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Aims

Methods
and results

Left-ventricular (LV) conduction disturbances are common in heart-failure patients and a left bundle-branch block (LBBB)
electrocardiogram (ECG) type is often seen. The precise cause of this pattern is uncertain and is probably variable
between patients, ranging from proximal interruption of the left bundle branch to diffuse distal conduction disease in
the working myocardium. Using realistic numerical simulation methods and patient-tailored model anatomies, we inves-
tigated different hypotheses to explain the observed activation order on the LV endocardium, electrogram morphologies,
and ECG features in two patients with heart failure and LBBB ECG.

Ventricular electrical activity was simulated using reaction—diffusion models with patient-specific anatomies. From the
simulated action potentials, ECGs and cardiac electrograms were computed by solving the bidomain equation. Model
parameters such as earliest activation sites, tissue conductivity, and densities of ionic currents were tuned to reproduce
the measured signals. Electrocardiogram morphology and activation order could be matched simultaneously. Local
electrograms matched well at some sites, but overall the measured waveforms had deeper S-waves than the simulated

waveforms.

Conclusion Tuninga reaction—diffusion model of the human heart to reproduce measured ECGs and electrograms is feasible and may
provide insights in individual disease characteristics that cannot be obtained by other means.

Keywords Heart failure e Left bundle-branch block e Conduction disorders e Computer models

Introduction electrocardiogram (ECG) criteria are misdiagnosed, and that these

Ventricular conduction disturbances are frequently seen in heart-
failure (HF) patients. About one-third of the patients with HF have a
left bundle-branch block (LBBB) morphology of the QRS complex.
Clinical trials have demonstrated that cardiac resynchronization
therapy (CRT) reduces mortality and hospitalization for HF in patients
with complete LBBB, while results in patients with right bundle-branch
block or non-specific left-ventricular (LV) conduction delay are
poor."? Endocardial mapping and simulation studies have suggested
that many patients diagnosed with LBBB by conventional

patients may have a combination of ventricular hypertrophy, LV
chamber dilation, scar, delayed LV activation, or other forms of electric-
al uncoupling in the working myocardium.>~> The ability to distinguish
between these possible factors may be important to predict the
success of CRT.>* The purpose of this study was to improve our under-
standing of the activation pattern in individual HF patients, the patho-
logical mechanisms underlying this pattern, and their relation to ECG
characteristics such as the notching in lead V6 which is typical for LBBB.

Using a computational model, the relation between hypothesized
disease factors and the ECG can be investigated in a perfectly
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What’s new?

e Anatomically and physiologically detailed computational
models were fitted to two heart-failure patients with ventricu-
lar conduction disturbances.

e The models were tuned to reproduce the measured electro-
cardiogram and activation order on the left-ventricular (LV)
endocardium.

e Tuningresults suggest the absence of antegrade or reentrant LV
Purkinje activity, myocardial hypertrophy, reduced myocardial
conductivity, and a partially preserved ventricular gradient.

e To match the T-waves, we had to assume a much lower
density of the delayed rectifier current than has been mea-
sured in isolated-cell experiments.

controlled environment. Modelling studies have already shown im-
portant insights in HF,” effects of CRT,2 LV hypertrophy,® and in
the problem of LBBB diagnosis. For example, it has recently been
hypothesized thatin complete LBBB, activation starts in the right ven-
tricle (RV) and must proceed through the septum for 40—50 ms
before it reaches the LV endocardium.? It then takes another 50 ms
to propagate to the endocardium of the posterolateral wall, and a
further 50 ms to cross it. This results in a total QRS duration of
140—150 ms,” far longer than the current criterion for LBBB.

The present state of computational modelling of the heart allows
for highly realistic representation of the cardiac activation process,
action potential waveforms, local electrograms, and the ECG."°
However, such purely theoretical investigations still do not allow
for insight in individual cases in all their complexity. Therefore, we
set out to construct computational models that mimic individual
patients as well as possible, so that the predicted signals could be dir-
ectly compared with their measured equivalents. By repeated model
tuning, the mechanisms that best explain the observed signals can
then be identified, and to some extent such findings can be validated
by other diagnostic methods and by predicting follow-up data.

Methods

Patient characteristics

Two patients with moderate-to-severe HF who were eligible for CRT
implantation according to the criteria from the 2011 ESC clinical practice
guidelines were included in the study. Both patients were on stable drug
therapy (>3 months) with maximally tolerated doses of angiotensin-
converting enzyme inhibitors or angiotensin-1 receptor blockers, diure-
tics, aldosterone antagonists, and beta-blockers. Antiarrhythmic drugs,
if any, were stopped before the procedure for at least five half-lives.
The patients underwent a standard 12-lead ECG, a clinically indicated
cardiac magnetic resonance (CMR) procedure, an electrophysiological
study, and a coronary angiography procedure. The patients provided
oral and written consent to each procedure, and the studies were
performed according to institutional ethics guidelines.

Data collection

Standard 12-lead ECGs were recorded using a novel ECG machine
(CS200 excellence, Schiller AG) with a sampling rate of 1000/s and an
amplitude resolution of 1.0 pV.

In addition to standard electrophysiological catheters deployed in the
right atrium and ventricle, a reference catheter (REF-STAR, Biosense
Webster, a Johnson & Johnson company) was placed on the back of
the patient. The electromechanical mapping system (NOGA XP, Bio-
sense Webster) and the navigation and mapping method were described
previously.11 In brief, a conventional 7F deflectable-tip mapping catheter
(NAVI-STAR, Biosense Webster) was deployedin the LV viaa retrograde
aortic approach from the femoral artery. Intracardiac unipolar and
bipolar electrograms and spatial position of the catheter tip were
recorded at ~200 equally distributed LV endocardial locations. The se-
quentially recorded intracardiac electrogram and position data were
temporally aligned using the simultaneously recorded 12-lead body
surface ECG. For the three-dimensional (3D) LV reconstruction during
the acquisition process, the geometric filling threshold was set at
10 mm to reduce artificial interpolation.

Cardiac magnetic resonance data were acquired with a 3T Siemens
Magnetom Skyra scanner with 36 channel coils. Following localizer acqui-
sitions, cine ECG-triggered segmented steady-state free precession
images were acquired in the two-, three-, and four-chamber orientations,
as well as in a stack of contiguous short-axis slices covering the ventricles
(slice thickness 8 mm, 20% inter-slice gap, 25 phases). After intravenous
bolus injection of gadolinium (Gadobutrol, 0.2 mmol/kg body weight)
ultra-fast gradient-echo ‘VIBE’ images were obtained to describe thoracic
anatomy and to detect the location of the precordial ECG electrodes on
the chest. Axial, coronal, and sagittal images (slice thickness 2.5 mm, slice
oversampling 15%) were used. Finally, a navigator-gated, ECG-triggered
whole-heart ‘FLASH’ angiography was acquired with a T1-weighted
inversion-recovery echo-gradient sequence with a slice thickness of
0.9 mm, with inversion time (Tl) adjusted using Tl-scout images.

Construction of anatomical models

Patient-specific anatomical models were reconstructed using CMR data.
The outline of the ventricular musculature was traced semi-automatically
in the end-diastolic frame of the short-axis cine dataset. The base of the
ventricles, outflow tracts, outline of the atrial cavities, aortic arch, and
caval veins were traced manually in the FLASH dataset. The lungs and
the torso surface were traced from the VIBE data. From the contours
thus obtained surfaces were created using Blender (The Blender Founda-
tion) as 3D editing software. A computational mesh was constructed and
mesh nodes were labelled as myocardium, blood, connective tissue, lung,
or skeletal muscle, depending on the surfaces in which they were
enclosed. Fibre orientations were assigned to the ventricular nodes
using a rule-based method."?

Cardiac magnetic resonance images of the ventricles typically have a
‘grey zone’ consisting of trabeculated myocardium between the wall
and the intracavitary blood. We segmented this zone separately, and
will refer to it as the ‘non-compact myocardium’.

A thin, rapidly conducting subendocardial layer was created in both
ventricles to mimic the function of the Purkinje network,"*"* since the
Purkinje system cannot be imaged in vivo. Early activation sites similar to
those published by Durrer et al."® mimicked the action of the upstream
Purkinje fibres.

To allow comparison between measured and simulated activation
times, the set of catheter locations from the electroanatomical
mapping system was aligned to the LV endocardial surface obtained
from CMR imaging. The data could be inspected in 3D as well as in a
polar diagram of the LV.

Computer simulations

Simulations were performed using a ventricular model at 0.2 mm reso-
lution and an inhomogeneous torso model at 1 mm resolution as in

$TOZ ‘T€ 1840100 U0 1s8nb Aq Woy papeojumoq



iv58

M. Potse et al.

previous studies.>'®'®"” The heart model had anisotropic tissue with
transmurally rotating fibre orientation. All individual heart anatomies
included the roof of the RV. The torso model included intracavitary
blood, lungs, and an anisotropic skeletal muscle layer. A list of conductiv-
ity values in the heart and torso was published previously.'® Propagating
electrical activity was simulated based on ionic transmembrane currents
by a monodomain reaction—diffusion equation.’ Membrane ionic cur-
rents at each of the ~25 million points that represented the ventricular
myocardium were computed with the Ten Tusscher-Noble-Noble-
Panfilov (TNNP) membrane model for human ventricular myocytes."”
This model distinguishes subendocardial, mid-myocardial, and subepicar-
dial cell types. We added differences between LV and RV cells as
published previously.?°

At 1 msintervals, computed transmembrane currents were injected in
the torso model and the bidomain equation was solved for the electric
potential throughout the torso, from which the 12-lead ECG and local
electrograms were extracted.'® Wilson’s central terminal was used as
reference for electrograms and precordial ECG leads.

All simulations were performed using propag-5, a cardiac simulation
package suitable for large-scale parallel computers.'*' The computa-
tions were performed on 2048 cores of a Cray XE 6 supercomputer
and took about 20 min for a single heartbeat.

Tuning procedure

The initial model parameters were those that we previously used to re-
produce a normal QRS complex.” In each subject, the first step of model
tuning was the choice of an initial activation site in the RV free wall, near
the observed LV breakthrough. This location was fine-tuned to optimize
the match between the observed and the simulated LV endocardial acti-
vation order. If necessary, more sites were added towards the inferior
side of the RV.

Next, tissue conductivities and cell surface-to-volume ratio were con-
sidered. Reduced myocardial coupling was simulated by reducing the
‘intracellular’ component of the bidomain conductivities.? This is equiva-
lent to the compound electrical conductivity of the cytoplasm and the gap
junctions.? Longitudinal and transverse conductivity, i.e. the conductivity
along and across the dominant myocyte orientation, were tuned individu-
ally, both for the bulk myocardium and for the rapid endocardial layer.
The aim of this tuning process was to optimize the match for both the
activation order and the ECG. Local electrogram morphology was not
taken into account.

When tuning of the QRS complex was completed, repolarization para-
meters were adjusted to match the T-wave. Heterogeneity in the
maximum conductivity of the slow delayed rectifier current (k) was
introduced using a linear relation with the activation time in a previous
simulation. The slope of this relation was used to tune the T-wave amp-
litude. The maximum conductivity of the inward rectifier current (Ixq)
was reduced to make the peaks of the T-waves less sharp.

Results

Pathogenesis was assessed in both patients by coronary artery angi-
ography, confirming the absence of significant coronary artery
disease in Patient 1 and a two-vessel disease in Patient 2. During
the mapping procedure, 181 contact points were acquired in the
LV of Patient 1 and 97 in Patient 2. Left-ventricular ejection fraction,
end-diastolic volume, and end-systolic volume were 39%, 138 mL,
84 mL in Patient 1 and 35%, 248 mL, 160 mL in Patient 2.

The final model parameters that were common in both patients
were the following: (i) the fast endocardial layer in the LV was given
the same conductivity as the bulk myocardium, to approximate the

observed conduction velocity along the endocardium; (ii) the
surface-to-volume ratio for the cell membrane was reduced to
60% of its original value to increase transmural conduction velocity;
(i) the non-compact myocardium was omitted to reduce R-wave
amplitude in left precordial leads; (iv) the maximum conductivity of
Ix1 was reduced to 20% of its original value to flatten the T-waves;
and (v) the conductivity of Is was configured as a linear function of
activation time to match T-wave amplitude.

Patient 1

Patient 1 was a 72-year-old woman with an idiopathic dilated cardio-
myopathy diagnosed by CMR and coronary angiography. Her ECGs
fulfilled conventional criteria for LBBB, which include a QRS duration
>120 ms, QS orrSmorphologyinlead V1,andamonophasic R-wave
with no Q-waves in leads V6 and |. Moreover, a broad notched or
slurred R-wave in leads |, aVL, V5, and V6 was noted, which is consist-
ent with the ECG criteria of the American Heart Association, Ameri-
can College of Cardiology Foundation, and the Heart Rhythm
Society.

The comparison between the measured and simulated data for this
patientis shownin Figure 1. The correlation coefficient between mea-
sured and simulated activation times was r = 0.91. Measured surface
QRS duration (130 ms) was very close to the simulated QRS dur-
ation. Slurring in lead V4 was well reproduced. Notching was
presentin both the measured and simulated leads V5, but with differ-
ent timing. Notching in V6 was not reproduced. Unipolar electro-
gram morphologies matched qualitatively at some sites, but large
differences were also observed. Especially, the measured electro-
grams had deeper S-waves and sometimes much higher R-waves
than the corresponding simulated electrograms (e.g. the lateral site
in Figure 1D). Some measured electrograms had ST elevations sug-
gestive of (catheter-induced) injury currents (all anterior sites in
Figure 1D), which we did not attempt to reproduce with the model.

The following model parameters were specific to this patient: (i)
three early activation sites on the lateral RV free wall were used, to-
gether with a fast endocardial layer in the RV; (i) the LV myocardium
was made less anisotropic than normal; (iii) the depth of RV early
activation sites was fine-tuned to obtain the right amplitude of the
small R-waves in leads V2 and V3; and (iv) the skeletal muscle layer,
which is normally strongly anisotropic in our models, was made
isotropic, consistent with the observation that the patient was a
non-athletic female. This intervention increased the amplitude of
the precordial leads relative to the limb leads.

Patient 2

Patient 2 was a 69-year-old man with a QRS duration of 190 ms with
previous anterior myocardial infarction diagnosed by cardiac CMR
and coronary angiography. With a QS complex in lead V1 and
broad, notched, monophasic R-waves in leads | and V6, his ECG
fulfilled conventional criteria for LBBB.

The comparison between the measured and simulated data for this
patient is shown in Figure 2. The correlation between measured and
simulated activation times was r = 0.87. The measured LV break-
through was in the anterior wall, far from the septum. Attempts
were made to reproduce this in the model by increasing the tissue
anisotropy ratio, but the simulated breakthrough was still closer to
the septum. The simulated leads | and V6 were more notched than
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Figure I Comparison of measured and simulated data in Patient 1. (A) Simulated activation times on the endocardia of both ventricles; the colour
scale is in millisecond. (B) Simulated against measured activation times on the LV endocardium; scales in millisecond. (C) Measured ECG (red) and
simulated ECG (black). (D) Polar diagram of the LV endocardium showing measured activation times (circles with time in millisecond) and simulated
activation times (coloured dots). Same colour scale as panel A. Measured (red) and simulated electrograms (black) from five indicated locations are

shown.

the measured signals, while in lead V5 the opposite was true. The
large J-point elevations in V3 and V4 were only partially reproduced.
The following model parameters were specific to this patient: (i) five
early activation sites on the anterior and inferior RV free wall; and (ii)
the transverse conductivity of the myocardium was reduced.

Discussion

Toincrease the reliability of patient-specific predictions with electro-
physiological and electromechanical models of the heart, several
groups have worked on patient-tailored models.”*?* To the best
of our knowledge though, the present study reports the first two

HF cases in which a model was accurately tuned to the measured
surface and intracardiac ECG. In both patients, the LV activation
pattern could be reproduced by assuming a small number of early
activation sites in the free wall of the RV in combination with a thin,
rapidly conducting layer on the RV endocardium, and tuning of the
surface-to-volume ratio of the cell membrane and the anisotropic
bidomain conductivities of the tissue. We reduced the surface-to-
volume ratio in both patients to represent a state of hypertrophy.
This increases conduction velocity in the model without increasing
the ECG amplitude.

In simulations of normal hearts (unpublished results), we use a
rapidly conducting layer in both ventricles in combination with a

$T0Z ‘T€ 1890300 U0 158N AQ Woy papeojumod



iv60

M. Potse et al.

@

C

| avR VA V4

D

|||- an V3- M

100ms

25 mm/s 10 mm/mV

B LV endo activation time: cc=87%
160 R
140
s 120 - /,
5 100 s
3 * g
£ S
wn H
80 . - 7
/ -
60 A
V .| — — Identity
401 -~ ' Linear fit slope=1.03

40 60 80 100 120 140 160

Measured

Figure 2 Comparison of measured and simulated data in Patient 2. See caption of Figure 1 for explanation.

small number of early activation sites. However, in both patients the
fit was clearly improved by assuming that there was no rapidly con-
ducting layer (Purkinje network) on the LV endocardium. This
appears to contradict the assumption of Strauss et al.” that activation
fromthe RV enters the LV Purkinje network in LBBB patients and the
observation, by Strik et al.™, of entry in some form of rapidly conduct-
ing subendocardial layer in canine LV.

The original TNNP model, of which the parameters are tuned to
reproduce the result of patch-clamp experiments, produces sharp
T-wave peaks.'”” To produce realistic T-waves, we had to reduce
the conductivity of l; to 20% of its original value.'” There is experi-
mental support for reduced g1 in HF,**~32 but not of this magnitude.
The magnitude of ¢4 in the TNNP model corresponds with canine
and human data.3? It is, however, five times larger than in the
(human atrial) Courtemanche model,* near the 5.6-fold difference
reported by Koumi et al.>* in human cells.

A positive correlation between activation time and lgs density,
which results in a negative correlation between activation time and
action potential duration, was found to be crucial to reproduce the
T-waves in both patients. This suggests that a certain amount of ven-
tricular gradient®>>¢ s still present in these patients, although it does
not suffice to produce T-waves with a sign thatis concordant with the
QRS complex as observed in normal subjects.

We have not yet been able to reproduce the deep S-waves seen in
many measured endocardial electrograms. Such S-waves are caused
by activation propagating away from the measurement electrode
after local depolarization. Such propagation, both in endocardial-
to-epicardial and circumferential direction, was certainly present in
our simulations. A possible explanation for the discrepancy is the under-
estimation of wall thickness in our models, which results from the omis-
sion of the non-compact myocardium. A thicker wall, with faster
propagation to arrive at the same QRS duration, would produce
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stronger S-waves on the endocardium. Including the non-compact
myocardium with improved conductivity values may solve the problem.

Limitations

Although matching both ECG and endocardial electrograms restricts
the solution much more than matching the ECG alone, an optimal
match with our models is not guaranteed to be unique. In principle,
it can never be excluded thata completely different set of parameters
may lead to an equally close fit. In addition, shortcomings in the model
may influence the solution. Our conclusions should therefore be
seen in the first place as research hypotheses, which are to be inves-
tigated by targeted clinical or experimental research.

Conclusion

Our model-fitting results in two HF patients with LBBB ECG morph-
ology suggest the absence of antegrade or reentrant LV Purkinje
activity, hypertrophied myocytes, reduced myocardial conductivity,
and a partially preserved ventricular gradient. In addition, these and
previous results suggest that the density of lq in the in situ human
heart is smaller than in isolated-cell experiments.

The method presented here may in the future become a new
diagnostic method to determine the origin of ventricular conduction
abnormalities that lead to LBBB patterns in the ECG and to improve
patient selection for CRT.
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