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Abstract

Introduction: The diagnosis idiopathic ventricular fibrillation (I\VF) is established in sudden cardiac
arrest patients in whom the underlying cause is unidentifiable. It is hypothesized that the cause may lie
in repolarization abnormalities which cannot yet be found with current diagnostics. Non-invasive
electrocardiographic imaging (ECGI) can be used to gain insight in cardiac electrophysiology. With
ECGI, the electrical potentials at the epicardium are reconstructed from its projected body-surface
potentials. However, no consensus exists on the necessary number and distribution of body-surface
electrodes for high quality ECGI in IVF patients. Therefore, the objective of this study was to assess
how the body-surface potentials measurement should be performed for high quality ECGI regarding the
assessment of regional repolarization differences.

Methods: Data of ten ECGI measurements, performed on IVF patients with a 184-electrodes set-up,
were used. A simulated inter-system comparison was performed (i.e. smaller electrode set-ups were
selected from the 184-electrodes set-ups, without changing other ECGI aspects). First, the ECGI quality
of a 64-electrodes set-up, 62-electrodes set-up and the standard 9-electrodes set-up were investigated in
comparison to the 184-electrodes set-up. In total, 50 sinus rhythm (SR) beats and ten ventricular extra
systoles (VES) were reconstructed for each set-up. Second, the necessary number and positioning of the
body-surface electrodes was investigated by removal and addition of electrodes to the 64-electrodes set-
up. Ten SR beats and VES were reconstructed for each adjusted set-up. The reconstructions were
compared based on several outcome measures, including the T-wave correlation. Furthermore,
electrodes which seemed of less value for the reconstruction were removed to find the limit of necessary
electrodes.

Results: High median T-wave correlation coefficients (CCt (Q1 - Q3)) between the 184-electrodes set-
up and the 64-electrodes set-up (CCrsr: 0.98 (0.92 - 0.99), CCr ves: 0.98 (0.91 - 0.99)) and 62-electrodes
set-up (CCrsr: 0.96 (0.88 - 0.99), CCrves: 0.97 (0.87 - 0.99)) were found. In contrast to the standard 9-
electrodes set-up (CCrgsr: 0.85 (0.14 - 0.97), CCr.ves: 0.83 (0.11 - 0.96)). The results suggested that the
64-electrodes set-up and 62-electrodes set-up are sufficient and that the standard 9-electrodes set-up is
insufficient. A lower limit of number of electrodes was found around 45 electrodes. The left anterior
guadrant of the thorax and inferior torso area proved of value for the inverse reconstruction, whereas the
right lateral side and posterior side of the thorax proved of less value. This study increases our
understanding of the effect of electrode number and placement in ECGI.
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1. Introduction

Sudden cardiac arrest (SCA) is a major health problem worldwide.* In Europe, the incidence rate of out-
of-hospital cardiac arrest is 84 per 100.000 population per year.? SCA is an unexpected cardiac arrest
without obvious extracardiac cause.® Aetiology can be determined in ~93% of the patients.* Ventricular
fibrillation (\VF) is the arrhythmia most often recorded during SCA.> Patients, with documentation of
VF, in whom the underlying cause is unidentifiable are diagnosed with idiopathic VF (IVF).5

Due to the lack of an identifiable substrate, the underlying pathophysiological mechanism of IVF is
unknown. The diagnosis is established by exclusion of known cardiac, respiratory, metabolic and
toxicological causes.® Concerning therapy for IVF, no apparent pathogenesis can be targeted. The
recurrence rate of arrhythmias in IVF patients is high, approximately 31% during 5 years follow-up.’
For secondary prevention of SCA, an implantable cardioverter-defibrillator (ICD) is advised.® A recent
study investigated ICD therapy and its complications in patients registered in the Dutch national IVF
registry. Of all IVF patients ~96% had an ICD implanted, from which 29.5% received shocks.
Inappropriate therapy was delivered in 17.5% of all IVF patients with an ICD, and in 14.7%
complications were seen.®

The absence of a known underlying cause in IVF is unsatisfactory for both patient and physician.
Increased understanding can lead to specific diagnoses and additional therapy options. More insight in
the pathogenesis of IVF can therefore be of great value. Considering the occurrence of repolarization
abnormalities in known arrhythmogenic disorders, it is hypothesized that the cause of VF in IVF patients
may lie in repolarization abnormalities that cannot yet be found with current diagnostics.® Steep regional
repolarization gradients for instance provide a substrate susceptible for re-entrant tachyarrhythmias.*01
Thus, to gain more insight in the pathogenesis of IVF, assessment of the electrical activity and recovery
at the myocardium level is necessary.

Currently used diagnostics to assess cardiac electrophysiology have their limitations. The standard 12-
lead electrocardiogram (ECG) lacks the capacity to assess regional de- and repolarization with high
resolution. In contrast, catheter-based high-density electro-anatomical mapping during
electrophysiology studies can be used to assess the regional electrophysiology with high resolution, but
is invasive, time-consuming, expensive, can lead to complications and frequently no
electrophysiological abnormalities are found endocardially.> An emerging non-invasive technique is
electrocardiographic imaging (ECGI).* With ECGI, electrical activity at the myocardium is
reconstructed from its projected body-surface potentials (BSPs). This technique can be valuable to
increase insight in the cardiac electrophysiology of IVF patients.

The VIGILANCE project focuses on the use of ECGI in patients with IVF.** This project is a
collaboration between the department of cardiology of the University Medical Centre Utrecht (UMCU),
Maastricht University Medical Centre+ (MUMC+) and the Amsterdam University Medical Centres
(Amsterdam UMC). For the VIGILANCE project an observationally cohort study has been started, with
the objective to noninvasively screen IVF patients for an epicardial electrophysiological substrate and
triggers using ECGI, and to evaluate the ECGI mappings for risk stratification.

For ECGI, the ECGs on the body surface are usually measured with tens or even hundreds of electrodes
on the torso.’>161718 The number and positioning of body-surface electrodes for ECGI are still under
debate.™® Donnelly et al.*® suggested that 24-35 electrodes for body-surface potential mapping (BSPM),
with their recording site carefully chosen, can accurately determine all ECG information. Hoekema et
al.? recommended that the number of electrodes used for BSPM should be in the order of 64, to pick up
the major part of ECG information. Furthermore, the electrodes should be placed non-uniformly on both
anterior and posterior chest and with the highest density of electrodes at the left anterior chest.?® As
regards ECGI quality, limited research has been done on the minimal number and optimal positioning
of body-surface electrodes. In 2015, Cluitmans et al.?! evaluated the necessary number of electrodes for
ECGI reconstructions of high quality in dogs. They simultaneously measured potentials at the body
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surface and the epicardium and investigated the correlation. Different electrode set-ups, consisting of
169, 108, 80, 68, 59, 10, 9 and 3 electrodes, were compared. Their results indicate a reasonably stable
reconstruction quality from 169 to 59 electrodes.?! However, they did not investigate the effect of the
position of the electrodes on the torso. Unfortunately, current studies are not focussed on evaluation of
the ECGI quality in patients with I\VF. Evaluation on outcome measures focussing on repolarization are
therefore necessary. In short, the necessary number and distribution of electrodes sufficient to provide
good quality ECGI is not known. Therefore the research question of this study is:

Research question: How to perform the body-surface potentials measurement for high quality ECGI
regarding the assessment of regional repolarization differences?

As a first step in answering the research question, it is of interest to know the ECGI quality for currently
used body-surface electrode set-ups of the participating hospitals of the VIGILANCE study. The number
and positioning of electrodes differ between the participating hospitals of the VIGILANCE study. For
instance, in the MUMC+ 184 electrodes are used, while in the UMCU 64 electrodes are used with
different distributions on the torso. The Amsterdam UMC does not have a fixed ECGI measurement set-
up yet. In published research performed at the Amsterdam UMC, a set-up of 62-electrodes was used for
body-surface potential mapping.?? Furthermore, it is interesting to investigate the ECGI quality of the
standard 9-electrodes set-up. Currently, there is doubt whether the smaller electrode set-ups (~ 60
electrodes) are suitable for performing qualitative ECGI in patients with IVF. In addition, it is of added
value to know whether ECGI outcomes for different electrode set-ups are comparable, so that data can
be pooled.

Based on the literature, it is hypothesized that set-ups consisting of more than 59 electrodes provide
sufficient ECGI quality.1®2%?! Therefore, it is hypothesized that the standard 9-electrodes set-up is
insufficient and all set-ups of the participating hospitals in the VIGILANCE study are sufficient for use
in ECGI. The MUMCH+ set-up consists of a considerably higher number of electrodes in comparison to
the other set-ups. Therefore, it is hypothesized that the MUMC+ set-up provides sufficient ECGI quality
and can be used as ‘ground truth’. Hence, the first sub question of this study is:

Sub question 1: What is the reconstruction accuracy of the UMCU 64-electrodes, Amsterdam UMC
62-electrodes and standard 9-electrodes set-up relative to the MUMC+ 184-electrodes ‘ground truth’
set-up regarding the assessment of regional repolarization differences?

As a second step in answering the research question, the necessary number and positioning of electrodes
for the body-surface potentials measurement is investigated. It is hypothesized that the limit of
electrodes necessary for sufficient ECGI quality is below 59 electrodes. However, with decreasing
number of electrodes, the electrode placement is increasingly important, where it is hypothesized that it
is important to have electrodes both anterior and posterior and a high density of electrodes left anterior
of the chest. The second sub question of the study is:

Sub question 2: What is the necessary number and positioning of the body-surface electrodes for high
guality ECGI regarding the assessment of regional repolarization differences?
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2. Background

2.1. Idiopathic ventricular fibrillation

The prevalence of IVF in the Netherlands is unknown, but was estimated at 1,000 patients in 2018.
Remarkably, the IVF population generally consists of young people, with a mean age of 38 years.'*

IVF is a diagnosis of exclusion, hence many diagnostic tests must be deployed. Routine testing for IVF
usually consists of electrocardiography, blood chemistry, toxicological screening, Holter or telemetry
monitoring, echocardiography, chest X-ray, exercise-testing, coronary angiography with or without
ventriculography and MRI. Recommended additional tests are: ergonovine and ajmaline provocation.
Endomyocardial biopsy, electrophysiological testing and targeted genetic screening based on phenotype
are optional additional tests, since their diagnostic value is under debate.?

The IVF diagnosis is probably overused.* The certainty of IVF depends on the extensiveness of
diagnostic testing. Patients are often diagnosed with IVF after limited diagnostic testing.?* Studies
showed the importance of follow-up and systematic clinical evaluation in revealing specific diagnoses
in patients initially diagnosed with IVF, 4242526

Moreover, several primary arrhythmia disorders have been discovered, which were initially
considered IVF. Currently, it is possible to differentiate long QT, catecholaminergic polymorphic
ventricular tachycardia, Brugada syndrome, short QT and early repolarization syndrome from IVF.%23
The differentiation is mainly facilitated by the advance in phenotypic and genetic analysis. Some other
discoveries, such as the CALM1 and DPP6 mutation, are still not associated with a fitting phenotype.
Therefore, it is hypothesized that the aetiology of IVF is heterogeneous.?

Family members of IVF patients might also have predisposition for sudden cardiac arrests.?” Early
recognition of people prone to malignant arrhythmias can be valuable in the prevention of life-
threatening events. Unfortunately, the lack of clinical signs in IVF patients leads to difficulties for risk
stratification.

2.2. Ventricular repolarization

Ventricular repolarization is represented by the T-wave on the ECG (Figure 1). The T-wave on the BSPs
represents repolarization of the entire heart, whereas the T-wave on local electrograms (EGMs) represent
local repolarization.®? In contrast to depolarization, repolarization is relatively slow and the potential
differences over larger distances are smaller which provide temporally static potential patterns.?**° The
T-wave is mainly influenced by the intrinsic properties of cardiomyocytes (action potential duration).®
The ventricular myocardium consist of three cell types: epicardial, endocardial, and M cells. These cells
differ in repolarization characteristics.* For instance, M cells can have their action potentials prolonged
disproportionately to epicardial and endocardial cells.®® In physiological conditions, electronic coupling
keeps closely coupled cells in synchrony. The loss of strength of electronic coupling can induce large
local repolarization differences.®

Meijborg et al.® investigated normal ventricular repolarization in Langendorff perfused pig hearts. They
found the start of ventricular repolarization at the right ventricle (RV). In the left ventricle (LV),
repolarization progressed from basal to central. Final repolarization was at the central free walls of the
RV and LV. Ventricular repolarization can change if alterations in action potential duration, refractory
period or conduction velocity occur.® For example, large differences in action potential duration over
small distances causes steep repolarization gradients. The alterations can be induced by multiple
conditions, for instance electrolyte disturbances. Regions with increase in ventricular repolarization
heterogeneity are vulnerable for arrhythmias.® Over the years, ventricular repolarization has gained
interest as a potential tool for risk stratification of arrhythmic events.
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Figure 1: Schematic representation of epicardial EMGs. AT = Activation time. RT = Recovery time.

2.3. Electrocardiographic imaging

2.3.1. Fundamental principle of ECGI

Excitation of the heart generates an electric potential field in the torso volume between the body surface
and the epicardium.®” The potentials at the torso (@), which can be measured noninvasively using body-
surface electrodes, are a projection of the electrical activity at the myocardium (¢y;). This projection
depends on the electromagnetic relation between @1 and ¢y, which is captured in a transfer matrix (A)
(Eq. 1). The transfer matrix contains information of the patient’s specific torso-heart geometry and
thoracic conductivities.®” The patient-specific-torso-heart geometry can be obtained by CT or MRI.

or = Aoy (1)

Equation 1 describes the so called ‘forward model’, by which ¢ is computed for a given ¢y, (Figure
2). With ECGI, electrical activity at the myocardium (source) is reconstructed from its projected body-
surface potentials (output). The reconstruction from known ‘output’ to unknown ‘source’ is called the
‘inverse model’ (Figure 2).*® Theoretically, the inverse problem can lead to infinite possible solutions
for . To find solution ¢y, which best explains the recorded @, least squares approximation can be
performed (Eq. 2).%8

min||Agy — @rll3 (2)
Pm

However, the inverse model is ill-posed, which means small changes in the measured output, e.g. due
to noise, can cause large changes in the solution.®® To apply constraints to the solutions, regularization
is required.®*® A well-known regularization method is Tikhonov regularization, with which a stable
solution is obtained by setting constraints to the amplitude of the reconstructed ¢y;.*
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Forward model

Input Electromagnetic propagation

(electrical cardiac source)

Output

transfer matrix (body-surface potentials)

Inverse model

) Inverse reconstruction )
Reconstructed input Output recordlngs
(electrical cardiac source) transfer matrix (body-surface potentials)
regularization

Figure 2: Schematic representation of the ECGI forward and inverse model. Retrieved from %3,

For the reconstruction, a model for the cardiac source is necessary. Two often used methods for the
cardiac source are: the pericardial potential source (PPS) model and the equivalent double layer (EDL)
model. The PPS model is based on a closed surface surrounding the heart as source of the electrical
activity. For the EDL model, the cardiac source is defined as an equivalent double layer consisting of
the entire surface bounding the myocardium (endocardium and epicardium).*°

2.3.2. Validation & clinical application

Validation of non-invasive ECGI is performed by torso-tank experiments*, in animals***® and in
humans®®. Investigations showed that ECGI can capture features of cardiac electrical excitation and can
provide extra insights into the electrophysiology of cardiac disorders.1®17184445 Ramanathan et al.*°
investigated ventricular repolarization in healthy adults with the use of ECGI. Based on epicardial
potential maps, they found positive T-waves anterior (typically in the RV) and negative T-waves at
apical and posterior regions of the LV (Figure 3A and 3B). Concerning the RT isochrones maps, shorter
RTs were found anterior in comparison to posterior (Figure 3C).

A Epicardial Potential Map B Peak of T-wave C Recovery Time Isochrones
Onset of T-wave

Anterior Diaphragmatic Anterior Diaphragmatic Anterior Posterior ms

Figure 3: Ventricular repolarization of a healthy adult. A) Anterior and diaphragmatic view of the epicardial
potentials map during T-wave onset. B) Anterior and diaphragmatic view of the epicardial potentials map
during T-wave peak. C) Anterior and posterior view of epicardial RT isochrones. Adapted from .

Focussing on arrhythmogenic disorders, ECGI is able to reveal repolarization abnormalities. In patients
with Brugada Syndrome, abnormal repolarization and conduction in the right ventricular outflow tract
were identified using ECGI.*® Furthermore, ECGI revealed steep repolarization gradients in Early
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Repolarization Syndrome patients. Vijayakumar et al.}” found regions with ventricular repolarization
delay close to regions with early repolarization, resulting in steep repolarization gradients in long QT
syndrome patients with the use of ECGI. In terms of clinical application, ECGI may prove useful in risk
screening, diagnosis, guide targeted interventions (e.g. determination of the location of an
arrhythmogenic substrate) and follow-up or evaluation of therapy.*®

2.3.3. Model assumptions and drawbacks

For careful interpretation of the ECGI outcomes it is important to acknowledge the influence of model
assumptions and ECGI drawbacks. The inverse model of ECGI consists of the elements: cardiac source
representation, body-surface potential measurement, patient-specific transfer matrix and regularization.
To illustrate the challenges of ECGI, certain specifications or assumptions for each element will be
discussed.

The cardiac source models PPS and EDL vyield different reconstruction results. With the PPS model
local EGMs at the epicardium can be reconstructed directly. Additional information such as, activation
times (ATs) and recovery times (RTs) can be extracted indirectly from these local electrograms.’* AT
is defined as the time from earliest epicardial activation to the maximal negative slope of the local EGM
QRS complex and RT as the time from earliest epicardial activation to the maximal positive slope of the
local EGM T-wave (Figure 1).1%47 The EDL model is more restricted. Only local ATs and RTs can be
reconstructed directly. Due to the sparse representation, however, the EDL model is more robust to
noise. In addition, the EDL model provides information of both epicardium and endocardium.*

The importance of the body-surface potential measurement is gathering adequate information about the
projected electrical activity at the body surface for reconstruction. Therefore, the body-surface potentials
should be measured at a sufficient number of positions around the patient’s torso. By increasing the
number of electrodes, relative to the standard 9 electrodes set-up, higher resolution of the electrical
dynamics of the heart can be achieved.*®*° However, the question remains at which number of electrodes
the resolution approaches its maximum. Furthermore, a high number of electrodes can be redundant and
impractical for clinical use. Currently, many different body-surface electrode set-ups are used, while it
is not known if all set-ups are providing sufficient ECGI quality for their clinical purposes.

The patient-specific transfer matrix is based on the patient’s torso and heart geometry and the
conductivity of the tissues in between. The heart surface is based on a geometry extracted from CT or
MRI images. The extraction is subject to variations caused by the use of different (manual or automated)
extraction techniques and the image quality. The geometry of the torso is obtained from the positions of
the electrodes extracted from the CT or MRI, and therefore dependent on the number and distribution
of the electrodes. Besides, it is assumed that the geometries are non-moving, while during the BSP
measurement the geometries are not static and the conductivity changes.'®* Regarding the conductivity,
the torso volume can be simplified by the assumption of being completely homogenous between heart
and torso. Inclusion of inhomogeneities will give a more realistic representation of the torso volume.
However, it is more complex which deteriorates applicability of ECGI as a clinical tool. Moreover, it is
not yet clear to which extent inclusion of inhomogeneities improves the reconstruction.%°5152

Finally, the necessary regularization poses challenges. Beside Tikhonov, many other regularization

methods exist. All methods have their specific difficulties and have varying performance under different
conditions.>3%
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3. Methods

This study was performed at the Cardiology department of the UMCU, in collaboration with the
Cardiology department of the MUMC+, the Netherlands.

3.1. Current set-ups

3.1.1. Study design

This study investigated the inverse reconstruction accuracy of different body-surface electrode set-ups
regarding the assessment of regional repolarization differences. As mentioned in the Introduction
section, it is assumed that the MUMC+ set-up provides sufficient ECGI quality and was therefore
handled as ‘ground truth’.

Data of ten ECGI measurements performed with the MUMCH+ set-up at patients with I\VF were used.
The MUMCH+ set-up consists of ~184 electrodes, which are incorporated in strips consisting of eight or
twelve electrodes (Figure 4). To investigate the ECGI quality of some current body-surface electrode
set-ups a simulated inter-system comparison was performed. Therefore, the electrodes as placed for the
UMCU, Amsterdam UMC and standard 9-electrodes set-up were selected from the electrodes of the
MUMC+ set-up (Figure 4). The benefit of the simulated inter-system approach is that the electrode
number and position can be changed, while other ECGI aspects remain unchanged.

MUMC+ set-up UMCU set-up Amsterdam UMC set-up  Standard 9-electrodes set-up

Figure 4: Selection of electrodes of the MUMC+ set-up for the UMCU set-up, Amsterdam UMC set-up and
standard 9-electrodes set-up.

Per patient measurement five sinus rhythm (SR) beats at rest were selected. If present also ventricular
extra systoles (VES) were selected. ECGI reconstructions were performed for the selected beats for each
electrode set-up (Figure 5). To investigate if the ECGI quality of the UMCU, Amsterdam UMC and
standard 9-electrodes set-up are comparable to the MUMC+ set-up, the reconstructions of the selected
set-ups were compared with the reconstructions of the MUMC+ set-up.

Comparison of reconstructions was performed based on outcome measures focussing on the assessment
of regional repolarization differences. Quantitatively outcome measures on a node-to-node basis were
used, such as: correlation, absolute AT differences and absolute RT differences. In addition,
repolarization gradients were examined. In ECGI, spatial displacement of the reconstruction on the
epicardium can take place. Therefore, additional outcome measures, which are not affected by spatial
displacement, were necessary. Hence, the difference in total activation and recovery duration were
explored. Furthermore, the potential causes for differences were examined by addressing the T-wave
amplitude, T-wave polarity and the level of noise in the T-wave segment.
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Figure 5: Flowchart of the study design.
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The MUMC+ electrode set-up is not standardized. In practice, the strips are manually applied with a
fairly homogeneous distribution over the thorax based on visual inspection, with a higher density of
strips at the anterior side in comparison to the posterior side of the thorax. In contrast to the MUMC+
set-up, the UMCU, Amsterdam UMC and standard 9-electrodes set-up are standardized. The UMCU
set-up consists of 64 electrodes (Figure 6), which in practice at the UMCU can be placed separately on
the thorax. In this study, the so called Amsterdam UMC set-up is a set-up consisting of 62 electrodes
used in published research performed at the Amsterdam UMC (Figure 6).2
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Figure 6: Left) Schematic representation of the UMCU 64-electrodes set-up on the body-surface. Right)
Schematic representation of the Amsterdam UMC 62-electrodes set-up on the body-surface.
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3.1.2. Data acquisition

For this study, data of ten ECGI measurements were made available by the MUMC+. The BSP
measurements were carried out with the MUMC+ set-up and recorded with an acquisition system of
BioSemi (BioSemi, Amsterdam, the Netherlands) with a sampling frequency of 2048 Hz. A thoracic
low dose CT scan was performed with the electrodes still positioned at the body surface. Thereafter, a
CT scan of the diastolic phase of the heart was performed during intravenous injection of iodine contrast
medium. The body-surface electrodes, ventricular epicardium and blood pool were manually segmented
from the CT-scans by MUMC+ employees with the use of Seg3D (Version 2.2.1, Scientific Computing
And Imaging Institute, Utah, USA). For creation of a smooth epicardial mesh of the segmented
ventricular epicardium, PreView (Version 2.1.5, Musculoskeletal Research Laboratories, Utah, USA)
was used. PreView was also used to reduce the epicardial nodes to ~2000. Nodes are virtual points on
the epicardial mesh on which the electrograms are reconstructed.

3.1.3. Data analysis

3.1.3.1.  Pre-processing of body-surface potentials

First, the BSPs were inspected in EDFbrowser (Version 1.70, T. van Beelen)®. In EDFbrowser sections
of ten seconds were selected, which contained the beat(s) of interest. Thereafter, all data were exported
to Matlab (R2018b, MathWorks, Natick, MA, USA) for further analysis.

The ECGI procedure consists of a number of pre-processing steps. First, baseline wander was removed
from the BSPs by subtracting a linear fit from the original signal. Then, the signal was filtered with a 2
Hz low-pass filter and a first order Savitsky-Golay filter with a window length of maximal two seconds
(depending on the signal length). This filtered signal was subtracted from the linearly detrended signal
for baseline correction. In addition, the BSPs were filtered with a second order low-pass Butterworth
filter with a cut-off frequency of 125 Hz. Furthermore, 50 Hz noise was removed with a first order band-
stop Butterworth filter with stopband [48, 52]. Finally, baseline drift was again removed for the selected
beat by subtraction of a linear fit.

Not all BSPs are satisfactory, some signals can contain a substantial amount of noise or do not provide
useful information. For example, during the ECGI measurements, some electrodes may have lost contact
with the body surface. The electrodes with inadequate signal quality were identified by an automatic
check and thereafter by a manual check of the signals. Automatic removal was performed based on the
power of the signal. If the power of a signal deviated more than one standard deviation of the median
power, the electrode was identified as inadequate. Manual removal of poor signals was performed on
the basis of visual inspection. After removal of electrodes with inadequate signal quality, the MUMC+
set-ups consisted of a median of 171 electrodes, with a minimum of 161 electrodes and a maximum of
192 electrodes (Table 1).

Next, the beats of interest were selected manually. For the selected beats, manual selection of the QRS

segment and T-wave segment were performed. The T-wave segments were filtered with a second order
40 Hz low-pass Butterworth filter. In total, 60 beats (50 SR beats and 10 VES) were selected (Table 1).
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Table 1: Number of electrodes with adequate signal quality in MUMC+ set-ups
Beat SR1 SR2 SR3

Patient (total amount of
electrodes)

Patient 1 (182)
Patient 2 (184)
Patient 3 (184)

3.1.3.2.  Electrode selection

Selection of electrodes for the different set-ups (Figure 4) was performed manually. The electrode
locations in the MUMC+ set-ups did not always match the correct locations for the different set-ups. In
some cases, no electrode was present near the correct location. Therefore, selection of electrodes was
made on the basis of which selection would visually correspond best to the correct selection. These
selections, however, included electrodes with inadequate signal quality (Figure 7). Exclusion of these
inadequate electrodes leaves set-ups consisting of different number of electrodes, which does not benefit
the comparison. Therefore, all inadequate electrodes were replaced by available electrodes with
adequate signal quality, to maintain the number of electrodes. To find a good replacement, the vertical
electrode strip of the electrode with inadequate signal quality was automatically checked for electrodes
with adequate signal quality within four electrodes above and below the inadequate electrode (Figure
7). If no good replacement within the electrode strip was found, the replacement electrode was manually
chosen in electrode strips near the inadequate electrode.

Inadequate electrodes Inadequate electrodes in UMCU set-up New UMCU set-up

Figure 7: Electrodes with inadequate signal quality are indicated with a blue colour. Electrodes with
adequate signal quality are indicated with a red colour. Left) Inadequate electrodes in MUMC+ set-up.
Middle) Inadequate electrodes in selected UMCU set-up. Right) New UMCU set-up. Inadequate electrodes
are replaced with electrodes with adequate signal quality within the same electrode strips.
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3.1.3.3. Inverse reconstruction

The used transfer matrices were generated based on all electrodes of the MUMC+ set-ups (electrodes
with inadequate signal quality included), to exclude the effect of the transfer matrix for this simulated
inter-system comparison. Inverse reconstructions of the epicardial electrograms were performed on the
basis of the PPS model with zero-th order Tikhonov regularization. For AT and RT determination two
different methods are possible: the temporal-only approach and spatiotemporal approach. The temporal-
only approach determines the AT and RT based on the steepest slope of the local electrogram, whilst
the spatiotemporal approach takes into account the electrograms of neighbouring nodes. Currently, the
spatiotemporal approach is used for ECGI in the VIGILANCE study, because AT and RT determination
are more consistent with simultaneously invasively measured electrograms with the spatiotemporal
approach in comparison to the temporal-only approach.*? Figure 8 shows the outcome of an inverse

reconstruction. Local EGMs were reconstructed for virtual nodes on the epicardium, from which AT
and RT were determined.
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Figure 8: Outcome inverse reconstruction. A) Activation times [ms] are plotted over the epicardium. B)
Recovery times [ms] are plotted over the epicardium. C) Reconstructed local electrogram of the node
indicated in A and B.
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3.1.3.4. Outcome measures

For calculation of the outcome measures, the nodes at the ventricular base (valve plane) were excluded
(Figure 8A and B, grey area on epicardium). Selection of the basal nodes was performed in ParaView
(Version 5.8.0, Kitware, New York, USA) and checked by visualization of the epicardium with the
selected basal nodes and the blood pool in Matlab.

T-wave amplitude & polarity

As can be seen in Figure 8C, the T-waves in the reconstructed EGMs usually contain baseline difference.
For correct calculation of the amplitude and determination of the polarity, the baseline difference present
in the T-wave segment was removed by subtracting a linear fit. Thereafter, the prominence of the peaks
and nadirs in the T-wave segment were determined. The peak or nadir with the largest prominence was
considered the T-wave. Therefore, the amplitude was set equal to the largest prominence. If no peak or
nadir was found the amplitude was set zero. The polarity was determined positive if the largest
prominence was found in a peak, and negative if the largest prominence was found in a nadir. The
polarity was defined nor positive nor negative if no peak or nadir was found or when the maximum
prominence of the peak and the maximum prominence of the nadir differed only a factor 0.8 or more
(biphasic T-wave).

The value of the amplitude is in arbitrary units. Between the reconstructed local EGMs over the heart,
large differences in amplitude can exist, which is a known effect in ECGI. A T-wave with low amplitude
can have a steep slope and is therefore not necessarily a flat T-wave. Normalization is therefore
necessary, in order to interpret the amplitude. The T-wave amplitudes were normalized based on the
corresponding QRS amplitudes of the local EGMs.

T-wave correlation

Pearson’s correlation coefficients were calculated for the reconstructed epicardial T-wave of the ground
truth and the corresponding reconstructed T-wave of the selected set-ups. For flat T-waves noise
prevails, causing a lower correlation. However, it does not mean the reconstructed T-waves do not
match. Therefore, flat T-waves were excluded for correlation analysis. A T-wave was defined flat if its
normalized amplitude was lower than a third of the median of all normalized epicardial amplitudes.

T-wave noise

A signal-to-noise ratio (SNR) was calculated for the local EGM in the T-wave segment per node. The
T-wave usually contains frequencies up to 10 Hz.% Therefore, the SNR was calculated as the power of
the signal up to 10 Hz divided by the power of the signal.

Activation & recovery duration

The total epicardial activation duration was calculated from the mean of the five earliest ATs to the
mean of the five latest ATs of the epicardial nodes. The epicardial recovery duration was determined
from the mean of the five earliest RTs to the mean of the five latest RTs of the epicardial nodes.

AT & RT difference

AT and RT depend on the earliest epicardial activation. The earliest epicardial activation is defined as
the earliest AT on the epicardium, which is the AT of one node of the ~2000 nodes. Difference in earliest
AT between the reconstructions of different electrode set-ups (e.g. the earliest AT of one of the
reconstructions is an outlier), leads to a standard difference in the ATs and RTs between the
reconstructions, because the earliest AT is removed from all ATs and RTs. However, it does not mean
that all AT and RT points are set with a deviation over the epicardium. For the comparison of the
reconstructions of different set-ups, it is relevant to know if the AT and RT points are placed in a
comparable way. Therefore, the earliest AT was not removed from the AT and RT points. The ATs and
RTs are then calculated from the beginning of the beat segment. The beginning of the beat segment
differs between the selected beats. However, the differences in AT and RT were all examined within the
same beat.
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Repolarization gradients

Calculation of the repolarization gradients was already embedded in the inverse reconstruction scripts.
The repolarization gradients were calculated per node. First, a median filter was used over a region of
15 mm for each node. Then, the neighbouring nodes within 10 mm of each node were determined. The
gradient in RT for a node of interest (NOI) was calculated between the NOI and its neighbours by taking
the absolute of the RT of the NOI minus the RT of the neighbour, divided by the distance between the
two nodes. The gradient for the NOI was defined as the max gradient in the 10 mm region. The unit of
the calculated gradients is ms/cm. Although the gradients were calculated per node, the gradients for
different electrode set-ups were not compared node-to-node because of the spatial displacement which
can take place. Visually checking the gradients of different reconstructions on the epicardium is time
consuming and not accurate. The optimal method to automatically evaluate gradient differences is
unknown. Within the VIGILANCE study, the way to quantify gradient differences is not yet defined.
Currently, it is being investigated whether to evaluate the gradients of different reconstructions based
on differences in the 95 percentile of the gradients on the epicardium. Therefore, in this study the
differences in 95" percentile of the gradients were calculated.

3.1.3.5.  Post-processing of RTs

Preliminary results of this study showed RT points set in places that were not expected regarding the
temporally RT place (steepest positive slope) in the T-wave segment. Based on the used spatiotemporal
method, some shift in local RTs was expected. However, when assessing RT points of neighbouring
nodes, the incorrect RTs could not always be explained. It is important for correct comparison of the
set-ups to minimize and evaluate other factors which can contribute in the arise of differences. For
example, noise plays a role in the arise of RT differences. RT point determination is more susceptible
to noise than the AT point determination, because of the lower amplitude of the T-wave in comparison
to the QRS. Furthermore, differences can arise because correct RT point determination is more difficult
in flat or biphasic T-waves.

For better examination on the influence of the number and distribution of electrodes, post-processing of
the RTs was implemented. Post-processing consisted of detection and removal of incorrectly placed RT
points. Furthermore, the removed RT points were reconstructed by interpolation of correct RTs
surrounding the removed RT. Beside benefits for this study, detection of incorrect RTs can improve
ECGI in general. Detection of incorrect RTs included two steps. In the first step, RTs present in the first
and last ten milliseconds of the T-wave segment were eliminated, because RT points are not expected
close to the beginning or end of the selected T-wave segments. The second post-processing step included
a newly developed detection method, called the ‘uncertainty score’. This score indicates which RTs still
meet the temporal expectations.

Uncertainty score

The uncertainty score was designed to allow automatic detection of uncertain RTs and is based on the
derivative of the T-wave. The output of the uncertainty score is binary: an uncertain RT point gets a
value of one, whereas a certain RT point gets a value of zero. With the uncertainty score, the RT is
defined certain if the x-value is within the largest positive area under the curve (AUC) of the T-wave
derivative and uncertain if it is not.

Figure 9 and 10 show the concept of the uncertainty score. In Figure 9, a negative T-wave (blue colour)
and its derivative (red colour) are shown. The x-value of the corresponding RT-point (red star) is shown
on the y = 0 line (black line). Based on the temporal expectation, the RT point should be set in the
upslope of the T-wave. Focussing on the derivative, the x-value of RT point should therefore be within
the largest positive AUC of the derivative (marked with the black dotted box). In this case, the RT point
meets the expectations and therefore receives an uncertainty score of zero.
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Figure 9: Certain RT point. The largest positive area of the derivative is indicated by the black dotted

Figure 10 shows a positive T-wave (blue colour) and its derivative (red colour). As can be seen, the RT
point does not meet the temporal expectations, as the x-value of the RT point is not set in the upslope of
the T-wave. In the case as shown in Figure 10, the RT does not occur inside the largest positive AUC of
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Before implementation, the uncertainty score was checked visually by looking at RTs displayed over
the epicardium and the local EGMs of a number of reconstructions (Figure 11 and 12). In Figure 11, the
uncertainty score and RTs before and after post-processing of a SR beat reconstruction of a patient are
visualized over the epicardium. As can be seen, small areas with RTs that deviate from their
surroundings are marked by the uncertainty score and are no longer present after post-processing.
Furthermore, it was seen that the uncertainty score indicates areas with a polarity transition (biphasic or
flat T-waves). It is known that RT determination in those areas is difficult.
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Figure 11: A) RTs in milliseconds before post-processing. B) Uncertainty score: uncertain RT = 1, certain RT
= 0. C) RTs in milliseconds after post-processing.
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Figure 12: Reconstructed epicardial potential of a node with uncertainty score of 1 in the marked area (black
circle) of Figure 9B. In the local T wave (red line), the RT point before post-processing (black circle) and RT
point after post-processing (red circle) are displayed.

25



3.2. Optimal set-up

3.2.1. Study design

The purpose of this sub study was to find the necessary number and positioning of body-surface
electrodes for high quality ECGI regarding the assessment of epicardial repolarization differences. For
this study the same data as described in methods section 3.1 were used. To investigate the ECGI quality
of adjusted set-ups, again a simulated inter-system comparison was performed with the MUMC+ set-up
as ground truth. The UMCU set-up was used as fixed set-up, from which electrodes were removed and
added. The UMCU set-up is standardized, allowing a standardized approach in removal of electrodes.
Furthermore, it is hypothesized that the limit of electrodes necessary for sufficient ECGI quality is below
59 electrodes. To investigate the effect of addition and removal of electrodes, it is therefore interesting
to start with this 64-electrodes set-up.

Per adjusted set-up, ten SR beat reconstructions and ten VES reconstructions were made. A lower
number of the 50 selected SR beats were used for this sub study because of the duration of a
reconstruction (~15 minutes). The reconstructions of the adjusted UMCU set-ups were compared to the
reconstructions of the MUMC+ set-up. Comparison of reconstructions was performed based on the T-
wave correlation, AT and RT. The study design of this sub study is shown in Figure 13.

MUMC+
184-electrodes
set-up

¢_II—

Select
> electrodes
UMCU set-up
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Outcome measures
UMCU ECGI |, N MUMC+ ECGI

reconstruction reconstruction

£
~

Adjust selection of
electrodes

Figure 13: Flowchart of the study design.

3.2.2. Data analysis

The same method for inverse reconstruction and post-processing of RTs was used as described in
methods section 3.1. However, for this study the reconstructions were made for a selected number of
beats and other electrode set-ups.
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3.2.2.1. Beat selection

For the VES reconstructions of this study, the same ten VES were used as in Table 1. For the SR beat
reconstructions, ten SR beats were selected from the 50 SR beats in Table 1. For each patient one SR
beat was selected. Selection of the SR beat was based on the largest number of electrodes with adequate
signal quality per patient (Table 1). In this way, the widest choice of electrodes was retained for the
addition of electrodes. The used SR beats and their number of adequate electrodes in the MUMC+ set-
up are shown in Table 2.

Table 2: Used SR beats with their number of electrodes with adequate signal quality in the MUMC+ set-ups.
Used SR beat Number of electrodes with adequate signal
(Table 1) quality in MUMCH+ set-up of used SR beat

SR5 167
SR3 173
SR4 174
SR4 176
SR1 168
SR1 163
SR3 190
SR4 178
SR3 163
SR3 175

3.2.2.2. Removal of electrodes

Creation of adjusted UMCU set-ups with a lower number of electrodes was performed by iterative
removal of one vertical or horizontal row of electrodes. The vertical rows and horizontal rows which
were removed are shown in Figure 14. In total, seventeen different set-ups were created. The vertical
rows consist of three to seven electrodes and the horizontal rows of twelve electrodes. Therefore, the
minimal set-ups consisted of 52 electrodes.

When removing strips of electrodes, care was taken to the replaced inadequate electrodes of the original
UMCU set-ups. For removal of a UMCU set-up strip which contained an inadequate electrode, no
replacement electrode had to be included in the set-up. However, if the electrode strip was removed
which contained the replacement for another strip, a new replacement was sought.
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Figure 14: Schematic representation of the remove steps. Step 1 t/m 14: removal of a vertical row of
electrodes of the UMCU set-up. Step 15 t/m 17: removal of a horizontal row of 12 electrodes of the UMCU
set-up.
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3.2.2.3.  Addition of electrodes

Creation of adjusted UMCU set-ups with a higher number of electrodes was performed by adding
electrodes. The electrodes for addition were manually selected. First, it was checked which addition
options were possible to perform for each original UMCU set-ups, since the MUMC+ set-up is not
standardized and inadequate electrodes were excluded. In total, seven adjusted UMCU set-ups were
created (Figure 15)

For the first and second adjusted set-up a row of ten electrodes was added superior and inferior to the
original UMCU set-up, respectively. For the third adjusted set-up both the superior and inferior row
were added, which created set-ups of 84 electrodes. For adjusted set-up four to seven, five electrodes
were added to the four different anterior quadrants of the thorax, creating four adjusted set-ups of 69
electrodes. The electrode selection was made based on the available electrodes and a roughly even
distribution. The MUMCH+ set-up of patient 6 lacked electrodes with adequate signal quality inferior of
the thorax to be able to perform addition step 2, 3, 6 and 7. Therefore, the adjusted set-ups for which
electrodes were added inferior were not created for patient 6.
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Figure 15: Schematic representation of the addition steps. Step 1: Row of ten electrodes superior of the
UMCU set-up. Step 2: Row of ten electrodes inferior of UMCU set-up. Step 3: Step 1 and 2. Step 4, 5, 6 and
7: addition of five electrodes to each quadrant of the anterior thorax.

At last a set-up of 100 electrodes was created, to compare the results to a larger set-up. This set-up
consisted of 55 electrodes anterior, five electrodes at each lateral side and 35 electrodes at the posterior
side of the thorax.

3.2.2.4.  Optimal set-up

Based on the results, the needed location and number of electrodes for an optimal set-up were
investigated. In order to investigate the lower limit, horizontal or vertical rows of electrodes, which did
not affect the ECGI quality when left out, were removed in addition to one another, while taking into
account the important locations. In addition, it was investigated if a more optimal distribution could be
found for the 64 electrodes of the original UMCU set-up. Change in distribution was performed by
replacement of the electrode rows with small effect on the ECGI quality after removal, to locations
which seem to improve the ECGI quality.
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4. Results

4.1. Current set-ups

4.1.1. T-wave correlation

The median T-wave correlation coefficient for the MUMC+ set-up with the UMCU, Amsterdam UMC
and standard 9-electrodes set-up are shown in Table 3. In general, high correlation coefficients were
found for the UMCU-MUMC+ and Amsterdam UMC-MUMC+ comparison, for both SR beats and
VES. The median T-wave correlation coefficient for the standard 9-electrodes-MUMC+ comparison
was lower. Focussing on the first quartile and third quartile of the MUMC+ - standard 9-electrodes
comparison, epicardial regions with high correlation coefficients were present, but also regions with

poor correlation were found.

It is apparent from Table 3 that the UMCU set-up results in the highest overall T-wave correlation
coefficients. Furthermore, the median correlation coefficient of patient 6 for the Amsterdam UMC-
MUMC+ comparison stands out. The reconstructed EGMs of the Amsterdam UMC reconstructions of
this patient correspond poorly to the reconstructed EGMs of the MUMC+ reconstructions.

Table 3: Median correlation coefficient of the T-wave for different set-ups and beats.

Median correlation
coefficient T-wave

(Q1-Q3)

5 SR beats patient 10

SR (50 in total)

VES (10 in total)

UMCU-MUMC+

0.94
(0.80 - 0.98)

0.98
(0.92 - 0.99)

0.97
(0.92 - 0.99)
0.97
(0.87 - 0.99)

0.99
(0.97 - 1.00)

0.96
(0.67 — 0.99)

0.98
(0.88 - 0.99)

0.97
(0.92 — 0.99)

0.99
(0.97 — 1.00)

0.98
(0.94 — 0.99)

0.98
(0.92 - 0.99)

0.98
(0.91 — 1.00)

Amsterdam UMC- MUMC+

0.99
(0.94 — 1.00)

0.96
(0.88 — 0.99)

0.95
(0.87 - 0.98)
0.91
(0.71-0.98)

0.99
(0.96 — 1.00)

0.04
(-0.42 - 0.52)

0.91
(0.57 - 0.98)

0.94
(0.82 - 0.98)

0.99
(0.96 — 1.00)

0.97
(0.92 - 0.99)

0.96
(0.88 — 0.99)

0.97
(0.87 — 0.99)

0.84
(-0.20 - 0.97)

0.87
(0.00 — 0.96)

0.89
(0.51 - 0.97)

0.68
(0.27 - 0.92)

0.01
(0.49 - 0.97)

0.72
(-0.25 — 0.94)

0.77
(0.01 - 0.95)

0.53
(-0.81 - 0.92)

0.90
(0.71-0.97)

0.89
(0.41-0.97)

0.85
(0.14-0.97)

0.83
(0.11 - 0.96)

Standard 9-MUMC+
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4.1.2. Activation and recovery time

Figure 16 shows violin plots with node-to-node absolute AT and RT differences for the reconstructions
of the UMCU, Amsterdam UMC and standard 9-electrodes set-ups compared to the reconstructions of
the MUMCH+ set-up. Per graph, ten violin plots show the node-to-node differences collected of the 5 SR
beats per patient and one violin plot shows the differences collected of the ten VES. The width of the
violin plots indicate the occurrence rate of a certain difference. Overall, larger RT differences were
found compared to AT, as expected given the large difference in voltage between the QRS complex and
the T-wave and the longer duration of the repolarization compared to the depolarization.
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Figure 16: Violin plots of the node-to-node absolute AT and RT differences between the reconstructions of the
MUMC+ set-up and the UMCU, Amsterdam UMC and standard 9-electrodes set-up reconstructions.

Focussing on the UMCU-MUMC+ comparison, the absolute AT differences were small. However,
outliers were present (Figure 16). The median absolute AT difference was 0.5 ms for SR beats and 1.9
ms for VES. In comparison to the AT, larger RT differences were found (Figure 16). The median
absolute RT difference for SR beats was 4.1 ms and for VES 3.4 ms.
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For the Amsterdam UMC-MUMC+ comparison, the absolute AT and RT differences of the SR beat
reconstructions were in general larger than for the UMCU-MUMC+ comparison (Figure 16). As can be
seen in Figure 16, patient 6 shows large AT differences, which are not seen for the other patients.
Focussing on the RT, patient 3, 6, 7 and 8 show a wide range of RT differences (Figure 16). The median
absolute AT difference for SR beats was 1.0 ms and for VES 1.4 ms. The median absolute RT difference
was 7.3 ms for SR beats and 2.9 ms for VES.

Between the reconstructions of the standard 9-electrodes set-up and the MUMC set-up the largest
absolute AT and RT differences were found (Figure 16). The median absolute AT difference for SR
beats was 3.7 ms and for VES 8.0 ms. The median absolute RT difference was 20.3 ms for SR beats and
7.3 ms for VES. As can be seen in Figure 16, the violin plots are wide over a large range of RT
differences, indicating substantial differences in the node-to-node RTs of the MUMC and standard 9-
electrode reconstructions.

4.1.3. Activation and recovery duration

Table 4 shows the mean absolute difference in activation duration for the different set-up comparisons.
The activation durations found for the reconstructions were around 60 ms for SR beats and 95 ms for
VES. As can be depicted from Table 4, the UMCU set-up reconstructions showed the smallest overall
differences in mean activation duration with the MUMC+ set-up reconstructions. For the Amsterdam
UMC set-up the mean differences were slightly larger. Patient 6 of the Amsterdam UMC set-up showed
the largest absolute difference, which is in line with the larger node-to-node absolute AT differences of
patient 6 as seen in Figure 16. The difference found for SR beats for the standard 9-electrodes set-up did
not differ much from that of the Amsterdam UMC set-up. However, for VES a larger difference in mean
absolute activation duration was found.

Table 4: Mean absolute difference in activation duration between the MUMC+ reconstructions and the UMCU,
Amsterdam UMC and standard 9-electrode set-up reconstructions.

Mean absolute difference
in activation duration [ms] UMCU-MUMC+ Amsterdam UMC-MUMC+  Standard 9-MUMC+

]

The mean absolute difference in recovery duration for the different set-up comparisons is shown in
Table 5. The recovery durations found for the reconstructions were around 200 ms for SR beats and 210
ms for VES. Focussing on the mean of all SR beats and VES (Table 5), the absolute differences in
recovery duration for the UMCU and Amsterdam UMC set-up were roughly similar. A doubling of the
mean difference was found for the standard 9-electrode set-up. Noticeably, for a number of patients for
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both the UMCU and Amsterdam UMC set-up, differences comparable to the mean absolute difference
of the standard 9-electrodes set-up were found (e.g. patient 4).

Table 5: Mean absolute difference in recovery duration between the MUMC+ reconstructions and the UMCU,
Amsterdam UMC and standard 9-electrode set-up reconstructions.

Mean absolute difference
in recovery duration [ms] UMCU-MUMC+  Amsterdam UMC-MUMC+  Standard 9-MUMC+

0000

VES (10 in total

Interestingly, the differences in absolute activation and recovery duration fluctuate greatly for different
patients. For some patients the differences were even lowest for the standard 9-electrodes set-up, while
it consists of the fewest number of electrodes.

4.1.4. Repolarization gradients

Table 6: Mean absolute difference in 95¢ percentile of the gradients between the MUMC+ reconstructions and the
UMCU, Amsterdam UMC and standard 9-electrode set-up reconstructions.
Mean absolute difference
in 95e percentile of the UMCU-MUMC+ Amsterdam UMC-MUMC+  Standard 9-MUMC+
gradients [ms/cm]

]

Table 6 shows the mean absolute differences in 95e percentile of the repolarization gradients. The mean
absolute difference was lowest for the UMCU set-up when focussing on the mean of all SR beats. When
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focussing on the mean of the VES, the Amsterdam UMC set-up showed the lowest mean difference.
The mean absolute difference of all SR beats and VES was highest for the standard 9-electrodes set-up.
Thus, the results of all patients together showed that the reconstructed gradients correspond less with
the gradients of the MUMCH+ set-up if the used set-up consisted of fewer electrodes. However, as with
the activation and recovery duration, large fluctuations in absolute differences were seen between the
patients.

4.1.5. Regional differences

Visualization of the repolarization-focused outcome measures on the epicardium provides insight into
the repolarization differences. The T-wave correlation coefficients and RT differences for each node on
the epicardium were visualized for the three comparisons as shown in Figure 17. Figure 18 shows the
repolarization focussed outcome measures for the four different set-ups visualized on the epicardium.
In general, the epicardial visualizations of the outcome measures for the UMCU and Amsterdam UMC
reconstructions had good agreement with the MUMC+ reconstructions. Furthermore, the larger
differences in outcome measures for the standard 9 - MUMC+ comparison were clearly visible.
Noticeably, the gradients of the reconstructions of the standard 9-electrode set-up were often not well
matched in terms of location and size compared to the MUMCH+ reconstructions.

The visual inspection revealed that differences between the reconstructions are mainly found at regions
with T-wave polarity transition. As can be depicted from Figure 17 and 18, the region with lower T-
wave correlation and larger RT differences corresponds to the region in which the T-wave polarity
switched and lower normalized T-wave amplitudes were found. Furthermore, the visualisations seemed
to show presence of small spatial displacement of reconstructions, which could also result in correlation
and RT differences in the area of T-wave polarity transition.

UMCU - MUMC+ Amsterdam UMC - MUMC+ Standard 9 - MUMC+
T wave correlation ; T wave correlation | T wave correlation :
0.5 05 05
0 0 0
05 05 0.5

RT difference [ms] RT difference [ms] RT difference [ms]

o) |

Figure 17: T-wave correlation and absolute RT difference between the MUMC+ reconstruction and the
UMCU, Amsterdam UMC and standard 9-electrode set-up reconstruction of a SR beat of patient 9 visualized
on the epicardium (anterior view).
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Figure 18: Repolarization focussed outcome measures of a SR beat reconstruction of patient 9 for the MUMC+, UMCU, Amsterdam UMC and standard 9-electrodes set-
up visualized on the epicardium (anterior view).
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Inspection of the local EGMs in epicardial regions with repolarization differences revealed possible
causes for the differences. The local EGM of a node in the area of large RT difference for the UMCU-
MUMC+ comparison in Figure 17 (red area) is shown for the MUMC+ reconstruction and UMCU
reconstruction in Figure 19. As can be seen from Figure 19, the RT difference and low T-wave
correlation were caused by the low amplitude of the reconstructed T-wave.
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Figure 19: Reconstructed local electrogram of a node in the region with large RT difference (red area in in
the lower left panel of Figure 17) of (Left) the MUMC+ reconstruction of patient 9 (Right) the UMCU
reconstruction of patient 9.

In addition, areas of differences were found not particularly at the border zone of T-wave polarity
transition. Figure 20 and 21 show the repolarization-focused outcome measures visualized on the
epicardium for a SR beat of patient 3. In Figure 20, the region with large RT differences for the UMCU-
MUMC+ comparison stands out. In Figure 21, it can be seen that in this region the RTs were higher for
the MUMC+ reconstruction and lower for the UMCU reconstruction in comparison to the surrounding
nodes. In this particular region, the amplitude and polarity of the T-waves also differed for the MUMC+
and UMCU reconstruction. Focussing on the gradients, it can be seen that the gradients for the MUMC+,
UMCU and Amsterdam UMC had roughly the same spatial distribution. However, the gradients differed
in magnitude.
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Figure 20: T-wave correlation and absolute RT difference between the MUMC+ reconstruction and the
UMCU, Amsterdam UMC and standard 9-electrode reconstruction of patient 3 visualized on the epicardium
(posterior view).
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Figure 21: Repolarization focussed outcome measures of a SR beat reconstruction of patient 3 for the MUMC+, UMCU, Amsterdam UMC and standard 9-electrodes set-
up visualized on the epicardium (posterior view)
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The local EGM of a node in the epicardial region of large RT difference between the MUMC+ and the
UMCU reconstruction is shown in Figure 22 for every set-up. The EGM of the MUMC+ and UMCU
reconstruction confirmed the difference in RT and T-wave polarity. Although the T-wave for the
Amsterdam UMC and standard 9-electrodes reconstructions were more comparable to the T-wave of
the MUMCH+ reconstruction, the rest of the local EGMs were inconsistent. Interestingly, the EGMs in
the areas with different reconstructed EGMs had lower magnitudes. Figure 23 shows the EGM
correlation between the MUMC+ and UMCU reconstruction (left figure) and the normalized magnitude
of the local EGMs of the MUMC+ reconstruction (right figure) of the same SR beat of patient 3
visualized on the epicardium. The EGM magnitudes were determined as the heights of the absolute
EGMs normalized by the highest EGM height on the epicardium. As can be depicted from Figure 23,
the reconstructed EGMs were less similar in areas of low magnitude EGMs.
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Figure 22: Reconstructed local electrogram of a node in the region with large RT difference (red area in the
lower left panel of Figure 20) of patient 3 of (A) the MUMC+ reconstruction (B) the UMCU reconstruction
(C) the Amsterdam UMC reconstruction (D) the standard 9-electrodes reconstruction.
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Figure 23: Left) Local electrogram correlation between the MUMC+ and the UMCU reconstruction of
patient 3 visualized on the epicardium (posterior view). Right) Normalized EGM magnitude of the MUMC+
reconstruction of patient 3 visualized on the epicardium (posterior view)

The violin plots of Figure 16 showed large absolute RT differences for patient 6 between the MUMC+
and Amsterdam UMC reconstructions. Visual inspection of the outcome measures of the Amsterdam
UMC reconstruction on the epicardium showed abnormal T-wave patterns in comparison to the
reference MUMC+ reconstruction. Investigation of the cause of these differences showed a difference
in the Tikhonov parameter used for regularization. The Tikhonov parameters used for the Amsterdam
UMC reconstructions of patient 6 were in the range of 10 to 10, while for the other reconstructions
the Tikhonov parameters were in the range of 1073. Figure 24 shows several outcome measures
visualized on the epicardium for a SR beat of patient 6 for the MUMCH+ reconstruction, Amsterdam
UMC reconstruction with its original Tikhonov parameter choice and an Amsterdam UMC
reconstruction with a Tikhonov parameter set at 5.1-1073.
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Figure 24: Repolarization focussed outcome measures of patient 6 for the MUMC+ reconstruction and the
Amsterdam UMC reconstruction with and without adjusted Tikhonov parameter, visualized on the epicardium
(anterior view)
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4.1.6. Effect of amplitude and noise

For further investigation of the influence of the T-wave amplitude, EGM magnitude and T-wave noise,
the SNR, normalized T-wave amplitude and normalized EGM magnitude of the MUMC+
reconstructions were plotted against the absolute RT differences and T-wave correlation coefficients.
Figure 25, 26 and 27 all show the absolute RT differences and T-wave correlation coefficients of the
MUMC+-UMCU comparison of a SR beat of patient 7.

Figure 25 shows the influence of the normalized T-wave amplitude on the absolute RT difference and
T-wave correlation. It can be seen from Figure 25 that larger RT differences and lower T-wave
correlation coefficients were found for lower T-wave amplitudes. Some differences between the
reconstructions of the different electrode set-ups can therefore be explained by the T-wave amplitude.
It is apparent from the right graph of Figure 25 that for low normalized T-wave amplitudes also high
correlation coefficients can be found.

Influence of T-wave amplitude on the RT difference and T-wave correlation
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Figure 25: Normalized MUMC+ T-wave amplitudes of the SR beats of patient 8 plotted against (Left) the
absolute RT differences for the UMCU-MUMC+ comparison of the SR beats of patient 8 (Right) the T-wave
correlation coefficients for the UMCU-MUMC+ comparison of the SR beats of patient 8.

Figure 26 shows the influence of the normalized EGM magnitude on the absolute RT difference and T-
wave correlation. It can be seen for patient 8 that large RT differences were more common for EGMs
with low magnitude. However, large RT differences also occurred for high magnitude EGMs. For the
T-wave correlation a clear trend was visible, indicating lower T-wave correlation coefficients for EGMs
with lower magnitudes. Differences in the reconstructed T-waves in areas with low EGM magnitudes
can possibly be explained by the ECGI technique. With ECGI, the reconstruction consists of the
epicardial EGMs which physiologically best explain the measured body surface potentials. Low voltage
epicardial regions may be less decisive for the best fitting reconstruction. Therefore, the reconstructed
EGMs in these regions may be more likely to differ for different reconstructions.

Figure 27 shows the influence of noise in the T-wave segment on the absolute RT difference and T-
wave correlation. In the left graph of Figure 27 it can be seen that large RT differences were not
particularly found if more noise was present in the T-wave segment (lower SNR). Furthermore, no clear
trend was found between the SNR and T-wave correlation coefficients.
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Influence of EGM magnitude on the RT difference and T-wave correlation
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Figure 26: Normalized MUMC+ EGM magnitudes of the SR beats of patient 8 plotted against (Left) the
absolute RT differences for the MUMC+-UMCU comparison of the SR beats of patient 8 (Right) the T-wave
correlation coefficients for the MUMC+-UMCU comparison of the SR beats of patient 8.

Influence of noise on the RT difference and T-wave correlation
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Figure 27: SNR of MUMC+ T-waves of the SR beats of patient 8 plotted against (Left) the absolute RT
differences for the MUMC+-UMCU compatrison of the SR beats of patient 8 (Right) the T-wave correlation
coefficients for the MUMC+-UMCU comparison of the SR beats of patient 8.

40



4.2. Optimal set-up

4.2.1. Removal of electrodes

421.1. T-wave correlation

The median T-wave correlation coefficient for the reconstructions of the original UMCU set-up and the
smaller UMCU set-ups (remove step 1 to 17) with the MUMC+ set-up reconstructions for SR beats and
VES are shown in Figure 28. It is apparent from Figure 28 (solid black and red lines) that minor changes
in the median correlation coefficient occur for most remove steps. By contrast, removal of inferior
horizontal row of electrodes (remove step 17) showed a larger decrease in median correlation coefficient

from the original UMCU-MUMCH+ correlation in comparison to the other remove steps, for both SR
beats and VES.

For both SR beats and VES, no decrease in median correlation coefficient was seen for separate removal
of the strips consisting of three electrodes at the lateral sides of the thorax and the electrode strips
posterior (Figure 28). For removal of some of these strips even slightly higher first quartiles were seen
than for the UMCU-MUMCH+ correlation coefficients. For the VES, the median correlation coefficient
did also not change compared to the reference (UMCU-MUMCH+) for the electrode strips consisting of
five electrodes lateral/anterior (remove step 2 and 7), the strip of four electrodes at the left lateral side
of the thorax (remove step 8) and for one strip consisting of seven electrodes at the right anterior side of
the thorax (remove step 4). The information gathered with the electrodes at the positions of the

mentioned vertical strips may therefore be of less additional value to the information already collected
with the remaining electrodes.
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Figure 28: Median T-wave correlation coefficients with the first quartiles (lower dashed red line) and third
quartiles (upper red dashed line) for the reconstructions of the smaller UMCU set-ups (remove step 1 to 17)
with the MUMC+ set-up reconstructions for SR beats (left graph) and VES (right graph). The reference
median T-wave correlation coefficient, first quartile and third quartile of the original UMCU set-up with the
MUMC+ set-up reconstructions are shown in black.
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4.2.1.2.  Activation and recovery time

The median, first quartile and third quartile of the absolute AT differences for the UMCU-MUMC+
comparison and the smaller UMCU set-ups (remove step 1 to 17) reconstructions compared with the
MUMCH+ set-up reconstructions for SR beats and VES are shown in Figure 29. For the SR beats, separate
removal of strips at the right lateral side (remove step 1, 2 and 14) did not deteriorate the AT difference.
For the rest of the remove steps, the median absolute AT difference was increased to approximately 1
ms. Regarding the AT for VES, the left anterior vertical electrode strips (remove step 4 to 7) appear to
be of less interest. In general, the left lateral/posterior vertical electrode strips, a strip of seven electrodes
right anterior (remove step 3) and the upper, middle and lower horizontal strip of electrodes seem
important for the AT of both SR beats and VES. Furthermore, removal of the strip consisting of five
electrodes at the right anterior side (remove step 2) did not deteriorated the AT difference for both SR
beats and VES.
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Figure 29: Median of node-to-node absolute AT differences with the first quartiles (lower dashed red line)
and third quartiles (upper red dashed line) for the reconstructions of the smaller UMCU set-ups (remove step
1 to 17) with the MUMC+ set-up reconstructions for SR beats (left graph) and VES (right graph). The
reference median absolute AT difference, first quartile and third quartile of the original UMCU set-up with
the MUMC+ set-up reconstructions are shown in black.

The median, first quartile and third quartile of the absolute RT differences for the UMCU-MUMC+
comparison and the smaller UMCU set-ups (remove step 1 to 17) reconstructions compared with the
MUMCH+ set-up reconstructions for SR beats and VES are shown in Figure 30. In contrast to the results
for the T-wave correlation (Figure 28), removal of the inferior horizontal strip of electrodes did not
cause large changes in the RT difference for both SR beats and VES.

Small or even no change in RT difference was seen for removal of electrode strips at the right
anterior/lateral/posterior side of the thorax and the inferior horizontal strip of electrodes. For SR, large
increase in RT difference was seen if vertical strips left anterior were removed, if both left lateral strips
were removed (remove step 10) and if the upper and middle horizontal strip of electrodes were removed.
For VES, the median RT difference remained fairly the same for most remove steps.
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Overall, the largest increases in RT difference were found for removal of the upper or middle horizontal
strip of electrodes (remove step 15 and 16. The RT difference did not deteriorated for both SR beats and
VES if the electrode strip consisting of five electrodes right anterior (remove step 2) was removed.
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Figure 30: Median of node-to-node absolute RT differences with the first quartiles (lower dashed red line)
and third quartiles (upper red dashed line) for the reconstructions of the smaller UMCU set-ups (remove step
1 to 17) with the MUMC+ set-up reconstructions for SR beats (left graph) and VES (right graph). The
reference median absolute RT difference, first quartile and third quartile of the original UMCU set-up with
the MUMC+ set-up reconstructions are shown in black.

Considering the T-wave correlation, AT differences and RT differences, removal of the horizontal rows
of twelve electrodes seemed to have the largest impact. Furthermore, removal of the vertical rows of
electrodes at the right lateral side and the posterior side of the thorax seemed of less interest to capture
information additional to the information already gathered with other body-surface electrodes.

4.2.2. Addition of electrodes

4.2.2.1. T-wave correlation

Table 7 shows the median T-wave correlation coefficients of the UMCU set-up, the different enlarged
UMCU set-ups (addition step 1 to 7) and the 100-electrodes set-up reconstructions relative to the
MUMCH+ reconstructions. For the addition of electrodes inferior (addition step 2), both inferior and
superior (addition step 3) and at the lower left quadrant of the thorax (addition step 7), subtle increase
in median correlation coefficient was seen in comparison to the original UMCU set-up. Focussing on
the first and third quartile as shown in Table 7, the T-wave correlation also showed small improvement
for the addition of electrodes only superior and at the upper left quadrant of the thorax. Overall, the
largest improvement was seen for the addition of electrodes inferior. The addition of electrodes at the
anterior right upper quadrant of the thorax (addition step 4) did not change the correlation. Furthermore,
the addition of electrodes at the lower right quadrant (addition step 6) of the thorax showed slightly
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decrease in median correlation coefficient for the SR beats. After further analysis, it turned out that for
some of the reconstructions for addition step 6 rather small Tikhonov parameters were used in
comparison to the MUMC+ reconstructions. For the VES, addition step 6 showed improvement in T-
wave correlation. Furthermore, it can be seen in Table 1 that the correlation coefficients of the enlarged
set-ups are reasonably close or equal to the T-wave correlation of the 100-electrodes set-up.

Table 7: Median T-wave correlation coefficients for SR beat and VES reconstructions of different electrode set-

ups relative to MUMC+ reconstructions.
Median correlation coefficient T-wave
(Q1-Q3)

MUMC+ - UMCU
Addition step 1
Addition step 4
Addition step 5

MUMC+ — UMCU (M58 excluded)
Addition step 2 (M58 excluded)
Addition step 3 (M58 excluded

SR

0.98 (0.91 — 0.99)
0.98 (0.93 - 0.99)
0.98 (0.91 — 0.99)
0.98 (0.93 — 1.00)

0.98 (0.93 — 0.99)
0.99 (0.97 - 1.00)
0.99 (0.95 — 1.00)

=

0.98 (0.91 - 1.00)
0.98 (0.91 - 1.00)
0.98 (0.91 - 1.00)
0.98 (0.92 - 1.00)

0.98 (0.91 - 1.00)
0.99 (0.93 - 1.00)
0.99 (0.93 - 1.00)

Addition step 6 (M58 excluded
Addition step 7 (M58 excluded

0.97 (0.89 — 0.99)
0.99 (0.95 — 1.00)

0.99 (0.94 — 1.00)
0.99 (0.94 — 1.00)

100-electrodes set-up 0.99 (0.97 — 1.00) 0.99 (0.96 — 1.00)

4.2.2.2.  Activation and recovery time

Table 8 shows the median absolute AT difference of the UMCU set-up, the different enlarged set-ups
(addition step 1 to 7) and the 100-electrodes set-up reconstructions relative to the MUMC+
reconstructions. The addition of electrodes superior, inferior, both superior and inferior and at the lower
left quadrant of the thorax (addition step 1, 2, 3 and 7) showed decrease in AT differences for both SR
beats and VES. For the other addition steps, an increase in AT differences was seen for at least one of
the beat types. It is apparent from Table 8 that the AT differences of the SR beats reconstructions of
most the enlarged UMCU set-up were equal to the AT differences of the 100-electrodes set-up.

Table 8: Median of node-to-node absolute AT differences for SR beat and VES reconstructions of different
electrode set-ups relative to MUMC+ reconstructions.
Median absolute AT difference [ms]

(Q1-Q3)

SR

A=

0.5 (0-2.0) 1.9(0.7-5.2)
05(0-15) 1.7 (0.6 - 5.0)
05(0-15) 1.9(0.8-523)
05 (0-2.0) 2.1(0.7-5.1)
]

0.5 (0-2.0) 1.9(0.7-5.2)
05(0-15) 1.7 (0.6 - 4.6)
05 (0-15) 1.4(0.5-42)
1.0 (0.5-3.4) 22(0.8-6.7)
05 (0-15) 1.7 (0.6 - 4.5)
]

05(0-15) 06(0.3-2.2)
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The median absolute RT difference of the UMCU set-up, the different enlarged UMCU set-ups (addition
step 1 to 7) and the 100-electrodes set-up reconstructions relative to the MUMC+ reconstructions are
shown in Table 9. For both SR beats and VES, the addition of electrodes inferior, both inferior and
superior and at the upper and lower left quadrant of the thorax (addition step 2, 3, 5 and 7) showed
decrease in RT differences. For the other addition steps, an increase in RT differences was seen for at
least one of the beat types. Although the RT differences decreased for some of the enlarged set-ups, the
RT differences were still smaller for the 100-electrodes set-up.

Table 9: Median of node-to-node absolute RT differences for SR beats and VES reconstructions for different
electrode set-ups relative to MUMC+ reconstructions.
Median absolute RT difference [ms]
(Q1-Q3) SR VES

MUMC — UMCU 4.9 (2.0 - 26.9) 3.4 (15-10.7)
Addition step 1 4.7 (15— 27.9) 3.9 (1.5-11.2)
Addition step 4 5.0 (2.0 - 27.1) 3.4 (15-10.7)
Addition step 5 3.9 (2.0 - 25.4) 2.9 (1.5-8.8)

MUMC — UMCU (M58 excluded 4.9 (2.0-26.9) 3.4 (1.5-10.7)
Addition step 2 (M58 excluded) 4.4 (1.5-24.9) 29(15-8.8)
Addition step 3 (M58 excluded) 3.9 (1.5-25.4) 29(15-9.3)
Addition step 6 (M58 excluded) 16.6 (3.9 — 39.6) 4.4 (2.0-15.1)
Addition step 7 (M58 excluded) 4.4 (2.0-21.0) 29(15-9.3)

100-electrodes set-up 2.9 (1.0-20.0) 1.5(0.5-3.6)

Considering the T-wave correlation, absolute AT differences and absolute RT differences, the inferior
area and lower left area of the thorax seemed of interest to capture additional information.

4.2.3. Optimal set-up

Overall, the body-surface electrodes at the right lateral side and the posterior side of the thorax seemed
of less value for the correct reconstruction of the T-wave and correct determination of AT and RT
(Figure 31). These vertical electrode rows consisted of three to five electrodes. Based on the removal
and addition of electrodes, the areas of the horizontal rows, consisting of 12 electrodes, and the anterior
vertical electrode strips, consisting of five or seven electrodes, seemed most important (Figure 31).

Figure 31: Schematic representation of the UMCU set-up on a torso in vertical and horizontal strips. The colour
indicates the extent to which the area of the strip is important; red is important and green is less important.
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4.2.3.1.  Minimizing the number of electrodes

Table 10 shows the T-wave correlation, median absolute AT and median absolute RT differences for

As can be seen in Table 10, the results of the 51-electrodes set-up and 45-electrodes set-up were
reasonably in line with the results of the UMCU set-up. For the SR beats, slightly larger absolute AT
and RT differences were found for the 51-electrodes and 45-electrodes set-up in comparison to the

of the T-wave correlation and a doubling of the median RT difference for SR beats.

Table 10: Median T-wave correlation, median of node-to-node absolute AT differences and median of node-to-
node absolute RT differences for SR beats and VES reconstructions for different electrode set-ups relative to
MUMC+ reconstructions.

SR VES
Median T-wave correlation (Q1 — Q3
64 electrodes (UMCU) 0.98 (0.91 - 0.99) 0.98 (0.91 - 1.00)
51 electrodes (remove step 2, 9 & 13) 0.97 (0.90 - 0.99) 0.98 (0.86 - 0.99)
45 electrodes (remove step 1, 2, 9, 13 & 14) 0.97 (0.86 - 0.99) 0.97 (0.82 - 0.99)
37 electrodes (remove step 1, 2,9, 11,12, 13 & 14) 0.94 (0.61 - 0.99) 0.95 (0.66 - 0.99)
Median absolute AT difference [ms] (Q1 — Q3)
64 electrodes (UMCU) 0.5(0-20) 1.9(0.7-5.2)
51 electrodes (remove step 2, 9 & 13) 1.0(0.5-2.4) 1.4(0.6-4.4)
45 electrodes (remove step 1, 2, 9, 13 & 14) 1.0(0.5-2.4) 1.6 (0.6 - 4.7)
37 electrodes (remove step 1, 2,9, 11,12, 13 & 14) 1.0(0.5-5.9) 25(0.9-9.1)
Median absolute RT difference [ms] (Q1 — Q3)
64 electrodes (UMCU) 4.9 (2.0 - 27.0) 3.4 (15-10.7)
51 electrodes (remove step 2, 9 & 13) 6.6 (2.4 - 29.8) 2.4 (1.0-6.8)
45 electrodes (remove step 1, 2, 9, 13 & 14) 7.8 (2.4-30.7) 2.4 (1.0-7.3)
37 electrodes (remove step 1, 2,9, 11,12, 13 & 14) 11.2 (2.9-31.7) 3.9 (1.5-16.6)

4.2.3.2.  Adjusted 64-electrodes set-up

It was investigated whether the 64 electrodes of the UMCU set-up provided better agreement with the
MUMCH+ set-up if the electrodes were placed in other positions around the thorax. For this purpose, the
electrodes of remove step 2, 9 and 13 (13 electrodes in total) were placed inferior of the original UMCU
set-up at the positions of addition step 2 (10 electrodes) and at the lower left anterior quadrant at the
positions of addition step 7 (3 electrodes). Table 11 shows the median T-wave correlation, median AT
difference and median RT difference of the original UMCU set-up and the adjusted 64-electrodes set-
up. As can be depicted from Table 11, for the median T-wave correlation no change was observed. For
the AT and RT differences zero or minor improvements were seen for the adjusted 64-electrodes set-up
in comparison to the original UMCU set-up.
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Table 11: Median T-wave correlation, median of node-to-node absolute AT differences and median of node-to-
node absolute RT differences for SR beats and VES reconstructions of the original UMCU set-up and an adjusted

64-electrodes set-up, relative to MUMC+ reconstructions.
Median T-wave correlation Median absolute AT Median absolute RT

(Q1-Q3) difference [ms] difference [ms]

(Q1-Q3) (Q1-Q3)
VES SR
Original 0.98 0.98 0.5 1.9 4.9 3.4
U1\ [&IOREI SN (0.93-0.99) (0.91-1.00) (0-2.0) (0.7 -5.2) (2.0-26.9) (1.5-10.7)

VES

Adjusted 64- 0.98 0.98 0.5 1.4 4.9 2.4
electrodes set- (0.93-0.99) (0.91-1.00 (0-15 (0.5-4.0) (2.0 - 27.3) (1.0 - 6.8)

up
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5. Discussion

The objective of this study was to assess how the body-surface potential measurements should be
performed in terms of electrode number and distribution for high quality ECGI regarding the assessment
of regional repolarization differences.

First, the ECGI quality of current used electrode set-ups was investigated. The results suggest reasonably
high ECGI quality for the UMCU and Amsterdam UMC set-up. These results are supported by a recent
published study of Gharbalchi No et al.>” They simulated 192 body-surface potentials from 490
measured epicardial potentials with the use of a forward model. With the use of an algorithm, reduced
leadsets of 64 and 32 electrodes were determined. They compared the inverse reconstructions of the set-
ups and state that the 64-electrodes set-up performs as well as the 192-electrodes set-up.>’

In order to properly interpret the results, the interpretation of the outcome measures should be
clarified. Pearson’s correlation coefficients above 0.8 are generally considered high.%® If the Pearson’s
correlation coefficient is one, the T-waves for the compared node of two inverse reconstructions
correspond perfectly. For most patients, the median correlation coefficients of the UMCU and
Amsterdam UMC reconstructions with the MUMCH+ reconstructions approached one. Furthermore, the
first quartiles were almost always above 0.8. In contrast to the standard 9-electrodes reconstructions for
which the median correlation coefficients with the MUMC+ reconstructions were lower than 0.8 in some
patients and considerably low first quartiles were found.

For interpretation of AT and RT differences, it is important to take some factors into account.
As mentioned, larger differences were expected for RT in comparison to AT considering the lower
voltage and longer duration of the T-wave in comparison to the QRS complex. Because of the lower
slope of the T-wave, noise has larger influence on the determination of the RT point than the AT point.
Furthermore, it is of value to know the lengths of the selected QRS and T-wave segments, in which the
AT or RT points were determined. For the used data, the QRS segments and T-wave segments for SR
beats were approximately 120 ms and 260 ms, respectively. For the VES, the QRS segments were
approximately 160 ms and the T-wave segments approximately 300 ms. Focussing on the results, for a
large portion of nodes for the UMCU and Amsterdam UMC reconstructions the AT and RT differences
with the MUMC+ reconstructions were very small (median AT difference between 0.5 — 1.9 ms and
median RT difference between 2.9 — 7.3 ms), considering the length of the segments. Therefore, the AT
and RT maps of the UMCU and Amsterdam UMC set-up had overall good agreement with the MUMC+
set-up maps. For the standard 9-electrodes reconstructions a wider range of frequent AT and RT
differences with the MUMC+ reconstructions was present (Figure 16), which indicates that the standard
9-electrodes maps of AT and RT over the epicardium can differ considerably from the MUMC+ set-up
maps. However, all three set-ups showed outliers in AT and RT. So, regardless of the number of
electrodes, epicardial regions with differences were present. Further exploration of the RT differences
between the reconstructions of the different set-ups showed that (a portion of) the larger RT differences
can be explained by the electrogram magnitude and T-wave amplitude (Figure 25 and 26). Flat T-waves
are a known difficulty for correct RT point determination and result in lower T-wave correlation
coefficients. Therefore, differences between the used outcome measures will simply exist for electrode
set-ups with different number or distribution of electrodes. As mentioned, the concept of ECGI is to
determine a physiological solution for epicardial electrograms which best describes the measured body-
surface potentials. Possibly, epicardial areas with low reconstructed potential amplitudes are of less
influence on the solution choice, what could lead to totally different elecrograms for these areas with
only a slightly different composition of body-surface potentials.

The two outcome measures “activation duration” and “recovery duration” were created to have
node-to-node independent outcome measures and therefore exclude the effect of a possible spatial shift
of the reconstruction. Overall, the UMCU reconstructions and Amsterdam UMC reconstructions
resulted in smaller differences in activation duration and recovery duration with the MUMC+
reconstructions in comparison to the standard 9-electrodes reconstructions. However, it was also seen
that these two outcome measures fluctuate for different patients. Sometimes, the activation duration and
recovery duration differences for the UMCU and Amsterdam UMC reconstructions were even higher
than for the standard 9-electrodes reconstructions. These fluctuations can be caused by the way these
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two outcome measures were determined. The outcome measures were determined as the difference
between the mean of five earliest ATs or RTs and the mean of the five latest ATs and RTs. If outliers
are present in the earliest or latest five ATs or RTs, the mean can differ greatly. Because of the
fluctuations per patient, it is difficult to draw a conclusion whether the activation and recovery durations
are sufficiently similar with the reconstructions of the MUMC+ set-up.

Regarding the repolarization gradients, between the UMCU and Amsterdam UMC
reconstructions and the MUMC+ reconstructions also overall smaller differences were seen than
between the standard 9-electrodes and MUMCH+ reconstructions. Furthermore, visually better agreement
was seen for the UMCU and Amsterdam UMC reconstructions than for the standard 9-electrodes
reconstruction with the MUMCH+ reconstructions. However, as for the activation and recovery duration,
the difference in 95th percentile of the gradients fluctuated between the patients. Different gradients
were present between the patients, for example in some patients gradients of 350 ms/cm were present,
while in other patients the gradients were around 180 ms/cm. Unpublished research at the MUMC+ also
showed fluctuations in gradients in control patients. Greater fluctuations between the control patients
were seen for the maximal gradient than for the 95" percentile of the gradients. For this reason the 95™
was used as outcome measure to compare the repolarization gradients. In this study the larger differences
in 95" percentile of the gradients were not necessarily found in the patients with the higher gradients.
Because both large and small differences in gradients were found, the number of electrodes does not
necessarily seems the only cause of the differences. At this point, it is difficult to make a statement about
whether the gradients of the investigated set-ups correspond well enough with the MUMC+ set-up. The
differences may also be related to the way the gradients were calculated. For example, it is important
that the RTs are determined correctly, because the gradients are calculated from the RTs. Furthermore,
it is not yet decided within the VIGILANCE study how the gradients should be evaluated. This should
be set first, in order to correctly interpret if these differences are clinically (un)acceptable.

In this study, the influence of EGM magnitude, T-wave amplitude and noise in the T-wave
segment on the RT determination and T-wave correlation were investigated. In general, larger RT
differences and lower T-wave correlation coefficients were found for lower EGM magnitude and lower
T-wave amplitude. Because lower correlation coefficients were already expected for flat T-waves, T-
waves defined as flat (with the method in this study) were excluded from the T-wave correlation
calculation. However, it was found that only a minority of low amplitude T-waves, which resulted in
low T-wave correlation coefficients, were removed. As can be seen in Figure 25 (right graph), many
low amplitude T-waves resulted in low correlation coefficients. However, for the same low T-wave
amplitudes also high T-wave correlation coefficients were found. Therefore, no clear amplitude limit
can be extracted from the results. A possible explanation is the normalization of the T-wave amplitude.
The T-wave amplitudes were normalized within their local EGM. But, in low magnitude EGMs, noise
is more prevalent than in EGMS with higher magnitude. However, the results did not show a trend
between noise in the T-wave segment and the RT difference or the T-wave correlation (Figure 27).

Overall, slightly better results were seen for the UMCU set-up in comparison to the Amsterdam
UMC set-up. The main difference between the UMCU set-up and Amsterdam UMC set-up is the
electrode distribution. In the UMCU set-up, the electrodes are more evenly distributed, while the
Amsterdam UMC set-up is non-uniform (highest density of electrodes on the lower left anterior side)
and has more electrodes posterior than the UMCU set-up.

Next, the number and positioning of the body-surface electrodes necessary for high quality ECGI were
investigated. The results indicate that a reduced electrode set-up consisting of 51 electrodes can have
good agreement with the MUMC+ set-up regarding the T-wave correlation, AT and RT, with the
electrode positions carefully chosen (Table 10). Furthermore, the investigated set-up consisting of 45
electrodes seems sufficient. For the set-up stated in Table 10 consisting of 37 electrodes, the
reconstruction differences became larger and is therefore suggested insufficient.

The importance of the electrode position is visible in Figure 28, 29 and 30. For example, an
electrode set-up consisting of 52 electrodes, due to removal of the lowest 12 electrodes of the UMCU
set-up, showed considerable decrease in T-wave correlation in comparison to the other 52-electrodes
set-ups. This set-up (remove step 17) showed worse T-wave correlation than the 37-electrodes set-up of
Table 10. The results show which electrode positions seem to provide important information. Overall,
the electrodes at the right lateral side and the posterior side of the thorax seem to be less important for
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correct inverse reconstruction (Figure 31). This finding was also observed for BSPM. Finlay et al.>®
found that set-ups with electrodes only at the posterior and lateral regions of the thorax performed less
favourably for BSPM than those set-ups where electrodes could also be chosen at the anterior side of
the thorax. The vertical row of five electrodes at the right anterior side of the thorax (remove step 2)
seems least important. For correct T-wave reconstruction and AT determination, the lowest horizontal
row of electrodes seems to be of value. For correct AT determination of VES, also the upper and middle
horizontal row of electrodes (remove step 15 & 16) seem to be important. In addition, the vertical row
of four electrodes on the left lateral-anterior side of the thorax (remove step 8) and the horizontal row
of seven electrodes on the right anterior side of the thorax (remove step 3) seem to be of value. For
correct RT determination also the upper and middle horizontal row of electrodes of the original UMCU
set-up seem to be important. Furthermore, the left anterior vertical rows of electrodes are important for
correct RT determination of SR beats.

The addition of electrodes to the UMCU set-up provided insight in electrode positions of interest
to capture additional information. The largest improvement was seen for the addition of a horizontal
row of ten electrodes inferior to the original UMCU set-up. Furthermore, the lower left anterior quadrant
of the thorax seems to be important. The importance of these electrode locations seems reasonable, given
the anatomical location of the heart and the direction of the heart axis for SR beats. In literature, the
body-surface electrode locations centred over the heart also showed to contain relevant data for the
inverse reconstruction.®® For both removal and addition of inferior electrodes, change in the outcome
measures was observed, which emphasizes the importance of these electrode positions. This finding is
contrary to the study of Jiang et al.®*, who found that the electrodes located on the lower part of the
thorax are redundant. However, the study of Jiang et al. was based on a model and focussed on the
optimization of electrode positions for the reconstruction of ischemic areas. The study was therefore
focussed on an optimal set-up for maximum diagnostic information of ischemic areas instead of
maximum signal information. Furthermore, the results of the enlarged UMCU set-ups were compared
to the results of a 100-electrodes set-up (Table 7, 8 and 9). The T-wave correlation and AT differences
of some enlarged set-ups were quite similar to those of the 100 electrode set-up. In addition, the results
of the 100-electrodes set-up showed that also for these reconstructions larger regional RT differences
with the MUMCH+ reconstructions existed.

Finally, it was investigated whether the reconstructions for a different distribution of 64
electrodes resulted in better agreement with the MUMCH+ reconstructions than the current distribution
of the UMCU set-up. Despite the fact that for this set-up the electrodes at the locations of least
importance were moved to locations that improved the inverse reconstruction, only minor or zero
improvement in outcome measures was seen for the adjusted set-up. This indicates that the original
UMCU set-up was already reasonably optimal for 64 electrodes. This statement is supported by
Donnelly et al.*®, who stated that for BSPM many “near-optimal” solutions exists for any number of
recording sites, which perform comparably with insignificant differences.

5.1. Ground truth

The results should be interpreted in view of the limitations of this study. It should be noted that the true
ground truth for the reconstructed EGMs of the inverse reconstructions are measured EGMs at the
patients’ epicardium. For this study the 184-electrodes set-up was assumed to provide sufficient ECGI
quality and was therefore used as ground truth. The MUMC+ set-up as ground truth provides an
impression on the inverse reconstructions for different body-surface electrode set-ups, without the need
of invasive measurements. Because of this, however, it could not be investigated if a set-up of less than
184 electrodes can be more sufficient for ECGI than the 184-electrodes set-up.

5.2. Electrode set-ups

The number of electrodes of the MUMC+ set-ups were not all equal to 184 for the different patients and
different beats. This is due to exclusion of inadequate electrodes for the inverse reconstruction.
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Moreover, the MUMC+ set-up is not standardized. This contributed to the fact that the correct locations
for electrodes of the selected set-ups could not always be found. Furthermore, the addition of electrodes
was therefore focussed on regions on the thorax and not on specific locations. It was decided to keep the
number of electrodes for the selection of the UMCU, Amsterdam UMC and standard 9-electrodes set-
up equal to its originals (i.e. inadequate electrodes had to be exchanged for adequate electrodes at other
locations). Overall, this created differences between the selected set-ups for the different patients.
Furthermore, if the MUMCH+ set-up had been standardized, electrode placement could be examined more
specifically.

It is also important to evaluate the practicality and (dis)advantages of the electrode systems. The
MUMCH+ set-up consists of fixed electrode strips. Because of this, good contact of electrodes with the
body depends on the curves of the body. For example, due to breasts, electrodes centred over the heart
may be lost. However, strips allow quick placement of a large number of electrodes on the thorax. On
the other hand, preparation and cleaning of these electrode strips is time-consuming, which limits the
clinical usability. The system is still mainly used for research purposes. The UMCU normally makes
use of a system consisting of separate disposable electrodes, requiring no preparation and cleaning of
the electrodes. Furthermore, the disposable electrodes can also be applied reasonably fast to the body
surface. A lower number of electrodes necessary for ECGI can improve the practicality of the electrode
systems.

5.3. Inverse reconstruction

Also some inverse reconstruction related topics should be discussed. First, the transfer matrix was
calculated based on all electrodes of the MUMC+ set-up, to exclude the effect of the transfer matrix for
this simulated inter-system comparison. However, in the participating hospitals of the VIGILANCE
study the transfer matrix is currently calculated based on the number of electrodes of the set-up. A lower
number of electrodes can therefore lead to a less detailed torso geometry for the transfer matrix
calculation. For future application of reduced lead set-ups for ECGI, the use of a more detailed body-
surface geometry obtained from the geometry information in the CT or MRI scan could be considered.

Second, the Tikhonov parameter choice plays an important role in the occurrence of differences
between inverse reconstructions. For example, for the Amsterdam UMC reconstructions of patient 6,
substantial differences with the MUMC+ reconstructions were observed due to the used Tikhonov
parameter. For this study, the Tikhonov parameter was determined per selected set-up and was therefore
based on the balance between the available information of the selected electrodes and the need for
regularization. For one patient a fairly lower Tikhonov parameter was chosen by the regularization
method for the reconstruction for an electrode set-up of 69 electrodes (addition step 6) in comparison to
the UMCU 64-electrodes set-up. The resulting reconstructions of the 69-electrodes set-up differed more
with the MUMC+ reconstructions than the UMCU reconstructions, while basically more information
was available. On which basis the Tikhonov parameter for certain electrode set-ups is chosen in
comparison to the available information of other set-ups needs further investigation.

This study concerns a very useful topic for the reliability of ECGI. It is important to keep in
mind the robustness of ECGI. Because the inverse problem is ill-posed, small changes in the BSPs are
amplified in the solution. In ECGI, regularization is applied to improve the robustness of the inverse
solution. In addition, electrodes with excessive noise (e.g. due to contact loss) are removed and the
remaining BSPs are filtered for all kinds of noise. However, with decreasing number of body-surface
electrodes, it becomes more important that the electrodes do not contain excessive noise, as those
electrodes will be excluded for the inverse reconstruction. But, as earlier mentioned, it is more
controllable with smaller numbers of electrodes. This study showed that the Tikhonov parameter can
differ considerably with only a small change in the composition of the included BSPs, causing
substantial changes between reconstructions. Insight into the Tikhonov parameter choice is therefore
necessary for further assessing the robustness of ECGI to noise.
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5.4. Qutcome measures

This research revealed some difficulties of the used outcome measures. For example, it is currently
difficult to compare repolarization gradients. For the VIGILANCE study, it is important to further
examine how the gradients should be evaluated. Furthermore, this study revealed AT and RT artefacts
for the used ECGI method. In addition, the presented method to calculate activation duration and
recovery duration showed to be sensitive to these AT and RT artefacts. Normally, the ATs and RTs are
determined relative to the earliest epicardial AT. If this earliest epicardial AT is an artefact, this error is
propagated to the calculated ATs and RTs. It might be beneficial to look at several early AT points and
take the average of them, for example.

The occurrence of RT artefacts stands out. A possible cause for the RT artefacts is broad
selection of the T-wave segment. Furthermore, the use of the spatiotemporal method seems to play a
role in the arise of RT artefacts. Bear et al.®? described RT artefacts due to the use of the spatiotemporal
method as unsurprising, as the method is based on a spatial connection, which does not necessarily exist
in repolarization. To identify and remove RT artefacts, post-processing of the RTs was implemented. In
this study, the uncertainty score was developed for the detection of RTs which seem uncertain based on
the temporal expectation. However, not all RT artefacts were classified as uncertain with the used
uncertainty score. As can be seen in Figure 16, it remains difficult for flat T-waves. Figure 16 shows
that the RT point for the UMCU set-up is set in the steepest upslope in the T-wave segment and is
therefore assessed as certain. Other post-processing options were considered. For example, only include
RTs between the 2™ and 98" percentile. However, for this option, the excluded RTs consisted of many
certain RTs. It would be optimal if the correctness of the RT does not have to be assessed afterwards,
but that a check has already been implemented in the determination, so that fewer incorrect RTs arise
initially. The used method for RT determination is sensitive to noise. It may therefore be beneficial to
look at other solutions for RT determination. For example, incorporating the uncertainty score in the
determination, so that RTs can only be determined within the largest positive area of the derivative.

5.5. Future perspectives

Soon, an open-source algorithm called UNISYS becomes available, which provides a unified graphical
bullseye representation of cardiac ventricular data, whilst considering inter-individual anatomical
aspects.®® This algorithm can be used to provide insight in the specific epicardial regions of
reconstruction differences. In addition to the outcome measures used in this study, it is interesting to
compare the ECGI quality of different electrode set-ups based on localization of VES origin.

Furthermore, this study highlights ECGI related issues, which require further investigation.
Among other things, improvement of the RT determination must be considered. In addition, it is
interesting to investigate on which aspects of the body-surface potentials the lower Tikhonov parameter
choices were based for some of the reconstructions. Furthermore, the newly developed uncertainty score
should be validated.

Other methods could be useful to investigate more specifically the value of body-surface
electrode locations and the necessary number of electrodes. For example, an algorithm can be developed,
which automatically searches for an optimal set-up regarding the distribution of a minimal number of
electrodes for which the reconstruction accuracy is still considered sufficient. Due to the time required
for each inverse reconstruction, such an algorithm is very time-consuming. In addition, interpolation of
electrodes on the chest could be considered, in order to require a lower number of electrodes actually
placed on the chest. However, the study of Bear et al.®® showed no improvement of reconstruction
accuracy for linear interpolation of lost BSPs.

At last, the value of ECGI in IVF is still to be investigated in the VIGILANCE project. For this,
it is important to establish when repolarization gradients can be considered physiological and
pathological.
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6. Conclusion

The findings support the hypothesis that the 64-electrodes UMCU set-up and 62-electrodes Amsterdam
UMC set-up is sufficient and the standard 9-electrodes set-up is insufficient for use in ECGI.
Furthermore, in this study a lower limit of number of electrodes, necessary for sufficient ECGI quality
regarding the assessment of repolarization, was found around 45 electrodes. The electrodes at the right
lateral side and posterior side of the thorax proved of less value for the inverse reconstruction. Separate
removal of the upper, middle and lower horizontal row of 12 electrodes of the UMCU set-up generally
had the largest effect on the investigated outcome measures. The lower row of electrodes again proved
important when investigating the addition of electrodes. Furthermore, it is important to have enough
electrodes on the lower left quadrant of the thorax.

This study increases our understanding of the effect of electrode number and placement on the inverse
reconstruction. A simulated inter-system comparison was performed, keeping many aspects of ECGI
unchanged. Furthermore, this study uncovered current difficulties of ECGI, such as recovery time
determination, which is important for interpretation of inverse reconstructions. In addition, the
uncertainty score was developed for the detection of uncertain recovery times, which is of added value
for ECGI.
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