordant Extacardiac No I
8 TGA, VSD, Left Discordant Extacardiac No 1
hypoplastic
RV
9 HLHS Right Concordant Extacardiac ~ No I
10 TA Left Concordant Extacardiac ~ No I
11 DILV, with Left Discordant Extacardiac  No 1
aorta from
RV
12 HLHS Right Concordant Extacardiac ~ No I
13 TA Left Concordant Extacardiac ~ No I
14 DORV Right Concordant Extacardiac ~ No I
15 Unbalanced Biventricular Discordant Extacardiac ~ No I
AVSD,
hypoplastic
LV
16 ccTGA, Biventricular Discordant Extacardiac No 1
VSD, PS,
straddling
vV
17 ccTGA, Biventricular Discordant Extacardiac No 1
VSD, PS,
straddling
TV
18 HLHS Right Concordant Extacardiac ~ No I
19 HLHS Right Concordant Extacardiac ~ No I
20 PA Left Concordant Extacardiac No 11
21 TA Left Concordant Lateral No I
tunnel
22 DORYV, PS Right Concordant Extacardiac  No 1
23 TGA, Biventricular Discordant Extacardiac No 11
multiple
VSDs, PA
24 HLHS Right Concordant Extacardiac  No 1
25 HLHS Right Concordant Extacardiac ~ No I
26 TA Left Concordant Extacardiac ~ No I
27 HLHS Right Concordant Extacardiac ~ No I
28 PA Left Concordant Extacardiac ~ No I
29 TA Left Concordant Extacardiac ~ No I
30 HLHS Right Concordant Extacardiac ~ No I

Abbreviations: NYHA = New York Heart Association; cAVSD = complete atrioventricular septal defect;
ccTGA = congenitally corrected transposition of the great arteries; DILV = double inlet left ventricle;
DORYV = double outlet right ventricle; LV = left ventricle; HLHS = hypoplastic left heart syndrome;
VSD = ventricular septal defect; PA = pulmonary atresia; PS = pulmonary stenosis; RV = right ventricle;
TGA = transposition of the great arteries; TV=tricuspid valve
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Table A2. Spatial resolution test in additional healthy volunteers

Subject 1
Age (y) 49
Gender Male
EDV (mL) 154.9
SV (mL) 84.7
CO (L/min) 5.6
. . . . . Relative
* *®
Spatial resolution 1 Spatial resolution 2 Absolute difference difference (%)
ELsystore (MJ) 0.22 0.23 0.02 8
ELpeaksystole (MW) 1.01 1.13 0.12 11
ELdiastore (mJ) 0.37 0.23 -0.13 -36
ELg-peak (MW) 1.25 1.31 0.06 5
ELA-peak (MW) 1.05 0.80 -0.25 24
ELcyele (mJ) 0.59 0.57 -0.02 -4
KEsystore (mJ) 1.32 1.40 0.08 6
KEpeak-systole (MJ) 2.49 2.81 0.32 13
KEdiastole (mJ) 1.18 1.21 0.04 3
KEE-peak (mJ) 3.09 4.07 0.98 32
KEA-peak (mJ) 2.34 2.15 -0.18 -8
KEcycle (mJ) 1.23 1.28 0.05 4
ELindex 0.48 0.44 -0.04 -8
Subject 2
Age 29
Gender Male
EDV 236.5
SV 107.8
CO (L/min) 6.4
. . . . . Relative
* *
Spatial resolution 1 Spatial resolution 2 Absolute difference difference (%)
ELsystole (mJ) 0.42 0.40 -0.02 -4
ELpeak-systole (MW) 1.47 1.38 -0.09 -6
ELdiastore (mJ) 0.49 0.50 0.01 2
ELE-peak (MW) 1.61 1.62 0.00 0
ELA-peak (mW) 0.85 0.86 0.01 1
ELcycle (mJ) 0.91 0.90 -0.01 -1
KEgystole (mJ) 2.52 2.39 -0.13 -5
KEpeak-systole (mJ) 4.82 4.38 -0.44 -9
KEdiastole (mJ) 2.04 2.00 -0.04 -2
KEE-peak (mJ) 5.56 5.24 -0.32 -6
KEa-peak (mJ) 2.52 2.52 0.01 0
KEcycle (mJ) 2.23 2.15 -0.08 -3
ELindex 0.41 0.42 0.01 3

* Spatial resolution 1= 3.0 x 3.0 x 3.0 mm’, spatial resolution 2 =2.3 x 2.3 x 4.2 mm’

Abbreviations: EDV = end-diastolic volme; SV = stroke volume; CO = cardiac output; EL = viscous energy
loss; E-peak = peak early diastole; A-peak = peak late diastole; KE = kinetic energy
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Supplementary Figure Al. Time-evolution curves of viscous energy loss rate and kinetic energy using
the two resolution in the two volunteers. Resolution 1 = 3.0 x 3.0 x 3.0 mm?’, Resolution 2 =2.3 x 2.3 x 4.2

mm?®
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Table A3. Quantitative analysis of non-normalized viscous energy loss

Total study group
Fontan patients (N=30) Controls (N=15) P-
value
ELysto1c (mJ) 0.3[0.2-0.4] 0.1+0.0 <0.001
ELpeacsystole (MW) 1.5[0.6-2.3] 0.6+0.2 0.001
ELgiastole (mJ) 0.2[0.2-0.3] 0.240.1 0.09
ELg peax (MW) 1.0 [0.6-1.3] 1.240.4 0.23
ELA-peak (MW)? 0.8+0.4 0.4+0.2 <0.001
ELycle (mJ) 0.5[0.4-0.7] 0.3+0.1 <0.001
Fontan subgroups
Concordant in- to outflow Discordant in- to outflow P-
(N=21) (N=9) value
ELgyst01c (mJ) 0.2+0.1 0.6+0.3 <0.001
ELpeaksystole (MW) 1.120.6 25[2.1-4.1] <0.001
ELgiastole (mJ) 0.2+0.1 0.3[0.3-0.4] 0.002
EL pear (MW) 0.9[0.6-1.2] 1.30.9-1.6] 0.04
ELA peak (MW)? 0.8+0.4 0.7+0.4 0.60
ELcyee (mJ) 0.5+£0.2 1.0£0.4 <0.001
Left ventricle (N=11) Right ventricle (N=13)
ELgyst01c (mJ) 0.2 [0.2-0.6] 0.2+0.1 0.61
ELpeak-systole (MW) 1.1 [0.7-3.0] 1.240.7 0.65
ELgiastore (mJ) 0.3+0.1 0.2+0.1 0.44
ELg-peax (MW) 0.8+0.3 1.0+0.5 0.17
ELA peak (MW)? 0.6 [0.4-0.8] 0.8+0.4 0.33
Echcle (IIIJ) 062&04 05101 020

“one patient had no A-wave and was excluded

Abbreviations: EL = viscous energy loss; E-peak = peak early diastole; A-peak = peak late diastole
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Table A4. Quantitative analysis of viscous energy loss normalized by stroke volume

Total study group

Fontan patients (N=30) Controls (N=15) P-

value

ELys01/SV (J/m?) 4.3[2.7-5.9] 1.5+£0.4 <0.001
ELpeak-systole/ SV (W/m?) 18.6 [11.6-29.7] 8.6+2.2 <0.001
ELgiastole/ SV (J/m?) 3.7 [3.0-4.7] 2.840.6 0.002
ELg.peai/SV (W/m?) 13.4[9.6-18.6] 16.2+4.6 0.30
ELA-pea/SV (W/mP)* 10.8 [7.2-16.3]* 5.1[3.1-6.5] <0.001
ELyee/SV (J/m®) 8.1[6.0-10.7] 4.3+0.7 <0.001
Fontan subgroups

Concordant in- to outflow Discordant in- to outflow P-

(N=21) (N=9) value
ELgyst01/SV (J/m®) 3.8+1.7 8.8+5.4 <0.001
ELpeak-systole/ SV (W/m?) 17.9 [8.2-26.3] 48.8+35.4 0.003
EL giastole/ SV (J/m?) 3.41[2.7-3.9] 5.0£1.7 0.02
ELgpear/SV (W/m?) 13.0[9.1-16.8] 17.3+6.0 0.14
ELa peat/SV (W/m?®)?* 13.4[7.6-16.9]* 8.5+2.4 0.05
ELoyae/SV (J/m*) 7.5£2.7 13.8+6.7 0.001

Left ventricle (N=11) Right ventricle (N=13) P-

value

ELjys01e/SV (J/m*) 3.2[2.6-8.7] 4.1+£1.7 0.87
ELpeak-systole/ SV (W/m?) 18.5[11.2-40.4] 19.9+12.1 0.73
EL giastole/ SV (J/m?) 4.3+2.2 3.6[3.1-3.9] 0.96
ELgpear/SV (W/m?) 10.5[9.3-18.0] 13.9[10.7-18.5] 0.39
ELA-pea/SV (W/m?)* 11.0£5.6 15.8[7.6-17.3] 0.36
ELyee/SV (J/m®) 6.2[5.0-14.3] 7.9+£23 0.91

“one patient had no a-wave and was excluded

Abbreviations: SV = stroke volume; E-peak = peak early diastole; A-peak = peak late diastole; EL = viscous

energy loss

220 | Chapter 10



Chapter 11

Intraventricular vorticity is associated with viscous energy
loss and kinetic energy from 4D flow MRI in healthy

subjects and Fontan patients

Vivian P Kamphuis, Arno AW Roest, Pieter J van den Boogaard, Lucia JM Kroft, Hildo J.
Lamb, Willem A Helbing, Nico A Blom, Jos J]M Westenberg, Mohammed SM Elbaz

Submitted



Abstract

Objective

The aims of this study were to use 4D flow MRI to directly assess 1) the association of in
vivo left ventricular (LV) vorticity with kinetic energy (KE) and viscous energy loss (EL)
over the cardiac cycle in healthy subjects; 2) intraventricular vorticity in Fontan patients and
the relation to KE and EL over the cardiac cycle and 3) the relation between ejection fraction
(EF) with vorticity, EL and KE in the studied cohort.

Methods

15 healthy subjects and 30 Fontan patients underwent whole-heart 4D flow MRI. Ventricular
vorticity, KE and EL were computed over systole (vorticity volayg systoley KEavg systole, ELavg
systole) and diastole (vorticity volayg diastoles KEavg diastoles ELave diastole). The association between
vorticity vol and KE and EL was tested by Spearman correlation. Furthermore, Fontan
patients were grouped by EF as within or below the 95% confidence interval derived from
the healthy subjects.

Results

In healthy subjects, vorticity vol showed strong-excellent correlation with KE (systole:
p=0.96, P<0.001; diastole: p=0.90, P<0.001) and good-strong correlation with EL (systole:
p=0.85, P<0.001; diastole: p=0.84, P<0.001). Fontan patients showed significantly higher
vorticity _vol compared to healthy subjects (vorticity voOlavg systole: 3141.7 [2285.9-3875.8] vs
1738.6 [1338.2-2414.7] mL/s, P<0.001; vorticity Volayg diastole: 3078.0 [2042.0-3655.0] vs
2109.3 [1586.3-2818.1] mL/s, P=0.002 ). Still, in Fontan patients vorticity vol also showed
good-strong correlation with KE (systole: p=0.91, P<0.001; diastole: p=0.85, P<0.001) and
EL (systole: p=0.82, P<0.001; diastole: p=0.89, P<0.001). Notably, Fontan patients with an
EF within the 95% confidence interval derived from the healthy subjects showed significantly
higher vorticity volavg systole and ELayg systole, but significantly decreased KEayg diastole, compared
to the healthy subjects.

Conclusions

There is a good-excellent correlation between 4D flow MRI-derived vorticity, kinetic energy
and viscous energy loss in healthy subjects and Fontan patients. Fontan patients show higher
vorticity compared to healthy subjects. Though, despite the higher levels, volumetric
vorticity in Fontan patients show a persistent good-strong correlation with kinetic energy and
viscous energy loss.
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Background

In the healthy left ventricle (LV), both in vivo and in vitro studies have confirmed the
formation of vortical flow patterns within the ventricular blood flow [1-3]. Nevertheless, it
remains unclear how such vortical flow impacts or associates with cardiac (patho)physiology.
Earlier in vivo studies have postulated a role of vortical flow in maintaining kinetic energy
(KE) in a manner that minimizes energy loss (EL) to reduce the mechanical energy needed
to direct inflow towards the outflow tract during the subsequent systole [2, 3]. These
observations suggest that vortical flow affects both intracardiac flow and ventricular
function. Nevertheless, such speculated association between vortical flow with KE and EL
has not been directly verified in vivo over the intrinsically three-dimensional time-varying
intraventricular flow over the cardiac cycle neither in healthy subjects nor patients.
Furthermore, the association of vortical flow, KE and EL to conventional measures of

ventricular function such as ejection fraction (EF) remains unclear.

Four-dimensional (4D) flow magnetic resonance imaging (MRI) provides the three-
directional, three-dimensional time-varying flow field that enables in vivo time-varying
volumetric measurements of intraventricular KE, EL and vorticity (curl of velocity-a measure
of vortical flow strength) over the entire cardiac cycle [4-6]. Therefore, 4D flow MRI could
enable direct quantitative verification of the postulated association between vortical flow (by
means of vorticity), KE and EL in a volumetric time-varying manner in the entire

intraventricular flow and over the cardiac cycle in healthy subjects and patients.

In patients with a Fontan circulation, a palliative procedure for patients in whom a
biventricular circulation cannot be created [7], the abnormal underlying ventricular anatomy
could impact intraventricular hemodynamics resulting in complex altered flow patterns [8-
13]. Even though survival after the Fontan operation has increased drastically in the past
decades, Fontan patients are still prone to circulatory failure [14]. Studying the association
of vorticity with EL and KE in Fontan patients could potentially help improve our
understanding of the complex hemodynamics interplay in patients with abnormal ventricular
anatomy as compared to healthy subjects. Hence, might eventually aid in the early detection
of deterioration of ventricular function.

The aims of this study were to use 4D flow MRI to directly assess 1) the association of in
vivo LV vorticity with KE and EL over the cardiac cycle in healthy subjects; 2)
intraventricular vorticity in Fontan patients and the relation to KE and EL over the cardiac
cycle and 3) the relation between EF (by MRI) with vorticity, EL and KE in the studied
cohort.
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Methods

Study population

A total of 45 subjects were included in this study: Fifteen healthy subjects were part of a total
group of 30 healthy subjects of whom the KE and EL were reported previously in comparison
to corrected atrioventricular septal defect patients [4]. Also, 30 Fontan patients were included
in this study: 7 Fontan patients underwent a CMR scan with 4D flow MRI as part of standard
care and 23 were prospectively included as part of a multicenter study that was approved by
the Medical Ethical Committee of the Erasmus Medical Center in Rotterdam (MEC-2014-
326, NL48188.078.14), with local approval of the Medical Ethical Committee of the Leiden
University Medical Center, Leiden, The Netherlands. Informed consent was obtained from
all prospectively included participants. Regarding the retrospective data: at the time of the
study: in the Netherlands, no ethical approval was required for anonymized studies with
patient data that was collected as part of standard care.

Cardiovascular magnetic resonance acquisition

For the Fontan patients, whole-heart 4D flow MRI was obtained on a 3 Tesla scanner
(Ingenia, Philips Medical Systems, the Netherlands) with maximal amplitude of 45 mT/m for
each axis, slew rate of 200 T/m/s and a combination of FlexCoverage Posterior coil in the
table top with a dStream Torso coil, providing up to 32 coil elements for signal reception.
Velocity-encoding of 150 cm/s in all three directions was used in a standard four-point
encoding scheme, spatial resolution 3.0 x 3.0 x 3.0 mm? or better, flip angle 10°, echo time
(TE) 3.7 ms, repetition time (TR) 7.7-10 ms, true temporal resolution 30-40 ms, sensitivity
encoding factor 2 in anterior-posterior direction and echo planar imaging readout with a
factor 5. Concomitant gradient correction and phase offset correction was performed using
standard available scanner software. Typical acquisition time of the whole-heart 4D flow
MRI scan was approximately 8 minutes. Cine two-dimensional left 2-chamber, 4-chamber,
coronal and sagittal aorta views and transversal images were acquired, using steady-state
free-precession sequences with TE/TR 1.5/3.0, 350 mm field-of-view, 45° flip angle,
acquisition resolution 1.9 x 2.0 x 8.0 mm?. Retrospective gating was used with 30 phases
reconstructed to represent one cardiac cycle. To allow for a reasonable scanning time, free
breathing was allowed without using motion suppression; three signal averages were taken
to minimize effects of breathing motion. In the healthy subjects whole-heart 4D flow MRI
was obtained on the same 3 Tesla scanner (Ingenia, Philips Medical Systems, the
Netherlands). The scan protocol was similar with only a slightly different spatial resolution
0f2.3 x2.3 x 4.2 mm’.
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Data preparation

Image analysis was performed by one observer (VPK) with >3 years of experience in CMR
and verified by a radiologist (LJMK) with >20 years of experience in CMR. The ventricular
volume was calculated at the end-diastolic and end-systolic phases using in-house developed
MASS software by manually tracing the endocardial border in all slices and phases in the
transversal images. Papillary muscles were disregarded and assumed to be included in the
ventricular volume. In patients who had two ventricles functioning as the systemic ventricle
(mentioned as “biventricular” patients), remaining parts of the septum were not included in
the ventricular volume. Stroke volume (SV) was calculated as: left ventricular end-diastolic
volume (EDV) — left ventricular end-systolic volume (ESV). Cardiac output (CO) was
computed as: SV X heart Rate (HR). EF was computed as ((EDV — ESV)/EDV’) x 100.
Following previously published methods [15], start and end of the systolic and diastolic
phases were determined from the flow-time curves that resulted from retrospective valve
tracking assessing the inflow and outflow of the LV in the healthy subjects and the systemic
ventricle in Fontan patients. Segmentation of the ventricular cavity in the 4D flow MRI
acquisition, which is required for the energy and vorticity analyses, was obtained following
previously published workflow [5]. In brief, the available time-varying segmentation of
multi-slice cine transversal anatomical acquisition was transformed to the 4D flow MRI data
using automated registration [4]. That is, to account for potential patient-motion related
misalignment between the two acquisitions, automated image-based 3D rigid registration by
mutual information was performed using the phase with the maximal depiction of the
ventricular cavity in both scans with the Elastix image registration toolbox [16]. Analysis of
vorticity, EL and KE in the segmented ventricular volumes was done by one investigator
(MSME) with >6 years of experience in CMR using an in-house developed MATLAB-based
software (MathWorks Inc., version R2013b).

Computation of intraventricular vorticity from 4D flow MRI

Following previously published work [5], for each acquired time-phase, voxel-wise vorticity
magnitude (1/s) was first computed. If u v, w denoted the three velocity field components
acquired from 4D flow MRI over the principal velocity directions x, y, z, respectively, the
vorticity (w; ) at voxel i of an acquired time phase ¢ is:

Wir= (aWi,t _ an‘t aui‘t _ aWi't 6vi,t _ aum;) [l/s]
Lt Oyir  0zi¢’ 0zir  Oxip Oxie  Oyir
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Then, the instantaneous integral vorticity magnitude was computed as the cumulative sum of
voxel-wise vorticity and multiplied by voxel volume to give the integral in
[milliliter.1/second] i.e. [ml/s] with the following formula:

Vorticity ;= . ¥, |w;¢| L;¢ [mL/s].

With |w; ;| as the magnitude of the vorticity vector, M as the total number of voxels in the
segmented ventricular volume and L; ; as the voxel volume. Note that the computed vorticity
integral parameter is a scalar quantity and therefore does not take the vorticity direction into
account. We will refer to this vorticity integral over the ventricular volume as vorticity vol
throughout the text, to differentiate it from voxel-wise vorticity. In order to quantify
intraventricular vorticity, the time-average vorticity vol over systole and diastole
(vorticity volavg sysioles VOTtiCity VOlave diastoles respectively) was computed. All vorticity
parameters were reported as absolute values (mL/s), normalized by EDV (1/s) and
normalized by SV (1/s).

Association of vorticity with intraventricular KE and EL from 4D flow MRI

The relation between intraventricular vorticity vol versus EL and KE during systole and
diastole was tested. Following recently published methods [5], we have computed EL from
4D flow MRI using the dissipation terms from the Navier-Stokes energy equations, assuming
blood as a Newtonian fluid. Average EL over systole (ELayg systole) and diastole (ELavg diastolc)
were computed. EL parameters were reported as absolute values (mW), normalized by EDV
(mW/mL) and normalized by SV (mW/mL). The amount of intraventricular KE was
computed as . mv?, with (m) as the mass representing the voxel volume multiplied by the
density of blood (1.025 g/ml) and (v) as the 3-directional velocity from 4D flow MRI. For
each acquired time-phase, volumetric KE was then computed by integrating (by cumulative
sum) the computed KE over the segmented 3D ventricular volume. In order to quantify KE,
the time-average kinetic energy over systole (KEayg systole) and diastole (KEavg dgiastole) Were
computed.

Relation of ejection fraction with vorticity vol, KE and EL

To measure the relation between EF versus vorticity vol, KE and EL, the subjects were
grouped based on their EF. First, the normal range of EF was derived from the 95%
confidence interval (CI) of the 15 healthy subjects. Then, the Fontan patients were subdivided
in patients with EF within the 95% CI of healthy subjects and patients with EF below the
lower limit of the 95% CI of healthy subjects.
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Statistical Analysis

Data analysis was performed using SPSS Statistics (version 23.0 IBM SPSS, Chicago, IL).
Continuous data is reported as median with inter-quartile range (IQR). Comparison of
variables amongst different groups was performed using the Mann-Whitney U-test.
Correlations between vorticity vol and KE or EL parameters were tested by the Spearman
correlation coefficient (p). Correlation was classified as follows: >0.95: excellent; 0.95—0.85:
strong; 0.85—0.70: good; 0.70—0.5: moderate; <0.5: poor. The Kruskal-Wallis H test
(between groups) was used to test whether the differences between the healthy subjects and
the Fontan patients with preserved EF and reduced EF were significant. When significant,
individual comparisons were made using the Mann-Whitney U-test with Bonferroni

correction, resulting in a significance level set at P<0.017.

Results

Characteristics of the healthy subjects and Fontan patients are shown in Table 1. Median age
of the healthy subjects was 14 [11-18] years, median age of the Fontan group was 14 [10-16]
years. There were no significant differences in SV or EDV between the healthy subjects and
the Fontan patients (SV: 72.4 [55.1-88.7] versus 63.6 [55.8-77.4] mL, P=0.32; EDV: 114.0
[90.8-147.2] versus 131.2 [108.2-171.1] mL, P=0.08, respectively). There was a significant
difference in EF between the healthy subjects and the Fontan patients (62.1 [58.2-65.6] versus
49.2 [43.7-53.6] %, P<0.001). The Fontan group consisted of 11 patients with a systemic LV,
13 patients with a systemic right ventricle and 6 “biventricular" patients.

Table 1. Characteristics of healthy subjects and Fontan patients
Fontan patients (N=30) Healthy subjects (N=15) P-value

Median [IOR] Median [IOR]

Age (years) 14 [11-18] 14 [10-16] 0.42
Male (%) 10/30 (33%) 5/15 (33%) 1.00%
BSA (m%)f 1.4[1.2-1.6] 1.4[1.2-1.6] 0.86
HR (bpm) 83.5[67.8-96.0] 77.0 [68.0-90.0] 0.53
SV (mL) 63.6 [55.8-77.4] 72.4 [55.1-88.7] 0.32
CO (1/min) 5.3 [4.0-6.7] 5.2 [4.5-6.8] 0.44
EDV (mL) 131.2[108.2-171.1] 114.0 [90.8-147.2] 0.08
EF (%) 49.2 [43.7-53.6] 62.1 [58.2-65.6] <0.001

*assessed with the Chi-square test

+ according to the Mosteller Method: BSA (m?) = square root of (height (cm) x weight (kg)/3600)
Abbreviations: IQR = interquartile range; HR = heart rate; SV = stroke volume; CO = cardiac output; EDV
= end-diastolic volume; EF = ejection fraction
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Association of LV vorticity vol with KE and EL in healthy subjects

Table 2 shows vorticity vol analysis in the LV of healthy subjects. In these healthy subjects,
average non-normalized vorticity vol was significantly higher during diastole than during
systole (2109.3 [1586.3-2818.1] versus 1738.6 [1338.2-2414.7] mL/s, P=0.001). Figure I
shows scatter plots of the association between vorticity vol versus KE and EL in healthy
subjects. In healthy subjects, vorticity vol showed significant excellent correlation with KE
during systole (p=0.96, P<0.001) and significant strong correlation during diastole (p=0.90,
P<0.001); vorticity vol showed significant strong correlation with EL during systole
(p=0.85, P<0.001) and significant good correlation during diastole (p=0.84, P<0.001).

Table 2. Quantitative analysis of vorticity vol
Fontan patients (N=30)  Healthy subjects (N=15)  P-value

Median [IOR] Median [IOR]
Systole
Vorticity _volayg systole (ML/s) 3141.7 [2285.9-3875.8] 1738.6 [1338.2-2414.7] <0.001
Vorticity volayg systole/SV (1/8) 45.9 [38.2-53.7] 24.9 [21.6-28.1] <0.001
Vorticity volayg systole/EDV (1/8) 21.4[18.6-25.3] 16.1[13.6-18.0] <0.001
Diastole
Vorticity volayg diastote (ML/S) 3078.0 [2042.0-3655.0] 2109.3 [1586.3-2818.1] 0.002
Vorticity volayg giastole/SV (1/8) 42.3 [37.4-50.5] 30.6 [26.1-32.8] <0.001
Vorticity volayg giastole/EDV (1/8) 22.3[17.7-25.0] 19.1 [16.3-20.1] 0.025

Abbreviations: IQR = interquartile range; SV = stroke volume; EDV = end-diastolic volume

Intraventricular vorticity vol in Fontan patients

The results of the vorticity vol analysis in Fontan patients are shown in 7able 2. Non-
normalized vorticity _vol was not significantly different during diastole compared to systole
(3078.0 [2042.0-3655.0] versus 3141.7 [2285.9-3875.8] mL/s, P=0.63). Compared to healthy
subjects, the average vorticity was significantly higher in Fontan patients during systole
(vorticity volavg systole: 3141.7 [2285.9-3875.8] versus 1738.6 [1338.2-2414.7] mlL/s,
P<0.001), as well as during diastole (vorticity volavg diastole: 3078.0 [2042.0-3655.0] versus
2109.3 [1586.3-2818.1] mL/s, P=0.002). Normalization by SV or EDV gave similar results.
Figure 1 shows scatter plots of vorticity vol versus KE and EL in Fontan patients.
Vorticity vol showed strong correlation with KE during systole (p=0.91, P<0.001) and
diastole (p=0.85, P<0.001) and vorticity volshowed good correlation with EL during systole
(p=0.82, P<0.001) and strong correlation during diastole (p=0.89, P<0.001).
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A) Vorticity vs KE (systole) B) Vorticity vs KE (diastole)
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Figure 1. Scatter plots showing the relation between vorticity and kinetic energy and viscous energy loss.
A) vorticity versus kinetic energy during systole. B) vorticity versus kinetic energy during diastole. C)
vorticity versus viscous energy loss during systole. D) vorticity versus viscous energy loss during diastole.
Abbreviations: vorticity vol = volumetric vorticity; KE = kinetic energy; EL = viscous energy loss.

Association between vorticity vol, KE, EL and EF

Figure 2 shows a plot of EF in healthy subjects and Fontan patients with limits of the 95%
CI derived from the healthy subjects. The 95% CI of EF driven from healthy subjects in this
study was 54-70%. Based on the EF of healthy subjects, the Fontan patients were subdivided
in patients with EF within the 95% CI of the healthy subjects (n=7) and patients with EF
below the lower limit of the 95% CI of the healthy subjects (n=23). Of note, none of the
patients had EF above the upper limit of the 95% CI of the healthy subjects.

Vorticity versus KE and EL in Fontan patients | 229




Table 3 shows results of the quantitative measurements for the healthy subjects and the two
Fontan patient groups. Notably, patients with EF within the 95% CI of the healthy subjects
showed significantly higher vorticity volavg sysiole ad ELayg systole than the healthy subjects,
independent from the normalization method. Furthermore, KEayg dgiastole/EDV 1is significantly
lower in patients with EF within the 95% CI of the healthy subjects compared to healthy
subjects, independent from the normalization method. Comparison of patients with EF within
the 95% CI of the healthy subjects versus patients with EF below the 95% CI of the healthy
subjects showed significantly higher vorticity voOlayg dgiastole/SV for the latter (46.6 [41.0-53.0]
versus 36.6 [28.9-39.7, P=0.001]). None of the other differences were statistically significant.
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Figure 2. Plot of ejection fraction (EF) in the healthy subjects and Fontan patients. Normal limits (95%
confidence interval) are derived from the healthy subjects. Fontan patients are grouped by EF as: patients with
EF within the normal limits and patients with EF below the normal limits.
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Two Fontan patients with EF within the 95% CI of the healthy subjects are depicted in Figure
3 and Figure 4. In Figure 3, maps of vorticity, viscous energy loss rate and KE over the
ventricle of a Fontan patient with tricuspid atresia and EF of 62.0% are shown. Figure 4
shows maps of vorticity, viscous energy loss rate and KE over the ventricle of a Fontan
patient with an unbalanced atrioventricular septal defect and EF of 61.5%. Despite similar
EF, these patients show different vorticity, viscous energy loss rate and KE maps.

A) Tricuspid atresia  four-chamber view Vorticity

-

-

* Restrictive VSD Systole Diastole

Q) Viscous energy loss rate Kinetic energy

Systole IEN G Systole Diastole

0pw

Figure 3. Maps of vorticity, viscous energy loss rate and kinetic energy over the ventricle of a Fontan patient
with tricuspid atresia and ejection fraction of 62.0%. A) cine four chamber cross-sectional view. B) vorticity
at peak systole and peak diastole. C) viscous energy loss rate at peak systole and peak diastole. D) Kinetic
energy at peak systole and peak diastole. Abbreviations: LV = left ventricle, RV = right ventricle, VSD =
ventricular septal defect.
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A) Unbalanced AVSD  four-chamber view Vorticity
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Figure 4. Maps of vorticity, viscous energy loss rate and kinetic energy over the ventricle of a Fontan patient
with an unbalanced atrioventricular septal defect and ejection fraction of 61.5%. A) cine four chamber cross-
sectional view. B) vorticity at peak systole and peak diastole. C) viscous energy loss rate at peak systole and
peak diastole. D) Kinetic energy at peak systole and peak diastole. Abbreviations: LV = left ventricle, RV =
right ventricle.

Discussion

In the current study, association of in vivo 4D flow MRI-derived intraventricular vorticity,
KE and EL was assessed in healthy subjects and Fontan patients. Furthermore, the relation
between vorticity, KE and EL and EF (as a measure of global ventricular function), was
tested. Main findings of the study were: 1) in healthy subjects, volumetric vorticity (vorticity
integral over the ventricular volume) showed strong-excellent correlation with KE and good-
strong correlation with EL; 2) Fontan patients showed significantly higher volumetric
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vorticity compared to healthy subjects; 3) Despite the higher levels, volumetric vorticity in
Fontan patients showed a persistent good-strong correlation with KE and EL. 4) Patients with
an EF within the 95% CI derived from the healthy subjects presented significantly increased
systolic vorticity and EL and decreased diastolic KE compared to the studied healthy

subjects.
LV volumetric vorticity in healthy subjects and relation to KE and EL

Earlier studies have shown that during diastole, a recirculating vortical flow pattern is formed
while during systole a half-looped redirection of flow occurs from mitral inflow towards the
LV outflow tract [2, 3]. These studies have hypothesized a role of such vortical flow
formation in storing KE and minimizing energy loss to facilitate efficient ejection of flow in
the systemic circulation [2, 3]. Alterations in this normal flow formation caused by cardiac
diseases could lead to increased EL, which could eventually lead to reduced ventricular
function [3]. Measuring the relation between vortical flow, KE and EL could provide insight
into the (patho)physiological mechanisms of flow energy preservation. The hypothesized
association between vortical flow and EL was confirmed in part from a CFD study showing
an association between disturbed vortex ring flow patterns and increased energy loss during
diastole [3]. This result was recently confirmed in vivo [4]. Nevertheless, these studies have
only focused on the relation between EL and vortex ring structure (representing only a part
of the total vortical flow pattern) at an instance of diastole (around peak diastole- time around
full vortex ring formation) but neither on the entire intraventricular vortical flow within the
ventricle nor over the entire cardiac cycle. Importantly, to our knowledge, the relation
between volumetric vorticity, KE and EL has not been verified in vivo from 4D flow MRI in

healthy subjects or patients over the cardiac cycle.

Our results showed that volumetric ventricular vorticity (vorticity vol) in healthy subjects is
positively correlated with KE during both systole and diastole. The current study shows that
in healthy subjects non-normalized vorticity vol during diastole was significantly higher
than during systole, which indicates that the vortical flow pattern during diastolic filling has
a larger contribution to vorticity than the half-looped redirection of flow during systole. As
such, our results provide quantitative confirmation and extends the previous postulation on
the role of vortical flow in optimizing energetics in the healthy LV to systole and diastole
[2]. Such results might emphasize the role of normal vortical flow patterns in optimizing the
overall hemodynamic energetics in the ventricle and might help to understand the impact of
interventions on intracardiac flow patterns. Hence, might eventually aid in early detection of

patients prone to ventricular deterioration.
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Intraventricular vorticity vol in Fontan patients and relation to KE and EL

Intraventricular vorticity from 4D flow MRI has been shown in the LV of patients with
chronic obstructive pulmonary disease [17] and the right ventricle (RV) of patients with
pulmonary hypertension [18-20] and tetralogy of Fallot [21]. However, intraventricular
vorticity in Fontan patients has not been shown. It has been reported that the abnormal
ventricular anatomy in these patients causes alterations in 4D flow MRI-derived KE profiles
[13]. The current study shows that intraventricular vorticity in Fontan patients is higher than
LV vorticity in healthy subjects. Similar to the healthy subjects, our findings showed that in
Fontan patients vorticity vol presented good-strong correlation with KE and EL. This is an
important finding, as it shows that despite the inherent heterogeneity of the underlying
ventricular anatomy in Fontan patients studied herein, the pronounced association between
vorticity, EL and KE still persisted. Our results also suggest that patients with complex
vortical flow patterns, e.g. due to structural abnormalities, could be more prone to excessive
loss of flow energetics which might contribute on the long term to a decline in cardiac
function. This knowledge can be important for all heart diseases, congenital and acquired,
leading to cardiac dysfunction as it may help to a better understanding of the contribution of
hemodynamic flow patterns to overall disease progression. However, future studies are
needed to study the impact of the reported association between vortical flow, KE and EL in
different disease progression stages and to reveal whether a better treatment of cardiac
function would associate to a restoration of vortical flow and associated energetic levels to a

more normal state compared to that of the healthy heart.

In this study, the normal range of EF was derived from the 95% confidence interval of the
studied healthy subjects (54-70 %) to allow for a better agreement between the age and gender
distribution in the studied healthy subjects with the studied Fontan group, using the same
imaging protocol. Nevertheless, this lower limit of 54% is similar to the published normal
lower limit of EF in children aged 8-17 years (54% in male subjects, 55% in female subjects)
[22]. The current study shows that Fontan patients with EF within the 95% confidence
interval still have significantly increased systolic vorticity vol and EL, but decreased

diastolic KE compared to the healthy subjects.

We may speculate that this might mean that hemodynamic alterations by means of vorticity
and EL are related to deterioration of ventricular function during long-term follow-up even
before changes in conventional function measurements such as EF become apparent. These
observations, imply that vorticity could be a sensitive marker to subtle ventricular

hemodynamic changes as compared to the more global functional parameters such as EF.
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Nevertheless, further studies with larger number of patients, different patient cohorts,

multiple 4D flow MRI scans and longer follow-up are needed to further confirm such a link.
Study limitations

This study has some limitations. A limitation is that the Fontan patients form a heterogeneous
group with several underlying anatomies, which implies that our findings are only a
generalization for all Fontan patients. Nevertheless, our found strong correlations in these
patients despite such heterogeneity may further emphasize the soundness of our results.
Furthermore, 4D flow MRI data was obtained during free breathing without using motion
suppression. However, it has previously been reported that KE and vortex volume
quantification from 4D flow MRI can be acquired with preserved accuracy without
respiratory gating [23]. Furthermore, spatial resolution was slightly different between healthy
subjects and patients. Nevertheless, the reported correlation of vorticity with KE, EL were
reported separately for healthy subjects group and the Fontan patient group and similar
correlations with the same trend were found over both groups, which could further emphasize
the reliability of our results.

Conclusions

Volumetric vorticity correlates well with volumetric viscous energy loss and kinetic energy
from 4D flow MRI during both systole and diastole in the left ventricle of healthy subjects.
Fontan patients present significantly increased levels of intraventricular vorticity compared
to healthy subjects. Despite the higher levels, volumetric vorticity in Fontan patients showed
a persistent correlation with kinetic energy and viscous energy loss. Therefore, our in vivo
results may confirm the previously speculated role of intraventricular vorticity in optimizing
kinetic energy and energy loss levels in the ventricle. Notably, Fontan patients with an
ejection fraction within the 95% CI of healthy subjects still showed significantly increased
levels of systolic vorticity and viscous energy loss and significantly decreased levels of
diastolic kinetic energy versus healthy subjects. Further studies with larger number of
patients are needed to further understand the impact of such results on cardiac function.
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Abstract

Objective

The objective of this study was to assess the effect of pharmacologic stress on
intraventricular kinetic energy (KE), viscous energy loss (EL) and vorticity from 4D flow
magnetic resonance imaging (MRI) in Fontan patients and to study the relation between

stress response and exercise capacity.

Methods

Ten Fontan patients underwent whole-heart 4D flow MRI before and during 7.5 pg/kg/min
Dobutamine infusion and cardiopulmonary exercise testing (CPET) on the same day.
Average ventricular KE, EL and vorticity were computed over systole, diastole and the total
cardiac cycle (vorticity volayg cyctes KEavg cycle, ELavg cyele). The relation to peak oxygen uptake
(VO; max) from CPET was tested by Pearson’s correlation.

Results

Dobutamine stress caused a significant 88% increase in KE (KEavg cycte: 1.8 £ 0.5 vs 3.3 £
0.9 mJ, P<0.001), a significant 108% increase in EL (ELavg cycler 0.9 £ 0.4 vs 1.9 £ 0.9
mW, P<0.001) and a significant 27% increase in vorticity (vorticity volayg cycte: 3440.7 £
899.1 vs 43944 + 1321.6 mL/s, P=0.002). All were negatively correlated to VO, max
(KEavg cycle: 7=-0.83, P=0.003; ELavg cycle: =-0.80, P=0.006; vorticity volayg cycle: 1=-0.64,
P=0.047).

Conclusion

In conclusion, 4D flow MRI-derived intraventricular kinetic energy, viscous energy loss
and vorticity in Fontan patients increase during pharmacologic stress and show a
negative correlation with exercise capacity measured by VO, max.
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Introduction

The Fontan procedure is a palliative surgical procedure for patients with complex congenital
intracardiac deformations in whom a biventricular circulation cannot be created [1]. Survival
of patients after the procedure has increased drastically over the past decades [2, 3] but still,
these patients exhibit diminished exercise capacity, which is related to a worse functional health
status [4-6]. Several factors have been identified that play a role in the reduced exercise capacity
in these patients, such as an inadequate ventricular response to exercise, reduced pulmonary
function, muscle weakness and energy loss in the Fontan tunnel [7-11]. Four-dimensional (4D)
flow magnetic resonance imaging (MRI) enables comprehensive assessment of in vivo blood
flow patterns and quantification of hemodynamic parameters from blood flow velocity such as
kinetic energy (KE), viscous energy loss (EL, the KE that is lost due to viscosity-induced
frictional forces) and vorticity [12].

Recently, altered flow patterns, levels of KE and vortex formation in the intraventricular blood
flow pattern were observed in Fontan patients [13-15]. Furthermore, reduced exercise capacity
was linked to 4D flow MRI-derived EL in the total cavopulmonary connection of Fontan
patients [11]. However, currently the link between altered intracardiac hemodynamics during
stress and exercise capacity remains unknown. We hypothesize that Dobutamine stress impacts
these intracardiac hemodynamic parameters and that this may be linked to decreased exercise

capacity in Fontan patients.

Therefore, the purpose of this study was 1) to noninvasively assess the influence of
pharmacologic stress on KE, EL and vorticity measured by 4D flow MRI in intraventricular
blood flow in Fontan patients and 2) to study the relation between the hemodynamic stress
response in terms of KE, EL and vorticity and exercise capacity assessed by maximum
oxygen uptake (VO, max) from cardiopulmonary exercise tests (CPET).

Methods
Study population

Twenty-six Fontan patients were prospectively evaluated in this study at the Leiden
University Medical Center (LUMC) as part of a multicenter study that was approved by the
Medical Ethical Committee of the Erasmus Medical Center in Rotterdam (MEC-2014-326,
NL48188.078.14), with local approval of the Medical Ethical Committee of the LUMC, The
Netherlands. Informed consent was obtained from all of these participants. All patients

underwent cardiopulmonary exercise testing (CPET) and an MRI scan on the same day.
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Patients were included in the current study when the Dobutamine stress MRI scan with 4D
flow MRI at rest and stress was fully completed: which was the case in 10/26 (38%) patients.
Reasons for not finishing the complete scan were: 10 (38%) patients refused stress testing, in
4 (15%) patients stress testing could only be completed without 4D flow MRI and in 2 (8%)
patients Dobutamine infusion had to be stopped because of ventricular extra systoles.

Cardiopulmonary exercising testing

Cardiopulmonary exercising testing was performed on an upright bicycle ergometer (GE
Healthcare). Starting wattage and workload increase per minute were defined by the
attending physician. Patients were encouraged to exercise until exhaustion. VO, max was

derived from the CPET following previously published methods [16].
Cardiovascular magnetic resonance acquisition and image analysis

A complete MRI scan including whole-heart 4D flow MRI was obtained on a 3.0 Tesla
scanner (Ingenia, Philips Healthcare, the Netherlands) during rest and with Dobutamine 7.5
pg/kg/min. Details on MRI acquisition are provided in Appendix 1. Dobutamine infusion was
reduced to 5 pg/kg/min or stopped in case of a >50% increase in HR, systolic, or diastolic
blood pressure; a <20% decrease HR, systolic, or diastolic blood pressure or when rhythm
disorders occurred. The test was stopped when the patient experienced discomfort. Image
analysis was performed using in-house developed MASS software by one observer (VPK)
with three years of experience in cardiac MRI and verified by a radiologist (LJIMK) with over
20 years of experience in cardiac MRI. Aliasing of 4D flow velocity images was visually
checked in the source images (all three velocity components) and unwrapped using a sliding
velocity scaling in MASS software. Ventricular volume was segmented in all slices and
phases in the cine transversal images (papillary muscles were included in the ventricular
volume; remaining parts of the septum in “biventricular” patients were not included in the
ventricular volume). Segmented volumes were then used to compute stroke volume (SV) as:
end-diastolic volume (EDV) — end-systolic volume. Cardiac output (CO) was computed as
SV x heart rate(HR). To assess the shape of the ventricle the sphericity index was
calculated as the short to long axis ratio: ventricular width / ventricular height at end-systole
and end-diastole in the 2D cine transversal images. Time points of systolic and diastolic
phases were derived from the flow-time curves that resulted from retrospective valve tracking
assessing the inflow and outflow of the systemic ventricle in Fontan patients, following
previously published methods [17]. Segmentation of the ventricular cavity in the 4D flow
MRI acquisition, that is required for the energy and vorticity analysis, was obtained by
transforming the available time-varying segmentation of multi-slice cine transversal
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anatomical acquisition to the 4D flow MRI data [18]. To account for potential patient-motion
related misalignment between the two acquisitions, automated image-based 3D rigid
registration by mutual information was performed using the phase with maximal depiction
of the ventricular cavity in both scans with the Elastix image registration toolbox [19].

Computation of KE, EL and vorticity in the 4D flow MRI data

The amount of intraventricular KE was computed as % mv?, with m as the mass representing
the voxel volume multiplied by the density of blood (1.025 g/mL) and v as the magnitude of
the 3-directional velocity vector assessed from 4D flow MRI. For each acquired time-phase,
volumetric KE was then computed by integrating (by cumulative sum) the computed KE over
the segmented 3D ventricular volume. The KE was quantified by the time-average kinetic
energy over systole (KEavg systole), diastole (KEayg diastole) and the complete cardiac cycle (KEay,
eyele), all expressed in milliJoule (mJ) [20]. EL was computed from 4D flow MRI using the
dissipation terms from the Navier-Stokes energy equations, following recently published
methods [18, 20], assuming blood as a Newtonian fluid. Average EL in milliWatt (mW) was
computed over systole (ELavg systole), diastole (ELayg diastole) and the complete cardiac cycle
(ELavg cycle). Furthermore, voxel-wise vorticity magnitude (in 1/s) was computed for each
acquired time-phase and then integrated over the total ventricular volume [20]. To
differentiate from voxel-wise vorticity, we will refer to this integrated volumetric vorticity
as vorticity vol (in mL/s). This vorticity vol is a scalar quantity and does not take the
vorticity direction into account. In order to quantify the integral vorticity vol, the time-
averaged vorticity over systole and diastole and the total cardiac cycle (vorticity volavg systoles
vorticity Volavg diastoles VOItiCity VOlavg cycle Tespectively) was assessed. All EL, KE and
vorticity parameters at rest and stress were also given normalized by SV.

Statistical Analysis

Data analysis was performed using SPSS Statistics (version 23.0 IBM SPSS, Chicago, IL).
Variables were tested for normal distribution using the Shapiro-Wilk test. Continuous data is
reported as mean =+ standard deviation (SD) or median [inter-quartile range (IQR)], in case
of non-normality of the data. The absolute differences between rest and stress measurements
(stress measurement — rest measurement) were assessed and significance was tested with the
paired samples t-test or the Wilcoxon signed-rank test in case of non-normality of the data.
Furthermore, the relative differences (as a percentage) between rest and stress measurements
[((stress measurement — rest measurement)/rest measurement)x100] were calculated.
Correlation between measurements was tested with the Pearson correlation coefficient or the

Spearman’s rank correlation coefficient in case of non-normality of the data. Correlation was
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classified as follows: >0.95: excellent; 0.95—0.85: strong; 0.85-0.70: good; 0.70—0.5:
moderate; <0.5: poor. A P-value <0.05 was considered statistically significant.

Results

Characteristics of the Fontan patients are shown in Table 1. Heart rate (HR) increased from
83.4 + 18.9 bpm to 110.9 + 20.0 bmp between the rest and Dobutamine stress scans
(P<0.001). SV increased from 80.8 + 29.4 to 92.0 = 33.9 mL between the rest and
Dobutamine stress scans (P=0.004). Cardiac output (CO) increased from 6.4 + 1.3 L/min to
9.7+ 2.2 L/m (P<0.001). In one patient, Dobutamine infusion was decreased to 5 pg/kg/min
because of a >50% increase in systolic blood pressure from baseline.

Table 1. Patient characteristics

Rest DI i Difference Difference (%)  P-value
stress
Stress-Rest (i o
Mean=SD  Mean +SD Mean + SD ey
100%
Mean + SD

Group characteristics
Age (years) 16.5+3.8 n/a n/a n/a n/a
Male (%) 4/10 (40) n/a n/a n/a n/a
VO, max* 30.2+8.6 n/a n/a n/a n/a
HR (bpm) 83.4+18.9 110.9 £20.0 275+82 35+ 12 <0.001
EDV (mL) 164.4+43.9 156.8 +46.0 -7.6+13.9 5+8 0.12
ESV (mL) 83.6 £23.7 64.8 +£20.9 -18.8 £ 8.8 23411 <0.001
SV (mL) 80.8 +£29.4 92.0+33.9 11.1+£92 14+10 0.004
EF (%) 49.1+£8.5 58.6+8.1 9.5+32 20+8 <0.001
CO (L/min) 6.4+13 9.7+22 33+1.3 52+17 <0.001
Systolic blood pressure 121.2+15.2 150.6 £19.3 294 +12.1 25+11 <0.001
(mmHg)
Diastolic blood pressure 62.7+10.0 703 +6.0 7.6+9.5 14+19 0.03
(mmHg)
Sphericity index systole 1.1£0.3 12+04 0.1+£0.2 7+25 0.44
Sphericity index diastole 1.0£0.1 1.1+0.2 0.05+0.2 6+19 0.41
Subject specific characteristics
Subject number Underlying anatomy Xl?:_glll‘:;(l)ag; Type of Fontan
1 Unbalanced AVSD, hypoplastic ~ Biventricular Extracardiac

LV
2 TGA,VSD, PS, hypoplastic LV Biventricular Extracardiac
3 ccTGA, VSD, PS, straddling Biventricular Extracardiac

vV
4 PA Left Extracardiac
5 TA Left Lateral tunnel
6 TA Left Extracardiac
7 PA Left Extracardiac
8 DILV, with aorta from RV Left Extracardiac
9 HLHS Right Extracardiac
10 TGA,VSD, PS, hypoplastic LV Right Extracardiac

*from cardiopulmonary exercise testing.

HR = heart rate; EDV = end diastolic volume; ESV = end systolic volume; SV = stroke volume; CO = cardiac output;
EF = ejection fraction; VO2 max = maximal oxygen uptake; AVSD=atrioventricular septal defect; LV=left ventricle,
TGA=transposition of the great arteries; VSD=ventricular septal defect; PS=pulmonary stenosis; TV=tricuspid valve;
PA=pulmonary atresia; TA=tricuspid atresia; DILV=double inlet right ventricle; RV=right ventricle;
HLHS=hypoplastic left heart syndrome
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Table 2. Quantitative analysis of energetics and vorticity at rest and stress

Rest Dislanizmming Difference Difference (%) P-value
stress
Mean + SD Mean + SD Stress-Rest (Stress-rest)/rest
Mean + SD *100%
Mean + SD
Non-normalized
KEavg systole (MJ) 24+1.1 51+1.8 27412 126 + 61 <0.001
KEavg diastole (MJ) 1.4+0.3 22+0.7 0.8+0.7 61 +57 0.007
KEavg cycle (mJ) 1.8£0.5 33+09 1.5+£0.8 88 +52 <0.001
ELavg systole (MW) 12+0.8 31+1.8 1.8+1.1 155+ 61 0.001
ELavg diastole (MW) 0.7+0.2 1.2+05 05+0.4 71 + 66 0.007
ELavg cycle (mW) 09+04 1.9+09 1.0+0.6 108 +49 <0.001
Vorticity volavg systole (ML/S) 3591.6 + 4927.7 + 1336.1+725.7 37+17 <0.001
1147.8 1625.6
Vorticity volayg diastole (ML/S) 3371.2+769.7  4085.7 + 7145+ 815.5 21+£25 0.02
1215.7
Vorticity_volavg cycle (ML/s) 3440.7+899.1 43944 + 953.7 + 683.8 27+19 0.002
1321.6
Normalized by stroke volume
KEavg systole/SV (mJ/mL) 0.029 + 0.009 0.057 £0.018 0.028 £0.013 98 + 46 <0.001
KEavg diastole/SV (mJ/mL) 0.019 + 0.006 0.025 +0.007 0.006 + 0.008 40 + 44 0.03
KEavg cycle/SV (mJ/mL) 0.023 + 0.005 0.037 +0.009 0.014 +0.008 64 +40 <0.001
ELavg systole/SV (mW/mL) 0.015 +0.008 0.035+0.019 0.019+0.012 124 + 51 0.001
ELavg diastole/SV (mW/mL) 0.009 + 0.003 0.013 +=0.004 0.004 + 0.004 48 +£50 0.01
ELavg cyele/SV (mW/mL) 0.012 + 0.004 0.021 +0.009 0.010 + 0.005 81 +36 <0.001
Vorticity_volavg systole/SV (1/s)  45.4+10.3 55.1+15.5 9.7+59 20+ 10 0.001
Vorticity_volavg diastole/SV 43.8+10.4 455+9.1 1.7+£7.1 6+17 0.46
(1/s)
Vorticity_volavg cyele/SV (1/5) 44.1+£9.7 49.1+11.1 49+44 11£11 0.006

SD = standard deviation; KE = kinetic energy; SV = stroke volume; EL = viscous energy loss; e-peak = peak early
diastole; a-peak = peak late diastole

Intraventricular KE, EL and vorticity_vol at rest and stress

Table 2 shows the non-normalized results of KE, EL and vorticity vol at rest and
Dobutamine stress. KEayg systole sSignificantly increased by 126 + 61% during the Dobutamine
stress scan (2.4 = 1.1 vs 5.1 £ 1.8 mJ, P<0.001). KEayg dgiastole Significantly increased by 61 +
57% during the stress scan (1.4 + 0.3 vs 2.2 £ 0.7 mJ, P=0.007). Average KE significantly
increased by 88 + 52% during the complete cardiac cycle (KEavg cycie: 1.8 = 0.5 vs 3.3 £ 0.9
mlJ, P<0.001). With Dobutamine stress, EL significantly increased by 155 + 61% when
calculated over systole (ELavg systole: 1.2 £ 0.8 vs 3.1 £ 1.8 mW, P=0.001), and 71 = 66% over
diastole (ELavg diastole: 0.7 £ 0.2 vs 1.2 £ 0.5 mW, P=0.007). Average EL significantly
increased by 108 + 49% when calculated over the complete cardiac cycle (ELavg cycte: 0.9 £
0.4 vs 1.9 +£ 0.9 mW, P<0.001). Vorticity vola systole significantly increased by 37 + 17%
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during the Dobutamine stress scan (3591.6 £ 1147.8 vs 4927.7 £ 1625.6 mL/s, P<0.001).
Vorticity volavg diastole Significantly increased by 21 + 25% during the stress scan (3371.2 +
769.7 vs 4085.7 + 1215.7 mL/s, P=0.02). Average vorticity vol significantly increased by
27+£19% when calculated over the complete cardiac cycle (vorticity volayg cycle: 3440.7 +
899.1 vs 4394.4 + 1321.6 mL/s, P=0.002). Figure 1 shows an example of the intracardiac
hemodynamics during stress in one patient. Boxplots of the absolute differences for the total
group and the individual changes between rest and stress values of KE, EL and vorticity vol

are shown in Figure 2.

Results of KE, EL and vorticity vol at rest and Dobutamine stress normalized by SV are also
shown in Table 2. Normalized by stroke volume, KE and EL values still showed a significant
increase during systole and diastole and over the total cycle, similar to the non-normalized
values. Only vorticity volayg diastole/SV did not change significantly (43.8 + 10.4 vs 45.5+£9.1
1/s, P=0.46 ).

Relation between difference HR, stroke volume from 2D planimetry and KE, EL and vorticity

The difference in HR between rest and stress was not associated with the difference in KE,
EL or vorticity vol (KEayg cycle: 1=-0.27, P=0.45; ELayg cycle: 1=0.01, P=0.97; vorticity volay,
cyele: T=-0.26, P=0.48). The increase in SV between rest and stress was significantly associated
with the difference in vorticity volayg cycle (VOItiCity VOlavg cycte: 0.72, P=0.02), but not with
the difference in KE or EL (KEayg cycle: 1=-0.46, P=0.19; ELayg cycle: 1=0.48, P=0.16).

Relation to VO, max from cardiopulmonary exercise testing

Figure 3 shows the scatter plot between VO, max from CPET and the relative rest-stress
difference in KE, EL and vorticity. This plot shows a significant good inverse correlation
between VO, max from CPET and relative KEqyg cycle rest-stress difference (r=-0.83, P=0.003).
Furthermore, there is a significant good inverse correlation between VO, max from CPET and
relative ELayg cycle Test-stress difference (r=-0.80, P=0.006).VO, max from CPET and relative
VOItiCity VOlayg cycle TESt-stress difference show a significant moderate inverse correlation (r=-
0.64, P=0.047). In the two patients with normal VO, max [16] the relative rest-stress
difference in vorticity _vol was 0.3-15%, the relative rest-stress difference in KE 20-42% and
in EL 30- 59%. The patient with the lowest VO, max showed a 55% increase in vorticity vol,
but a 166% increase in KE and a 195% increase in EL during stress. Overall, decreased VO,
max is related to increases in vorticity vol, KE and EL rest-stress differences, though both
relative rest-stress differences in KE and EL showed a three-fold stronger increase than

relative difference in vorticity vol.
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Figure 1. Intracardiac hemodynamics at rest and dobutamine stress in a 19 year old female patient with
pulmonary atresia at peak diastolic filling. A) shows the intraventricular kinetic energy (KE) at rest and stress.
B) shows the intraventricular viscous energy loss (EL) rate at rest and stress. C) shows the intraventricular
vorticity at rest and stress.
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Figure 2. Relative difference in intraventricular kinetic energy (KE), viscous energy loss (EL) and vorticity
(vorticity_vol) over the total cardiac cycle between rest and stress. A) Difference in kinetic energy in the total
group in rest and stress; B) Difference in kinetic energy per subjects in rest and stress; C) Difference in viscous
energy loss in the total group in rest and stress; D) Difference in viscous energy loss per subjects in rest and
stress; E) Difference in vorticity in the total group in rest and stress; F) Difference in vorticity per subjects in

rest and stress.
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Figure 3. Scatter plot showing the relation between maximal oxygen uptake (VO2 max) from
cardiopulmonary exercise tests (CPET) and the relative difference in intraventricular kinetic energy (KE),
viscous energy loss (EL) and vorticity (vorticity _vol) over the total cardiac cycle between rest and stress

Discussion

In the current study, the effect of pharmacologic stress on intraventricular KE, EL and
vorticity, derived from 4D flow MRI, was evaluated in Fontan patients and the relation was
tested between stress response on these markers and exercise capacity, measured by VO, max
from cardiopulmonary exercise testing. Main findings of the study are: 1) intraventricular

KE, EL and vorticity vol increased during pharmacologic stress; 2) the increase in KE and

EL under stress was 3-4 times higher than the increase in vorticity vol; 3) VO, max from
CPET showed a significant negative correlation with the relative rest-stress differences in
KE, EL and vorticity vol, however, at identical VO, max value, both relative rest-stress
differences in KE and EL showed a three-fold stronger increase than relative difference in

vorticity _vol.
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In the normal left ventricle at rest, blood flow follows the path that is most efficient for
optimal ejection of flow in the systemic circulation. The shape of the healthy left ventricle
and normal mitral valve contributes to the formation of a recirculating flow pattern during
diastole, forming a confined region of vortical flow that conserves momentum by storing KE,
while during systole the flow follows a rather semi-circular path towards the aortic outflow
tract [21, 22]. During stress the complex dynamic flow patterns in the heart might change in
order to achieve redirection of momentum through the curved paths of flow [23]. However,
the effect of pharmacologic stress on 4D flow MRI-derived intraventricular flow patterns and
KE, EL and vorticity in the healthy left ventricle, has not been published.

Fontan patients have various structural ventricular and valvular anomalies and the ventricle
that sustains the systemic circulation can be the left ventricle or the right ventricle.
Furthermore, in some patients, diastolic inflow of blood occurs in the same ventricle as it is
ejected from (i.e., as is the case in a patient with tricuspid atresia with a normal ventriculo-
arterial connection) while in other patients, inflowing blood has to pass through a ventricular
septal defect first to reach the aorta (i.e., as is the case in patients with in double inlet left
ventricle with the aorta arising from a hypoplastic RV). The abnormal intracardiac anatomy
in Fontan patients causes differences in intraventricular flow patterns, which can be assessed
and studied by 4D flow MRI [15]. In a similar way, altered flow patterns have been visualized
and quantified in patients with a corrected atrioventricular septal defect [24] in which altered
vortex formation was associated with increased EL obtained by 4D flow MRI [18].
Furthermore, in a patient with a Fontan circulation with a complete atrioventricular septal defect
and a double outlet right ventricle with pulmonary stenosis, abnormal intracardiac structures
have been linked to regions of vortex formation and increased EL [13]. In Fontan patients
decreased diastolic KE was reported [14]. However, all these published studies focused on
patients in rest and the response in 4D flow MRI-derived hemodynamic parameters such as

KE, EL and vorticity after stress has not been evaluated earlier.

Our study showed that Dobutamine-induced stress resulted in a significant increase in KE,
EL and vorticity _vol. Notably, in the current study the Dobutamine stress-induced increase
in KE and EL is 3-4 times higher than the increase in vorticity vol (KEayg cycle increase 88%;
ELavg cycle increase 108%, vorticity volayg cycle increase 27%). The difference in increase in
KE and EL compared to vorticity vol could partly be explained by the abnormal underlying
anatomy of the Fontan patients. Increased KE results in higher EL, which is possibly
enhanced by more flow-structure interaction. However, the increase in vorticity vol is not in
the same order of magnitude. Vorticity in the ventricular flow might have a favorable effect

(i.e., conservation of momentum by KE storage and redirection of flow during diastole which
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takes place in a confined region of vortical flow distal to the mitral valve) [21, 22]. However,
vorticity may also have an adverse effect on the intracardiac blood flow when optimal flow
redirection may be perturbed by flow separation and vortex shedding distal to abnormal
intracardiac structures in the flow field [25-27]). In this study, we are not able to discriminate
between favorable and adverse effects of vorticity but in either case, the KE contributes to
vortex formation but does not show a linear relation with vorticity under stress. The relation
between vortex formation and flow velocity (i.e. kinetic energy) has been studied before:
Gharib et al. [28] described that the volume and circulation of a vortex ring that is formed
from inflow through a circular nozzle into a large unconstrained volume will both increase
with increasing inflow velocity, but only up to a critical point where optimal vortex formation
has been achieved and both volume and vorticity of the main vortex will remain
approximately constant. However, secondary, vortices may start to appear that will contribute
to the total summed vorticity. Furthermore, in our study the shape of the ventricle measured
by the sphericity index and EDV remained similar during rest and stress. This could support
the hypothesis that the size of the vortical flow region during diastole is restricted in growth
and unable to expand at the same rate as the KE increase during stress. In addition, the
increase of vortex shedding distal to intracardiac structures may be limited in magnitude as
well when ventricular size and shape do not change during stress.

Survival after the Fontan procedure has increased drastically over the past decades [2, 3].
Still, patients with a Fontan circulation exhibit diminished exercise capacity, related to worse
functional health status [4-6]. Several factors have been identified that play a role in the reduced
exercise capacity in these patients [7-11]. However, the only previous study that related
exercise capacity to 4D flow MRI-derived EL was aimed at the total cavopulmonary
connection of Fontan patients [11] and not at intraventricular flow dynamics. In the current
study, an increase in the relative rest-stress difference in KE, EL and vorticity vol was
inversely correlated with VO, max, though notably relative rest-stress differences in KE and
EL showed a three-fold stronger increase than relative difference in vorticity vol. This is in
line with our previous speculation that, in patients with lower exercise capacity, storage
capacity of KE inside the confined vortical flow region is limited and therefore, does not
follow the increase of total KE. This also results in more viscous dissipation of KE.
Furthermore, the abnormal intraventricular anatomy could play a role in this relation as well.
Nevertheless, our findings provide evidence that intracardiac hemodynamics may play a role

in exercise capacity in Fontan patients.

Our results showed no association between the difference in HR and the difference in KE,

EL or vorticity. However, HR increase during low-dose Dobutamine stress is limited to a

Stress-induced increase in energetics and vorticity from 4D flow MRI | 251




30% increase. From this study, we cannot determine whether this relation would be similar
when HR increase is higher. Also, we showed that SV difference is directly related to
vorticity difference, but not to the difference in KE or EL, as the increase in these parameters

is much stronger than the increase in vorticity.

A limitation of the current study is the limited sample size. However, our results are still
highly statistically significant. Furthermore, we did not include an evaluation of turbulent
kinetic energy, which could be relevant in Fontan patients, as turbulent flow may be present
due to the structural intraventricular abnormalities. Also, since there is no data available on
the normal 4D flow MRI-derived hemodynamic stress response we were not able to compare
these results in Fontan patients to healthy controls. Additionally, 4D flow MRI is a time-
resolved imaging modality that only represents time-averaged blood flow acquired over
multiple heart cycles. Consequently, this limits the evaluation to coherent vortical flow only,
while incoherent unstable flow, especially during stress-induced increased cardiac workload,
cannot be estimated, although the effect may not be negligible.

Conclusion

In conclusion, intraventricular kinetic energy, viscous energy loss and vorticity values derived
from 4D flow MRI increased during pharmacologic stress, with a three to four times higher
increase in KE and EL compared to the vorticity increase. The increase in KE, EL and
vorticity showed a negative correlation with exercise capacity measured by VO, max from
cardiopulmonary exercise testing and at identical VO, max value, both relative rest-stress
differences in KE and EL showed a three-fold stronger increase than the relative differences
in vorticity.
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Appendix 1

MRI acquisition information

A complete MRI scan including whole-heart 4D flow MRI was obtained on a 3.0 Tesla
scanner (Ingenia, Philips Healthcare, the Netherlands) with maximal amplitude of 45 mT/m
for each axis and slew rate of 200 T/m/s. A combination of FlexCoverage Posterior coil in
the table top with a dStream Torso coil, providing up to 32 coil elements was used for signal
reception. Velocity-encoding of 150 cm/s in all three directions was used in a standard four-
point encoding scheme, spatial resolution 3.0 x 3.0 x 3.0 mm? or better, flip angle 10°, echo
time (TE) 3.7 ms, repetition time (TR) 7.7-10 ms, true temporal resolution 30-40 ms,
sensitivity encoding factor 2 in anterior-posterior direction and echo planar imaging readout
with a factor 5. Concomitant gradient correction and phase offset correction was performed
using standard available scanner software. Typical acquisition time of the whole-heart 4D
flow MRI scan was approximately 8 minutes. Cine two-dimensional left 2-chamber, 4-
chamber, coronal and sagittal aorta views and transversal images were acquired, using
steady-state free-precession sequences with TE/TR 1.5/3.0, 350 mm field-of-view, 45° flip
angle, acquisition resolution 1.9 x 2.0 x 8.0 mm?. Retrospective gating was used with 30
phases reconstructed to represent one cardiac cycle. Free breathing was allowed without
using motion suppression; three signal averages were taken to minimize effects of breathing

motion.
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Chapter 13

General discussion



In this thesis the multidimensional electrical and hemodynamic aspects of congenital and
acquired heart diseases were assessed by electrocardiography (Part I) and magnetic
resonance imaging (Part II and Part III). Studies were performed with techniques that
provide comprehensive insights in cardiac diseases that could help patient management and

might aid in the detection of patients prone to cardiac deterioration.
Electrocardiographic variables reflecting cardiac function

The first part of this thesis focuses on electrocardiographic variables reflecting cardiac
function. The electrocardiogram (ECG) changes dynamically during growth and in
congenital cardiology many diseases include the right side of the heart. Furthermore, several
patient groups with (corrected) congenital heart diseases are prone to arrhythmias and have
an increased risk of sudden cardiac death. Therefore, in Chapter 2, characteristics of the 12-
lead electrocardiogram in patients with right-sided congenital heart diseases and its relation
to prognosis are reviewed. Detection of alterations in the ECG could be helpful in patient
follow-up, however the standard 12-lead ECG does not allow for straightforward three-
dimensional (3D) visualization and quantification of the electrical currents from the heart,
which could increase the prognostic value of the ECG. In contrast to the one-dimensional
scalar representation of the 12-lead ECG, vectorcardiography (VCG) gives insight in the
time-resolved multi-dimensional nature of the heart’s electrical forces.

In Chapter 3 diagnostic validity could not be established, however, the normal values of the
pediatric VCG provided in this chapter could be valuable in the serial follow-up of children
with congenital heart diseases, such as an ostium secundum atrial septal defect (ASDII),
which was the focus of Chapter 4. In Chapter 4 electrical remodeling after percutaneous
ASDII closure in pediatric and adult patients is shown. The results show that successful
percutaneous atrial septal defect closure is followed by a decrease in heart rate, P-wave
amplitude, PQ duration, QRS duration and QTc in both children and adults. These changes
mostly occur acutely after device closure except for QRS duration and QTc interval in both
children and adults and for PQ duration in adults. Most of these electrocardiographic changes
remained limited. The changes in the vectorcardiographic spatial QRS-T angle reflect
increasing concordance of the electrocardiogram, which can be interpreted as partly
normalization of the electrical properties of the heart. The ventricular gradient showed
changes which are a result of action potential duration dynamics after ASDII closure. Further
studies with larger and more homogeneous patient groups are needed to evaluate the

preferential direction of these ventricular gradient changes.
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While Chapter 4 focuses on the VCG in RV volume overload, the focus of Chapter 5 is to
show the usefulness of the VG in electrocardiographic detection of RV pressure overload in
patients with pulmonary hypertension. The results show that a combination of the
electrocardiographic Butler-Leggett score [1] and vectorcardiographic VG allow for
detection of increased pulmonary artery pressure. Future studies should evaluate the use of

the VG in other patient groups with right ventricular pressure overload.
4D flow MRI-derived cardiac flow and function: validation and clinical utility

The second part of this thesis focuses on the validation and clinical utility of four-dimensional
(4D) flow magnetic resonance imaging (MRI)-derived cardiac flow and function. The normal
shape and function of the left ventricle (LV) and mitral valve induce complex organized
intracardiac flow patterns that lead to the most efficient ejection of blood in the systemic
circulation [2, 3]. The visualization of these complex 3D flow patterns in the normal LV and
the consequences of cardiac diseases causing interruption of this natural blood flow
organization remains challenging. Recently, 4D flow MRI (3 spatial dimensions + time)
emerged as a unique method for non-invasive in vivo visualization and quantification of the
dynamic flow patterns in the heart and great vessels. Chapter 6 provides an overview of the
current role of 4D flow MRI in unraveling cardiovascular disease. Knowledge of normal and
abnormal intracardiac flow patterns can increase our understanding of normal physiology
and may help unravel the complex pathophysiological mechanisms leading to cardiovascular
disease. 4D flow MRI shows promise as a diagnostic tool and could aid in management of
cardiovascular disease and timing of surgical intervention. However, dedicated studies are
still warranted to show the clinical value of 4D flow MRI.

Currently, the main application of 4D flow MRI is valvular flow quantification. 4D flow
MRI-derived streamline visualization (curves tangent to the velocity direction at a particular
point in time) combined with retrospective valve tracking provides a validated method that
allows for direct quantification of flow over all four valves and regurgitation in a single
acquisition [4-8]. Consequently, 4D flow MRI has several advantages over two-dimensional
(2D) phase contrast MRI, which is the current clinical standard. Firstly, 4D flow MRI allows
for quantification of blood flow volumes over all four valves in a single acquisition.
Furthermore, measurement planes can be placed in every phase, adjusted to the flow direction
and velocity distribution. Multiple studies have already shown that 4D flow MRI is more
accurate than 2D phase contrast MRI in healthy volunteers and patients with acquired and
congenital heart diseases [4-8]. Especially in patients with complex, dynamic regurgitant jets
such as in corrected atrioventricular septal defect patients, the possibility of placing
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adjustable measurement planes can be crucial for accurate quantification of regurgitation
fraction [7].

In Chapter 6 an example of the potential clinical use of 4D flow MRI with retrospective
valve tracking is shown in a patient with Ebstein’s anomaly. In these patients, reliable blood
flow quantification is invaluable for assessment of diseases progress and timing of
intervention. Still, the main limiting factor of 4D flow MRI in the clinical routine remains
the long acquisition time and time-consuming post-processing. Current advances
in acquisition and post-processing are aimed on broader implementation of 4D flow MRI in

the clinical routine [9].

Validation is the first step in implementing a relatively new tool and good scan-rescan
reproducibility of measurements is necessary when multiple scan are acquired during follow-
up. Chapter 7 shows that LV in- and outflow assessment by 4D flow MRI with retrospective
valve tracking and particle tracing has good in-scan consistency and strong scan-rescan
reproducibility, which indicates that both 4D flow MRI methods are reliable and can be used
clinically. However, manual tracking of the valve and adjustment of the measurement plane
in retrospective valve tracking is a time-consuming process, which hinders clinical

applicability.

Therefore, Chapter 8 focuses on the comparison between manual valve tracking versus
automated valve tracking. Automated valve tracking reduces analysis time and improves
reliability of valvular flow quantification compared to manual valve tracking. Moreover,
automated valve tracking results in regurgitation reclassification, which is important for
patient management and can be an independent predictor of adverse events. Compared to
manual valve tracking, automated valve tracking results in significantly smaller net forward
volume differences between the valves in all studied patient groups, except in the corrected
atrioventricular septal defect patients. This higher net forward flow difference for automated
valve tracking, that is not in line with the other findings, could be related to the fact that
automated tracking does not allow for plane alignment perpendicular to the flow direction,
which has been shown to increase accuracy for manual valve tracking in these patients
[7]. Future studies should investigate the possibility of better plane alignment in

automated valve tracking.
4D flow MRI-derived novel determinants of intraventricular hemodynamics

The third part of this thesis describes novel 4D flow MRI-derived elements of intraventricular

hemodynamics. An unique feature of 4D flow MRI is that it allows for quantification of
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hemodynamic markers from the blood flow such as kinetic energy (KE), viscous energy loss
(EL) and vorticity (also described in Chapter 6). These novel markers are currently used in
a research setting only and therefore the assessment of accuracy of these measurement is
critical before clinical implementation can take place. Accordingly, Chapter 9 focuses on
the scan-rescan reproducibility of left ventricular KE, EL and vorticity in healthy volunteers.
First of all, this study shows strong internal consistency between KE and EL in all scans.
Furthermore, scan-rescan reproducibility of KE, EL and vorticity is good to excellent in the
majority (10 out of 12) of subjects. In two subjects scan-rescan differences are much higher
compared to the other 10 subjects. Although there is no obvious explanation, these higher
differences could be related to technical limitations and show the importance of technical
accuracy when assessing these hemodynamic markers. In the normal left ventricle, the
amount of EL is proportional to the KE that is produced [10]. The ratio between EL and KE
can be defined by the dimensionless indeX, ELindgex [11]. The ELingex Was first introduced in
an echo particle image velocimetry study [11], but had not been shown in 4D flow
MRI studies earlier. Notably, our results show good reproducibility of the ELinex in all
subjects. The high reproducibility of the 4D flow MRI-derived ELiygex indicates that it could
be a useful marker of energy status that should be further explored in patient groups

with acquired and congenital heart diseases.

Fontan patients form an important patient group in congenital cardiology with significant
morbidity and mortality. Because of their heterogeneous underlying anatomy including
differences in systemic ventricular morphology (i.e. right or left ventricle) and inflow-to-
outflow pathways 4D flow MRI is ideally suited to assess the complex intracardiac flow
patterns in these patients. In some patients blood flow can directly go from inflow in a
ventricle to outflow in the aorta from the same ventricle (in our studies defined as concordant
inflow-to-outflow). While in other patients, blood that enters a ventricle first has to go
through a ventricular septal defect and the other ventricle to subsequently be ejected in the
aorta (in our studies defined as discordant inflow-to-outflow). It is conceivable that the
abnormal underlying anatomy and inflow-to-outflow pathway impact hemodynamic

markers.

Therefore, in Chapter 10 intraventricular EL is assessed in Fontan patients and compared to
healthy controls. Both 4D flow MRI-derived EL and ELj.cx are significantly increased in
Fontan patients compared to healthy controls. Moreover, highest EL is found in patients with
discordant inflow-to-outflow compared to patients with concordant inflow-to-outflow. In
these patients with discordant inflow-to-outflow eventually increased EL could lead to
cardiac deterioration, however larger study groups are needed to further evaluate this finding
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and the clinical/surgical implications. No difference is found between patients with a
systemic LV as compared to patients with a systemic RV, even though it is known that the
systemic RV in Fontan patients is less capable of sustaining systemic pressures [12] and these
patients are more susceptible to heart failure [13]. However, numbers in this study are limited
and larger groups of patients with a systemic LV or systemic RV are needed to assess the

possible difference.

Importantly, Fontan patients are still prone to heart failure and require regular follow-up,
even though survival after this procedure has increased drastically over the past decades [14-
16]. The role of intraventricular hemodynamics in the development of heart failure remains
incompletely understood. As shown in Chapter 10, Fontan patients exhibit increased EL and
ELindex Which could eventually lead to deterioration of cardiac function when present for
many years. However to further study to role of EL as a marker of cardiac deterioration
patients with multiple 4D flow MRI scans and follow-up data are needed. Future studies
could repeat the 4D flow MRI scan and link the differences between the 4D flow MRI

parameters to alterations in clinical status.

The results reported in Chapter 10 encouraged further assessment of the complex interplay
of intraventricular hemodynamics in healthy subjects and Fontan patient and further
evaluation of the underlying mechanisms of increased EL in these patients. In Chapter 11
the association between intraventricular EL, KE and vorticity in healthy subjects and Fontan
patients is assessed. In healthy subjects intraventricular vorticity correlates well with EL and
KE. In Fontan patients intraventricular vorticity was significantly increased compared to
healthy subjects, but vorticity still correlated well with EL and KE. These results may confirm
the suspected role of intraventricular vorticity in optimizing kinetic energy and energy loss
levels. Moreover, Fontan patients with an ejection fraction within the 95% confidence
interval of the healthy subjects showed significantly increased levels of systolic vorticity and
EL but significantly decreased levels of diastolic kinetic energy versus healthy subjects. We
could speculate that these results show that 4D flow MRI-derived hemodynamic markers are
sensitive to ventricular abnormalities, preceding global functional impairment reflected in
ejection fraction. However, further studies are needed to assess the impact of altered

hemodynamic markers on cardiac function.

Decreased exercise capacity is related to a worse functional health status in Fontan patients
[15, 17, 18] and has been linked to increased energy loss in the Fontan tunnel [19]. The
previous chapters (Chapter 10 and 11) only focused on intraventricular hemodynamics at
rest. Chapter 12 describes the influence of pharmacological stress on 4D flow MRI-derived

EL, KE and vorticity and their relation to VO, max from cardiopulmonary exercise tests.
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Pharmacological (Dobutamine) stress resulted in an increase in EL, KE and vorticity,
however the increase in EL and KE was 3-4 fold stronger than the increase in vorticity.

Chapter 11 described the linear relation between vorticity and KE and EL. However, the
results in Chapter 12 showed that during stress this relation was disturbed (as shown by the
difference in rest-stress increase in EL, KE and vorticity). This could be attributed to the fact
that the compact region of vortical flow was unable to expand at the same rate as KE because
ventricular size and shape did not change during stress or because the compact region of
vortical flow already reached its optimal size [20]. It is still unknown from these results if the
vorticity in the ventricular blood flow has a favorable or an adverse effect during stress. This
question requires computation of the direction of the vortical flow, which is currently
challenging. Importantly, the Dobutamine stress-induced increase in KE, EL and vorticity
inversely related to VO, max in these Fontan patients, though rest-stress differences in KE
and EL showed a three-fold stronger increase than relative difference in vorticity. This could
show that in patients with low VO, max, the region of vortical flow is unable to expand at
the same rate as KE and EL. All in all, these findings unveil that the intracardiac interplay
between hemodynamics and energetics may play a role in exercise capacity in Fontan

patients.

Conclusions and future perspectives

This thesis is part of the multicenter study titled: ‘COBRA’: Congenital heart defects:
Bridging the gap between Growth, Maturation, Regeneration, Adaptation, late Attrition and
Ageing’ and provides insight in the impact of congenital and acquired heart diseases on
electrophysiology and hemodynamics in the heart, that could help understand the often
complex pathophysiological mechanisms involved in cardiovascular diseases and might aid

in the early detection of patients prone to cardiovascular deterioration.

The first part of this thesis (Chapter 2, 3, 4 and 5) shows the value of the electrocardiogram
and vectorcardiogram in the assessment of patients with right-sided acquired and congenital
heart defects. The 3D vectorcardiographic VG and SA could be valuable in the assessment
of patients with right ventricular volume or pressure overload. These vectorcardiographic
parameters could easily be added to the standard automated ECG assessment in the current
clinical routine. However, further studies are needed to assess the clinical use of these

parameters.

The second part of this thesis (Chapter 6, 7 and 8) shows significant steps towards clinical
utility of 4D flow MRI. Valvular flow quantification with 4D flow MRI, especially in
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combination with automated valve tracking, has great potential as a future clinical standard.
In future research, automated valve tracking should be refined, especially by adding the

possibility of better plane alignment.

The third part of this thesis (Chapter 10, 11 and 12) provides important insights in
intraventricular hemodynamics in Fontan patients at rest and stress. In time to come,
knowledge on intraventricular hemodynamics could aid in determining follow-up frequency
and the ideal timing of initiation of heart failure management, perhaps even on an individual
patient’s level. Moreover, these findings can create a platform for further research in the field
of intraventricular hemodynamics in healthy subjects and different patient groups with

acquired and congenital heart diseases.
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In dit proefschrift worden de multidimensionale elektrische en hemodynamische aspecten
van congenitale en verworven hartzieken geévalueerd met elektrocardiografie (Deel I) en
beeldvorming met magnetische resonantie (MRI, Deel II en Deel III). Hiermee werden
studies uitgevoerd om uitgebreide kennis te vergaren over cardiale ziekten, wat zou kunnen
helpen bij de behandeling van patiénten met congenitale en verworven hartzieken en bij de

detectie van patiénten die risico lopen op achteruitgang van de hartfunctie.
Deel 1: Elektrocardiografische variabelen die cardiale functie weerspiegelen

Het eerste deel van dit proefschrift richt zich op elektrocardiografische variabelen die de
hartfunctie kunnen weerspiegelen. In Hoofdstuk 2 worden de kenmerken van het
elektrocardiogram (ECG) bij patiénten met rechtszijdige aangeboren hartafwijkingen
besproken. Uit dit review blijkt dat het detecteren van veranderingen in het ECG nuttig kan
zijn bij de follow-up van patiénten met (rechtszijdige) hartziekten. Echter, het standaard 12-
afleidingen ECG biedt enkel een eendimensionale scalaire weergave van de elektrische
stromen in het hart, terwijl het vectorcardiogram (VGG) inzicht geeft in de tijd gerelateerde
multidimensionale aard van de elektrische krachten van het hart. Hoofdstuk 3 biedt
normaalwaarden van het pediatrische VCG. Deze normaalwaarden zouden waardevol
kunnen zijn bij de seriéle follow-up van kinderen met aangeboren hartaandoeningen, zoals
een type II atriumseptumdefect (ASDII), wat de focus is van Hoofdstuk 4. In Hoofdstuk 4
worden de elektrische veranderingen na percutane ASDII-sluiting bij pediatrische en
volwassen patiénten weergegeven. De meeste ECG en VCG-veranderingen vonden direct na
sluiting van het ASDII plaats, behalve de QRS duur en het QTc interval bij zowel kinderen
als volwassenen en de PQ duur bij volwassenen. De veranderingen in de
vectorcardiografische ruimtelijke QRS-T hoek weerspiegelen toenemende concordantie van
het elektrocardiogram, wat kan worden geinterpreteerd als een gedeeltelijke normalisatie van
de elektrische eigenschappen van het hart. Ook de vectorcardiografische ventriculaire
gradiént (VG) liet veranderingen zien die het resultaat zijn van veranderingen in de duur van
de actiepotentiaal na ASDII-sluiting. Terwijl Hoofdstuk 4 zich met name richt op het VCG
bij volume overbelasting van het rechter ventrikel (RV), ligt de focus van Hoofdstuk 5 op
de bruikbaarheid van het VCG bij electrocardiografische detectie van RV druk overbelasting
bij pati€nten met pulmonale hypertensie. De resultaten laten zien dat een combinatie van het
ECG en VCG kan bijdragen bij de detectie van RV druk overbelasting.
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Deel I1: 4D flow MRI-afgeleide cardiale flow en functie: validatie en klinische
bruikbaarheid

Het tweede deel van dit proefschrift richt zich op de validatie en klinische bruikbaarheid van
vierdimensionale (4D) flow MRI-gerelateerde cardiale flow en functie. Hoofdstuk 6 geeft
een overzicht van de huidige rol van 4D flow MRI bij het onderzoeken van hart- en
vaatziekten. Dit literatuuroverzicht laat zien dat 4D flow MRI (3 ruimtelijke dimensies + tijd)
een uniecke methode is voor niet-invasieve in vivo visualisatie en kwantificatie van de
dynamische bloedstroompatronen in het hart en grote bloedvaten. Kennis van normale en
abnormale intra-cardiale bloedstroompatronen kan ons inzicht in de normale fysiologie
vergroten en kan helpen bij het ontrafelen van de complexe pathofysiologische mechanismen
die leiden tot hart- en vaatziekten. 4D flow MRI is veelbelovend als diagnostisch hulpmiddel
en kan helpen bij de follow-up van patiénten met hart- en vaatziekten en de timing van
chirurgische ingrepen. Gerichte onderzoeken zijn echter nog steeds nodig om de klinische

waarde van 4D flow MRI aan te tonen.

Kwantificatiec van bloedstroomvolume over de hartkleppen in het hart is momenteel de
belangrijkste toepassing van 4D flow MRI. Hierbij heeft 4D flow MRI meerdere voordelen
ten opzichte van tweedimensionale (2D) “phase-contrast MRI”, wat de huidige klinische
standaard is. Ten eerste maakt 4D flow MRI het mogelijk om de bloedstroom volumes over
alle vier de kleppen in één enkele acquisitie te kwantificeren. Bovendien kunnen meetvlakken
in elke fase worden geplaatst en aangepast aan de stroomrichting en snelheid van de
bloedstroom. Vooral bij patiénten met complexe, dynamische regurgitatie-“jets”, zoals bij
patiénten met een gecorrigeerd atrioventriculair septumdefect, kan de mogelijkheid van het
plaatsen van dynamische meetvlakken cruciaal zijn voor nauwkeurige kwantificering van
bloedstroomvolumes en regurgitatiefracties. Validatie is de eerste stap bij het implementeren
van een relatief nieuwe methode en goede reproduceerbaarheid van metingen tussen scans is
belangrijk, met name wanneer meerdere scans worden verkregen tijdens de follow-up.
Hoofdstuk 7 laat zien dat bepaling van het in- en uitstroomvolume uit het linker ventrikel
(LV) betrouwbaar gedaan kan worden met 4D flow MRI met goede reproduceerbaarheid van
metingen tussen twee scans. Het handmatig volgen van de klep en het aanpassen van het
meetvlak is echter een tijdrovend proces, wat de klinische toepasbaarheid belemmert.
Daarom wordt in Hoofdstuk 8 een automatische methode geintroduceerd voor het
kwantificeren van de bloedstroomvolumes over de kleppen. Deze automatische methode
vermindert de analysetijd en verbetert de betrouwbaarheid van de metingen in vergelijking
met het handmatig volgen van de klepbewegingen. Bovendien resulteert het geautomatiseerd
volgen van de kleppen in een andere classificering van de regurgitatiefractie, wat een grote

impact kan hebben op de behandeling van patiénten.
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Deel I11: 4D flow MRI-afgeleide determinanten van intraventriculaire hemodynamica

Het derde deel van dit proefschrift beschrijft nieuwe, van 4D flow MRI-afgeleide, elementen
van intraventriculaire hemodynamica. Een uniek kenmerk van 4D flow MRI is dat het de
kwantificatie van hemodynamische markers zoals kinetische energie (KE), viskeus
energieverlies (EL) en vorticiteit mogelijk maakt (zie ook Hoofdstuk 6). Deze nieuwe
markers worden momenteel alleen gebruikt voor onderzoeksdoeleinden en daarom is het
bepalen van de nauwkeurigheid van deze metingen van groot belang voordat deze klinisch
geimplementeerd kunnen worden. Hoofdstuk 9 richt zich daarom op de reproduceerbaarheid
(tussen twee scans) van KE, EL en vorticiteit in de LV van gezonde vrijwilligers. Allereerst
laat deze studie een sterk verband zien tussen KE en EL in alle scans. Daarnaast is de
reproduceerbaarheid van KE, EL en vorticiteit bij de meerderheid (10 van de 12) van de
proefpersonen goed tot uitstekend. Bij twee proefpersonen zijn de verschillen tussen twee
scans veel groter in vergelijking met de andere tien. Deze grotere verschillen zouden
gerelateerd kunnen zijn aan technische beperkingen en laten daarmee zien hoe belangrijk
technische nauwkeurigheid is bij het beoordelen van deze hemodynamische markers. In de
normale LV is de hoeveelheid EL evenredig aan de KE die wordt geproduceerd. De
verhouding tussen EL en KE kan worden gedefinieerd met een dimensieloze index: ELindex.
Opmerkelijk is dat onze resultaten laten zien dat de ELingex bij alle proefpersonen goed
reproduceerbaar is. De hoge reproduceerbaarheid van de 4D flow MRI-afgeleide ELingex geeft
aan dat dit een bruikbare marker van de energiestatus zou kunnen zijn die verder zou moeten

worden onderzocht in pati€ntengroepen met verworven en aangeboren hartaandoeningen.

Fontan-patiénten vormen een belangrijke patiéntengroep in de congenitale cardiologie met
aanzienlijke morbiditeit en mortaliteit. Vanwege hun heterogene onderliggende anatomie,
waaronder verschillen in systemische ventriculaire morfologie (dat wil zeggen rechter of
linker ventrikel) en instroom-naar-uitstroomroutes, is 4D flow MRI bij uitstek geschikt om
de complexe bloedstroompatronen van deze patiénten te beoordelen. Bij sommige patiénten
kan de bloedstroom rechtstreeks van de instroom in een ventrikel naar de uitstroom in de
aorta vanuit dezelfde ventrikel gaan (in onze studies gedefinieerd als concordante instroom
naar uitstroom). Bij andere patiénten moet bloed dat een ventrikel binnenkomt eerst door een
ventriculair septumdefect en het andere ventrikel gaan om vervolgens in de aorta te komen
(in onze studies gedefinieerd als discordante instroom naar uitstroom). Het is denkbaar dat
de abnormale onderliggende anatomie en de instroom-naar-uitstroomroute invloed hebben
op hemodynamische markers. Daarom wordt intraventriculaire EL in Hoofdstuk 10
beoordeeld bij Fontan-patiénten en vergeleken met gezonde controles. Zowel 4D flow MRI-

afgeleide EL en ELingex zijn significant verhoogd bij Fontan-patiénten in vergelijking met
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gezonde controles. Bovendien wordt de hoogste EL gevonden bij patiénten met een
discordante instroom naar uitstroom in vergelijking met patiénten met een concordante
instroom naar uitstroom. Bij deze patiénten met een discordante instroom naar uitstroom zou
deze verhoogde EL uiteindelijk kunnen leiden tot verslechtering van de hartfunctie, maar
grotere onderzoeksgroepen zijn nodig om deze bevinding en de klinische / chirurgische

implicaties verder te evalueren.

In Hoofdstuk 11 wordt de associatie tussen intraventriculaire EL, KE en vorticiteit bij
gezonde proefpersonen en Fontan-patiénten aangetoond. Bij gezonde proefpersonen
correleert intraventriculaire vorticiteit goed met EL en KE. Bij Fontan-patiénten was de
intraventriculaire vorticiteit significant hoger in vergelijking met gezonde personen, maar de
vorticiteit bleef nog goed correleren met EL en KE. Deze resultaten kunnen de vermoedelijke
rol van intraventriculaire vorticiteit bij het optimaliseren van kinetische energie en
energieverlies niveaus bevestigen. Bovendien vertoonden Fontan-patiénten met een
ejectiefractie binnen het 95% -betrouwbaarheidsinterval van de gezonde proefpersonen
significant verhoogde niveaus van systolische vorticiteit en EL, maar significant verminderde
niveaus van diastolische kinetische energie ten opzichte van gezonde proefpersonen. We
zouden kunnen speculeren dat deze resultaten aantonen dat 4D flow MRI-afgeleide
hemodynamische markers gevoelig zijn voor ventriculaire afwijkingen, voorafgaand aan

globale functionele beperkingen weerspiegeld in de ejectiefractie.

Verminderde inspanningscapaciteit is gerelateerd aan een slechtere functionele
gezondheidstoestand bij Fontan patiénten. De voorgaande hoofdstukken (Hoofdstuk 10 en
11) hadden alleen betrekking op intraventriculaire hemodynamica in rust. Hoofdstuk 12
beschrijft de invloed van farmacologische stress op 4D flow MRI-afgeleide EL, KE en
vorticiteit en hun relatie tot VO, max (afgeleid uit ergometrie). Farmacologische stress
(Dobutamine) resulteerde in een toename van EL, KE en vorticiteit, maar de toename in EL
en KE was 3-4 keer sterker dan de toename in vorticiteit. Het is nog onbekend of deze
vorticiteit in de ventriculaire bloedstroom een gunstig of een nadelig effect heeft tijdens
stress. Belangrijk is dat de door stress geinduceerde toename in KE, EL en vorticiteit
omgekeerd evenredig was met VO, max in deze Fontan-patiénten, hoewel rest-stress-
verschillen in KE en EL een drievoudig grotere toename vertoonden dan het relatieve verschil
in vorticiteit. Dit zou kunnen aantonen dat bij patiénten met lage VO max het gebied van de
vortex niet in hetzelfde tempo kan uitzetten als KE en EL. Al met al laten deze bevindingen
zien dat het intracardiaal samenspel tussen hemodynamica (vorticiteit) en energetica (KE en
EL) mogelijk een rol speelt bij de inspanningscapaciteit van Fontan-patiénten.
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ongeveer tegelijk met onderzoek en stonden vaak voor dezelfde onderzoeksperikelen. Bedankt voor de
steun die ik aan je heb gehad.

= De andere onderzoekers in de Cobra studie: Marie, Guido, Dennis, Eva en Jelle, bedankt voor alle
gezelligheid en steun die we aan elkaar hadden tijdens en na alle besprekingen. Ik heb veel van jullie
geleerd over celkleuringen en proefdieronderzoek, een wereld die compleet nieuw voor mij was. Eva,
wij begonnen tegelijk en hebben veel met elkaar gedeeld, bedankt daarvoor.

=  Martina, wij hebben samen een artikel geschreven waarbij we meer drempels tegenkwamen dan we
aanvankelijk dachten. Toch hebben we doorgezet en het samen tot een mooi einde kunnen brengen.
Samenwerken met jou was altijd leuk.
Julia, Eva, Vera, en de rest, bedankt voor alle mooie feestjes, zonder dansen had ik dit nooit kunnen
afronden. We hebben allemaal een drukke baan maar zijn gelukkig nooit te moe voor een latin feest.
Simone, Donna, Esra en Marloes, mijn vriendinnen sinds de basisschool en inmiddels allemaal arts,
uiteraard mogen jullie niet aan dit lijstje ontbreken. Ik weet dat jullie er altijd voor mij zijn, en andersom.
Bedankt voor onze mooie vriendschap.

=% Natuurlijk ook dank aan mijn andere vrienden en vriendinnen, ook degenen die ik door drukte wat
minder vaak kan zien, jullie zijn altijd in mijn hart. Leonie, wij deden bijna alles tegelijk: geneeskunde,
Augustinus, het Rapenburg en promoveren. Bedankt voor je steun en vriendschap. Manon en Emmy,
bedankt voor de leuke weekendjes weg, wat fijn dat we daar nog tijd voor konden maken.
Mijn schoonouders: lieve Dick en Marjan, bedankt voor jullie steun tijdens deze periode en dat jullie
altijd interesse toonden in mijn proefschrift (en heel vaak mijn lunch verzorgden).
Mijn paranimfen: Maribel, allerliefste babysis, bedankt dat je er altijd voor me bent. Als
criminoloog/antropoloog heb je veel mensenkennis, die ik soms goed kon gebruiken. Bedankt dat je
vandaag naast mij staat. Annemijn, toen we bij elkaar in het co-groepje kwamen waren we direct
vriendinnen en dat is nooit veranderd. Enkele weken na onze eerste ontmoeting gingen we al samen op
reis. We hebben veel aan elkaar gehad tijdens onze coschappen en promotietijd. Bedankt dat je vandaag
naast mij staat.

=%  Mijn familie, met name mijn ouders: lieve papa en mama, bedankt voor jullie onvoorwaardelijke steun
en liefde. Zonder jullie had ik dit allemaal nooit kunnen doen. Jullie zijn mijn grote voorbeeld. Ik draag
mijn proefschrift aan jullie op. Oma Suus, Wies, Anne, Ivette, Mirte en Arwen, bedankt voor jullie steun
en liefde.

%  Tom, bedankt dat je er altijd voor mij bent in mijn goede en slechte momenten. Jij zorgt dat ik met beide
benen op de grond blijf staan. Hoe cliché het ook is: you are my rock.
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