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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.
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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

38 | Chapter 3



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).
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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.
Mechanism