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Abstract

Introduction: The location of the accessory pathway (AP)
in Wolff-Parkinson-White (WPW) may serve as a bio-
marker for patient morbidity. We therefore aimed to inves-
tigate the influence of the location of a typical AV bypass
tract on the 12 lead ECG using a physiologically-detailed
whole heart model of electrophysiology (EP) that is ca-
pable of providing in-depth information on the underlying
electrical mechanisms of WPW.
Methods: In previous work, a physiologically-detailed
model of whole heart EP was built and personalized for a
single subject to generate a realistic normal sinus rhythm.
Locations of APs used were automatically inserted within
the heart using universal ventricular coordinates (UVCs)
to model a typical AV bypass tract. For every location,
cardiac sources and 12 lead ECGs were computed using
an efficient cardiac simulator. 12 lead ECGs were evalu-
ated for clinical markers of WPW. Electrical mechanisms
are explored for two locations exhibiting highest and low-
est morphological differences in the 12 lead ECG.
Results: Retrograde activation of the His-Purkinje System
(HPS) that later merges with the wave-front stemming from
normal activation of the HPS is observed. Not all APs re-
sulted in 12 lead ECGs exhibiting morphological markers
for WPW under clinical evaluation. This may be due to the
representation of the AP or inherent dynamics of WPW.

1. Introduction

WPW syndrome is a common clinical disorder affecting
up to 2.0% of the population leading to paroxysmal pal-
pitations and morbidity through supraventricular tachycar-
dias or sudden cardiac arrest [1]. The disease is classified
by the presence of one or more APs allowing abnormal an-
tegrade AV conduction outside of the normal conduction
system through the AV node that connects with the His-

Bundle of the ventricular HPS [2]. Although non-invasive
localization of the AP using the 12 lead ECG or invasive
electro-anatomical mapping has limitations, the location
of the AP may also serve as a bio-marker for the extent
of disease manifestation and morbidity, as well as ablation
success [3].

Clinical studies have therefore been conducted to ex-
plore the influence of location of APs on clinically relevant
ECG metrics in the 12 lead ECG indicative of cardiac dis-
ease and the prognosis of patients [4]. Clinical studies are
limited, however, due to ethical and experimental limita-
tions and fail to offer insight into electrical phenomena. In
silico cardiac models of EP have been utilized to both un-
derstand the actual mechanisms of WPW within the heart
and to assist in automated localization approaches. How-
ever, previous in silico studies have only been performed
on simplified models due to computational restrictions.

We therefore aimed to investigate the underlying elec-
trical mechanisms of WPW with a typical short AV bypass
tract allowing antegrade conduction from the atria to the
ventricles. To explore the role of location on the 12 lead
ECG, locations of APs were automatically sampled within
the electrically-isolated basal surface using UVCs. Simu-
lated 12 lead ECGs are compared to healthy sinus rhythm
and evaluated using clinical markers. For two locations
producing the minimal and maximal morphological varia-
tion in the 12 lead ECG, electrical phenomena within the
heart are detailed.

2. Methods

Within previous work, a model of ventricular EP was
built from clinical magnetic resonance images and person-
alized according to clinically-recorded 12 lead ECGs for a
single subject (male, 45 years of age) [5]. This model was
extended to include a more physiologically-detailed repre-
sentation of the HPS [6]. Atrial EP was then accounted for
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and delayed AV conduction was allowed through an AV
node located at the base of the right atrium connected to
the HPS. Both ventricular outflow tracts were assigned as
generic tissue in the torso volume conductor. Repolariza-
tion was dictated by gradients in action potential duration
within the Mitchell-Schaeffer ionic model that were imple-
mented by assuming a linear relationship with activation
as reported within experimental work [7–9]. To automat-
ically control and alter parameters of EP, the model had
been equipped with an abstract reference frame compris-
ing both UVCs [10] and universal atrial coordinates [11].
For full details and intricacies on the model and personal-
ization, we refer to [5, 6, 8].

2.1. Sampling Schematic

Locations of APs allowing antegrade conduction within
the electrically-isolated basal surface of the heart were au-
tomatically sampled using UVCs [5]. Within each ven-
tricles, the rotational coordinate was sampled 20 times
through the full rotational range. Within the left and right
ventricles, the rotational limits are ±π and ±π/2, respec-
tively. For each rotational value, an AP was then sampled
at the endocardium (ρ = 0). As the ventricular outflow
tracts were not considered conductive myocardium, loca-
tions within this region were removed from the sampling
set. In total, 16 left-sided and 7 right-sided locations were
sampled to total 23 APs.

2.2. Cardiac Simulation

Only a single heart beat wass modeled. Underlying car-
diac sources and the 12 lead ECGs were computed for
every sampled AP location in addition to normal sinus
rhythm. Cardiac activation and repolarization was sim-
ulated using the reaction-Eikonal method in the mono-
domain formulation without diffusion [12]. 12 lead ECGs
were computed using lead field matrices [13]. The simula-
tion framework was implemented within CARPentry [14]
and the openCARP simulation environment [15].

2.3. ECG Analysis

All 12 lead ECGs were filtered using a low-pass 60Hz
filter in accordance with typical clinical filter settings. To
account for amplitude scaling occurring in lead field pro-
jection, all signals were also scaled by 0.275. The extent
of morphological variation from the 12 lead ECG under
normal sinus rhythm was quantified using a L2-norm.

3. Results

UVCs could be used to automatically sample locations
of APs within the electrical isolation layer of the ventri-

cles. Highest and lowest observed losses of 0.82 and 0.45
occur in locations on the anterior side of the left ventric-
ular near the right ventricular outflow tract and on the en-
docardium of the right-ventricular free wall, respectively
(both indicated on Fig. 1A). Not all 12 lead ECGs ex-
hibit features indicative of WPW. Within sites located on
the right-ventricular free wall and for a site located on the
posterior left-ventricular free wall normal sinus rhythm is
mostly maintained.

At the location on the right-ventricular free wall, normal
sinus rhythm is mostly maintained as the pre-excitation
of the right ventricle progresses slowly and does not dis-
rupt normal activation of the left ventricle (bottom panel
Fig. 2). A merging of the two wave-fronts is observed and
results in activation resembling normal sinus rhythm (com-
pare 275ms on bottom and top panels in Fig. 2). Although
a delta wave is more present than under sinus conditions,
a prolonged PR interval outside clinical markers for WPW
is thus observed from this activation pattern. The expected
negative deflection in V1 is however, observed due to a
lack of left-ventricular activation and a right-ventricular
wave-front that generates no positive signal for V1.

When the location of the AP is located on the anterior-
side of the left-ventricular epicardium, as seen in the high-
est loss, activation of the ventricles occurs altogether ear-
lier but in a similar pattern (center panel in Fig. 2). All
common markers of WPW include a shortened PR inter-
val, presence of a delta wave, and a QRS complex greater
than 120ms were observed within the 12 lead ECG in this
location. Note that precordial leads V1 and V2 have a
strong positive deflection resulting from more basal activa-
tion of the right ventricle from the left-ventricular septum
(see 200ms and 225ms in center panel of Fig. 2) agreeing
with clinical markers for Type A WPW. Earlier onset or
inversion of the T-wave is observed as abnormal repolar-
ization is linked to abnormal activation.

4. Discussion

Mechanisms underlying WPW were studied within a
personalized and physiologically-detailed model of whole
heart EP of a single subject. Locations of APs allowing
antegrade conduction were sampled within the electrically-
isolated basal surface and simulated using an efficient car-
diac simulator. Data developed during this study could be
used for localization algorithms when expanded to a larger
model cohort capable of representing the WPW patient
population.

A more complex model of the AV bypass tract is needed,
as simulated 12 lead ECGs for sampled locations of APs
(Figure 1A) did not consistently exhibit standard clinical
manifestations of WPW for the relevant type (Fig. 1B).
Pathways are known to behave more similar to a Purkinje
fiber of various lengths stemming from an atrial insertion

Page 2



Figure 1. Locations of APs within the electrically-isolated basal surface (A) lead to morphological variations in the 12
lead ECG (B). Coloration corresponds to the L2-norm compared to the simulated 12 lead ECG under normal sinus rhythm
(black). The locations with the highest and lowest observed L2-norms are indicated. Location of the AV nodal pathway is
also indicated and colored in red.

Figure 2. Trans-membrane voltage within the heart for a single AP resulting in the highest (center) and lowest (bottom)
morphological differences in the 12 lead ECG in contrast to normal sinus rhythm (top). Membrane voltages for the atria
are color-coded according to the color map. Green isolines in the ventricles indicate −40mV.

point to the ventricles. This facilitates shortened PR in-
tervals and the onset of the delta wave. Different conduc-
tion properties of both the HPS and the AP could then be
explored. The existence of APs within the the right and

left-ventricular outflow tracts should also be considered.

Various other types and mechanisms of WPW must be
modeled to gain clinical viability in later studies. Namely,
the most frequent arrhythmia in WPW termed orthodromic
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AV re-entrant tachycardia, characterized by antegrade con-
duction of the HPS and retrograde conduction over the
AP, was not yet modeled due to limitations in the simu-
lation framework. Modelling during pacing near the AP
or during atrial fibrillation instead of normal sinus rhythm
may reveal more clear signs of pre-excitation that could be
compared to standard diagnostic algorithms. Mechanisms
leading to sudden cardiac death and ventricular tachycar-
dia within WPW were also not yet explored and remain
unclear. Regardless, the model presented is a first step to-
wards understanding more complex pathways in silico.
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