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Abstract

Introduction: Multiple clinical studies have aimed to as-
sess the influence of electrode placement on 12 lead elec-
trocardiogram (ECG) morphology. However, a study has
not yet been conducted in silico. We therefore aim to sys-
temically investigate the influence of electrode position-
ing on the morphology of the 12 lead ECG using a car-
diac model of electrophysiology under both healthy sinus
rhythm and right bundle branch block (RBBB).

Methods: A biophysically-detailed model of ventricular
electrophysiology of a single subject was used to model
body surface potential maps during healthy sinus rhythm
and RBBB. A systematic automatic perturbation of all
electrodes from the original subject configuration was per-
formed to replicate clinical variation. For each variation
in electrode placement, the 12 lead ECG was computed
under both conditions. Quantitative differences were as-
sessed using a time-averaged normalized Lo norm.
Results: The precordial leads that lie in closer proximity
to the heart, primarily V2 and V3, experienced the largest
morphological changes from vertical electrode movement.
Morphological variation in the augmented Goldberger
and Einthoven leads resulted predominantly from LA elec-
trode placement. The possibility of a false diagnosis
of RBBB during sinus rhythm due to improper electrode
placement was also demonstrated.

1. Introduction

The 12 lead electrocardiogram (ECG) is considered the
gold standard for initial diagnosis and long-term monitor-
ing of a variety of common cardiovascular diseases in-
cluding heart attacks and ventricular arrhythmic disorders.
Large variation in electrode positioning has been observed,
however, even among trained practitioners regardless of
standardized guidelines [1]. Such deviations induce mor-
phological changes in the recorded 12 lead ECG poten-
tially leading to improper patient diagnosis and treatment
[2]. More recently, such morphological changes have also
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been an important research topic for computer-based di-
agnostic approaches or the generation of cardiac digital
twins.

Recent clinical studies have therefore aimed to under-
stand the influence of electrode placement on the morphol-
ogy of the 12 lead ECG by manually varying electrode po-
sitions or selecting subsets of electrodes from body surface
potential maps (BSPMs) [2]. However, such studies are
typically performed on a small patient population within
a particular pathological subgroup, tend to have low or in-
consistent spatial resolution of electrode positioning due to
manual placement, or require artificial signal interpolation
from BSPM recordings. Furthermore, information on the
actual underlying electrical activity of the heart is of lim-
ited accuracy or afflicted with significant uncertainty. Bio-
physical cardiac models of electrophysiology (EP) capable
of modeling a variety of cardiovascular diseases therefore
provide a natural means to conduct such simulation stud-
ies. However, a systematic in silico study using a cardiac
model of EP has not yet been conducted.

We thus aimed to conduct an in silico study to system-
atically assess the morphological variation of the 12 lead
ECG and resulting potential for false diagnosis due to elec-
trode displacement. Healthy sinus rhythm and right bundle
branch block (RBBB) for a single subject was modeled us-
ing a biophysically-detailed in silico model of ventricular
EP previously personalized to the measured 12 lead ECG
under sinus rhythm recorded using exactly known image-
based electrode positions. Systematic perturbations of the
known electrode positioning were then performed auto-
matically using universal torso coordinates (UTCs) under
both conditions. Resultant morphological variation in the
12 lead ECG was quantified using a time-averaged normal-
ized Lo norm.

2. Methods

2.1. Model Construction

An anatomically-specific model of a single subject
(male, 45 years of age) was taken from a model cohort
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of 12 healthy subjects previously generated from clinical
magnetic resonance imaging data [3]. A 12 lead ECG
had been measured on the healthy subject using electrodes
compatible with magnetic resonance imaging left intact
during initial cardiac imaging. Primary tissues of lungs,
atria, blood pools, ventricles, and general torso tissue were
accounted for. The model had been meshed to an average
resolution of 1206 pm; 4171 pm on the torso surface and
998 um within the heart deemed suitable for simulation
(Sec. 2.2). To facilitate the automated prescription and ma-
nipulation of all EP parameters for simulation, including
electrode placement, the model had been retrofitted with an
abstract reference frame consisting of both a modified im-
plementation of universal ventricular coordinates (UVCs)
and UTCs [3].

2.2. Cardiac Simulation

The model was first constructed to generate a sinus
rhythm matching the measured 12 lead ECG of the single
subject to ensure the biophysical fidelity of the model. The
ventricular conduction system was represented using an
improved version of the biophysically-detailed and steer-
able representation of the His-Purkinje system (HPS) con-
trolled using UVCs detailed in [4]. During sinus, the HPS
was assumed to comprise 5 fascicles rooted in the en-
docardium: 3 within the left ventricle, one in the right-
ventricular septum, and one corresponding to the right-
ventricular moderator band. An artificial His-bundle sys-
tem was automatically constructed to connect the fasci-
cles. Under RBBB, an electrical block was facilitated in
a proximal right-ventricular branch site prohibiting sub-
sequent activation within the right-ventricular branch of
the network. The complete network comprised approxi-
mately 96 k nodes and 110 k branches due to a 500 um spa-
tial discretization. A total of 8.70k Purkinje-myocardial
junctions were assigned. A rapid conduction velocity of
2.00ms~! was assigned along the Purkinje fibers. An-
terograde and retrograde delays between HPS and ventric-
ular myocardium of 14.00 ms and 4 ms, respectively, were
assigned [5].

Remaining ventricular EP parameters during sinus
rhythm for the simulations were prescribed accord-
ing to experimental, clinical, and physiological studies.
General myocardial conduction velocities were assigned
0.70 ms~1! [6] along the longitudinal myocardial fiber ori-
entations with an off-axis ratio of 0.42 [7]. Fiber orien-
tations within the myocardium were implemented using a
rule-based algorithm [8] and ranged from —60° on the en-
docardium to 60° on the epicardium. Heterogeneous con-
ductivities within the ventricles were assigned according to
[7]. Tissues within the torso, lungs, atria and blood pools
were assigned isotropic conductivities according to the
nominal values reported in [9]. The cellular action poten-

tial was represented using the simplified Mitchel-Schaeffer
phenomenological model [10] using parameter settings ac-
cording to [3]. Transmural, apicobasal, anterior-posterior,
and ventricular gradients guiding heterogeneous ventricu-
lar repolarization for T-wave morphology were prescribed
using a weighted technique based on UVCs [3].

Ventricular sources and the potentials within the torso
volume were simulated using the reaction-Eikonal method
run in pseudo-bidomain mode [11] to compute extracellu-
lar potential fields throughout the torso. Activation of the
network in all conditions was initiated at the exit site of
the atrio-ventricular node. Simulations were conducted for
a single ventricular beat assumed to last 450 ms. BSPMs
were taken from the set of all potentials on the torso sur-
face for each condition (Fig. 1A).

3. Alteration of Electrode Placement

Coordinate locations of the subject electrodes were lo-
calized to nodes on the torso surface of the mesh using
meshtool [12] and provided the baseline configuration for
the study. All electrode positions were then linearly varied
from the baseline configuration by +20% along the longi-
tudinal and +10% rotational UTCs. Precordial electrodes
of V1 through V4 were shifted further upwards by an ad-
ditional 10% longitudinally to replicate observed clinical
patterns in electrode placement [1].

For each new configuration, the 12 lead ECG was com-
puted under healthy sinus rhythm and RBBB conditions.
An amplitude scaling factor of 0.23, computed between the
measured and simulated 12 lead ECG under sinus, was ap-
plied across all simulated 12 lead ECGs [3]. To provide a
quantitative description of morphological change in the 12
lead ECG resulting from a given electrode movement from
the baseline configuration, the time-averaged Lo norm was
computed for each lead and averaged across all leads for a
given simulation run. Each L, norm was normalized to the
highest observed Lo norm under the given corresponding
cardiac condition of either healthy sinus or RBBB.

4. Results

A similar trend in morphological variation in the 12 lead
ECG (Fig. 1C) is observed under both sinus and RBBB
(Fig. 1B). Upward movement of the V2 and V3 electrodes
resulted in highest overall L, norm. Higher placement
of the V1 and V2 electrodes, however, led to more visi-
ble changes due to an increasingly apparent rSr’ pattern
and T-wave inversion in these leads under both conditions.
Within the precordial leads of V3 and V4, an opposite
trend was observed. The Einthoven and augmented Gold-
berger limb leads, as well as V6, appeared relatively robust
against electrode movement. Nonetheless, movement of
the LA electrode led to slight S-wave slurring and R am-
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Figure 1. A Simulated BSPMs for a single subject during sinus-rhythm and RBBB shown at 115 ms following activation
of the His-bundle system at the exit-site of the atrio-ventricular node. B Electrode variation on the torso surface from
the clinically measured baseline configuration (red and black). C 12 lead ECGs under sinus (top) and RBBB (bottom).
Coloration of the 12 lead ECG and electrode placements corresponds to normalized L, norm quantifying morphological
variation. Baseline (orange) and measured (red) 12 lead ECGs are shown.

plitude elevation within -aVR and lead II, as well as any
morphological variation observed in leads aVL and I.

5. Discussion

The influence that electrode placement has on the mor-
phology of the 12 lead ECG, as well as on potential pa-
tient diagnosis, was investigated within a patient-specific

model of ventricular EP within a single subject. In gen-
eral, highest morphological variation was observed from
upward electrode displacement of the precordial electrodes
in close proximity to the projection of the cardiac dipole on
the BSPM that resulted in a different projection viewpoint
(Fig. 1). Alterations in the trigonometric proportions of
the Einthoven triangle due to movement of the LA elec-
trode also led to observed morphological changes in the
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limb leads.

Initial findings suggest that a false diagnosis of RBBB
could be feasible. The primary morphological character-
istics of T-wave inversion and rSr’ pattern observed in
RBBB were also observed in leads V1 and V2 during
healthy sinus rhythm given high, more centered placement
of the V1 and V2 electrodes (Fig. 1). Other morpholog-
ical features of RBBB, such as a slurred S-wave in V6
and prolonged QRS duration, were however not observed.
High electrode placement of V1 and V2 should thus be
accounted for during clinical diagnosis using the 12 lead
ECG.

Systematic perturbations of electrode placements was
conducted entirely automatically. Due to underlying mesh
resolution, the variation in electrode placement was limited
to approximately 4.20 mm resolution on the torso surface.
Furthermore, a non-linear geometric sampling is observed
due to the UTCs (Figure 1B). Linearization of the UTCs
and increasing mesh resolution would overcome such re-
strictions.

Biophysical fidelity is an important consideration when
utilizing cardiac models of EP for understanding mecha-
nisms behind clinical diagnostics and treatments. Certain
parameters that may influence the morphology of the ECG
during electrode movement may have been neglected. For
example, bones were not included within the model due
to a lack of sufficient contrast within the clinical MRIs.
Bones, however, may have electrical shielding effect par-
ticularly for the precordial leads. Within the single sub-
ject, however, a strong morphological agreement between
the measured and simulated 12 lead ECGs (Fig. 1C) under
sinus conditions was achieved for the single subject, sug-
gesting that the primary aspects of ventricular EP needed
for healthy sinus rhythm were considered. Comparison of
simulation outcomes against both experimental and clini-
cal data under all disease conditions across a larger model
cohort of multiple subjects is also needed and would fur-
ther elucidate the biophysical capabilities of the model.
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