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Abstract. We present a Purkinje-myocardium electrophysiology model
that includes the scar plus a detailed Purkinje network, and compare
simulated activation times to those obtained by electro-anatomical map-
ping in vivo. The results illustrate the importance of using sufficiently
dense Purkinje networks in patient-specific studies.

1 Introduction

Personalised computational electrophysiology (EP) models are increasingly im-
proving in the level of anatomical and physiological detail, and their person-
alisation, so as to hold the promise of enabling personalised planning of abla-
tion targets in terminating ventricular tachycardias (VT). There is some evi-
dence that certain type of arrhythmias may be triggered by ectopy arising from
Purkinje fibers during acute myocardial infarction [2]. Until recently, however,
most EP simulations have neglected the effect of the Purkinje network (PN)
or used very coarse networks. Thus the first step towards more complete mod-
elling of ventricular tachycardia (VT) is to develop realistic models of coupled
myocardium-Purkinje whole-heart models, and to validate them against physio-
logical measurements of activation patterns.

We present a computational pipeline for human EP modelling with: (i) a PN
model based on a rule-based algorithm for generating the network and a set of
cable equations on line segments coupled together by the gap junction resistance
model [16]; (ii) a myocardium model based on the monodomain approximation
and the left ventricular (LV) action potential (AP) model of Bueno-Orovio et
al. [3]; and (iii) electrical remodelling in the scar/borderzone by fitting the model
of Bueno-Orovio et al. to a modified ten Tusscher-Panfilov 2006 -model [14].

We then compare the model predictions against electro-anatomical mapping
(EAM) data consisting of endocardial activation times in a patient with extensive
myocardial scarring. The EAM data is projected onto the simulated LV geometry



to compare the local activation times (LAT). Results are given for varying levels
of Purkinje-muscle junction (PMJ) density.

2 DModels for Cardiac Electrophysiology

A standard monodomain approximation for myocardial tissue is used:

ou . .
% cma + Gion, (U, 0,7, 8) — lapp(t)| =V - (6Vu), (1)
where the ionic current, i;o, = i + isi + is0, consists of the fast/slow in-

ward, and slow outward currents respectively, which are gated by the inter-
nal membrane variables v,r, s as in Bueno-Orovio et al. 2008 [3]. The con-
ductivity tensor in (1) depends on a spatially varying parameter v s.t. o =
(1 = ) [0t + (01 — 0¢) fo ® fo] - To account for structural remodelling under
chronic myocardial infarction, the conduction velocity (CV) in the deep scar
and its surrounding border zone are typically modified. As first approximation
the membrane model is turned off and the CV is set to zero throughout the deep
scar region. However, experimental evidence on rabbits [17] indicates greatly re-
duced conductivity (10% of normal CV) in the borderzone surrounding the scar,
but close to normal conductivity in the infarcted region (50% of normal CV), and
in some cases even the possibility to stimulate the infarcted region. Accordingly,
we used Ynealthy = 0, Yborder = 0.97, and “scar = 0.75, and the longitudinal and
transversal conductivities are o; = 1.5 kOhm~!'em™!, oy = 0.6 kOhm 'cm™!.
This corresponds to reducing the conduction velocity to 8% in the borderzone
and 44% in the scar region. Fibre dispersion is not considered.

The effects of ischemia include hyperkalemia, changes in the fast Nat and
L-type Ca?t channels, hypoxia, and acidosis. These effects can be modelled in
the ten Tusscher-Panfilov 2006 -model by adding an extra ATP-sensitive KT cur-
rent, as was done in [6]. The extracellular potassium concentrations are kept at
their normal levels to avoid elevated resting potentials. The modified parameters
describing mild and severe ischemia are taken from [8].

Once the ten Tusscher-Panfilov 2006 -model has been extended, APs from
rest are extracted. A subset of 7 parameters in the Bueno-Orovio et al. -model
is selected for optimisation. A curve-fitting problem for the AP is solved and pa-
rameters that do not change from their reference values are replaced by educated
choice. The process is repeated until an accurate replication of the AP shape is
obtained. The final values of the modified parameters are (borderzone/scar):
ky = 65.0356/65.0356, 7,1 = 6.3196/5.3307, 7501 = 56.6591/56.1802, Tsp2 =
1.0809/1.5291, ks, = 2.2695/2.4552, 759 = 7.3099/7.6184, ks = 5.6456/5.7472.

The PN is modelled as a network of line segments (with loops) with the
model of Vigmond et al. [16]. We use the Di Francesco-Noble [4] membrane
model with standard parameters for the PN. The conductivity and membrane
model of the PN remains unchanged in the borderzone and scar regions. The
numerical algorithm used for the PN is described in more detail in [7]. The
connection between the PN and the myocardium is modelled using a coupled



resistor and distributed current source -model that captures the 3-5 ms delay in
orthodromic propagation. We do not consider the antidromic conduction back
into the PN in this work.

3 Computational Electrophysiology Model Generation

LV segmentation is performed from cardiac MRI with delayed enhancement
(DE-MRI) as described in [12]. The segmentation thresholds have been pre-
viously optimized using EAM data in [1,5]. These thresholds have been used to
successfully identify borderzone conducting channels during catheter ablation.
After projecting the intensity values to a surface mesh segmentation of the LV,
4,000 radial basis function interpolation sites are randomly seeded on the endo-
and epicardial surfaces respectively. The intensity values are interpolated using
inverse multi-quadric shape functions and used to choose the appropriate mem-
brane model parameters using the same criterion as in [5] that intensity above
>60% of maximum is considered scar, while <40% of the maximum is considered
healthy tissue — everything in between is considered borderzone.

Rule-based Poisson interpolation is applied to obtain fibre orientations. The
LV centreline is identified automatically and a linearly graded fibre orientation
from —41° on the endocardium to +60° on the epicardium is obtained. Three
levels of PNs of increasing density (166 PMJs in the low-density case, 756 PMJs
in the mid-density case, and 1,296 PMJs in the high-density case) are generated
to test the impact of PMJ density on the activation pattern. A 2 cm area below
the basal cut-plane contains no PMJs as reported in literature. The resulting PN
is fitted to the endocardium, but is not modified according to the LAT observed
in the EAM. While methods exist [10,11,15] to fit the PMJ distribution to
patient-specific observations of endocardial LAT, the danger of over-fitting the
model to available data exists. Increasing the number of PMJs allows fitting
of the LAT with arbitrary accuracy at least in the regions where the PN is
present, but without necessarily providing meaningful information about the
actual morphology of the PN. A crude fitting algorithm may, for example, prefer
to eliminate the PN completely from the infarct scar region in order to match the
LAT, which is not supported by the evidence of the PN surviving in the infarct
core with prolonged action-potential duration and enhanced automaticity [9].
We therefore rely on the observations of [15] that even without personalising the
PMJ locations, sufficiently dense tentative PNs can predict LAT with reasonable
accuracy.

4 Results

The EAM dataset was obtained with the CARTO system (Biosense Webster,
Haifa, Israel) and consisted of bipolar/unipolar voltages, LAT, and position of
each catheter point on or near the endocardium. Measurements were made with
a tetrapolar diagnostic catheter (Thermocool, Navistar, Biosense Webster) in a
total of 671 locations on the LV endocardium and around the mitral annulus.



After having the segmentation from DE-MR, this was imported into CARTO
and registration was done manually using the CARTO software during the in-
tervention. The experimental methodology is described in more detail in [12].
The LV had considerable post-infarction myocardial scarring several days after
the initial infarct (see Fig. 1). Previous studies [5,13] have shown a moderate
correlation between the scar regions obtained from EAM by bipolar voltage
thresholds (<0.5 mV for the scar and 0.5-1.5 mV for the borderzone) and the
DE-MRI-derived endocardial scar regions, so that we took treated the DE-MRI-
derived scar regions as having been previously validated. Simulations were run
for both the cases where the scar region was assumed to be nonexcitable tissue
(not shown) and excitable tissue with the parameters identified by the nonlinear
fitting procedure. While the subject’s LV was heavily scarred both transmurally
and apex-to-base on the lateral side, the EAM did confirm slow CV but not
propagation failure in the scar regions. Thus the case of nonexcitable scar tissue
was rejected due to insufficient activation of the LV scar region compared to the
EAM results.

Anterior view Posterior view

Fig. 1. Scar and its borderzone identified from DE-MRI according to the criteria in [5].
Color scheme indicates red for deep scar, blue for borderzone, and white for healthy
myocardium. Tentative PN superimposed for reference. Large percentage of PMJs in
the posterolateral free-wall lie in the deep scar region.

Fig. 2 shows the LAT measured from EAM and interpolated onto the lat-
eral endocardium (left) compared with the simulated LAT (right). Despite no
personalisation being performed on the myofibre orientation nor on the PN, cor-
respondence is good at the apex and mid-wall. The largest difference in LAT
takes place near the basal regions. Fig. 3 shows the bullseye plot of mean LAT
on each of the 17 AHA segments for the three different densities of PNs. As
coverage improves, the LAT more closely corresponds to timings measured by
EAM. The largest differences can again be observed at the basal area, which we
explain as follows. In the EAM data there are some catheter locations that are



clustered near the aortic valve and the mitral annulus. Projecting the data from
these points onto the truncated LV surface may produce spurious data that make
the recorded basal LAT unreliable. We do not consider this a serious problem,
as the basolateral region is known to activate last and therefore plays a lesser
role in the induction of VT.
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Fig. 2. The LAT on the septal endocardium for EAM (left) and simulation (right).
Isochrones of LAT present every 10 ms. High-density PN superimposed on the right.

(a) 166 PMJs (b) 756 PMJs (c) 1,296 PMJs (d) EAM

Fig. 3. Mean endocardial LAT [ms] in the 17 AHA segments for the simulation using
low, mid or high-density PN (from left to right), compared to the EAM (far right).

To analyse more closely the discrepancies observed in certain AHA segments,
we present in Fig. 4 a box plot of the LAT in the EAM (top) and the simulation



(bottom). Segment medians and 25-75 percentiles are represented by the boxes,
while outliers are denoted by red crosses (jitter added for enhanced readability).
In segments 10-17 the existence of endocardial scarring divides the surface points
in the simulation into an almost bimodal distribution —some points get activated
early by the PMJs (denoted by points falling around the median) while others
get activated late due to slow propagation in the deep scar region (the outliers).
Comparing against the EAM we find that the median LAT in the EAM mea-
surements is closer to the LAT of the simulation outliers, which may be either
because the catheter measurements were not able to measure the PMJ-induced
activation, or because the PMJs in the scar region were not activated. A similar
situation exists in segments 3—5. Interestingly, in this case also the EAM mea-
surements possess outliers but in the early activation region, which appears to
indicate that at least some of the PMJ-induced activation was picked up by the
catheter measurements. In the mid anterior segments without any scarring (7-9)
the confidence intervals are roughly overlapping.

Electro-anatomical mapping
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Fig. 4. Box plots of LAT for EAM (top) and simulation (bottom) grouped by AHA
segment. Red crosses denote outliers that do not fall within the confidence intervals.
The simulated LAT exhibits a strongly bimodal distribution in segments with scarring.

5 Discussion

We presented a pipeline for EP simulations on a patient-specific LV geome-
try. Even without personalising the PN or myofibre directions, reasonably good



agreement between simulated and experimental LAT was obtained, provided
that the PMJs coverage was dense. Excitable myocytes had to be modelled in
the myocardial scar to obtain correspondence between EAM and simulation.
There may exist a viable sub-endocardial layer 3-5 cells deep (due to oxygen
diffusion from the blood pool) that allows conduction to take place in the scar.

Our model has certain limitations. It does not account for transmural vari-
ations in the myocardial cells nor variations in the AP of the PN in ischemia;
hence the validation centred mainly on the endocardial LAT. Further validation
on multiple patient-specific instances is needed to study the transmural prop-
agation and epicardial LAT should be performed, e.g. by comparing computed
ECGs to those measured in vivo.
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