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Abstract

Fiber structure governs the spread of excitation in the
heart, however, little is known about the effects of physi-
ological variability in the fiber orientation on epicardial
activation. To investigate these effects, we used computer
simulation to compare ventricular activation sequences
initiated from stimulus sites at regularly spaced depths
within the myocardium under varying rule-based fiber
ranges. We compared the effects using four characteristics
of epicardial breakthrough (BKT): location, area, shape
(calculated via the axis ratio of a fitted ellipse), and orien-
tation. Our results showed changes in the BKT character-
istics as pacing depth increased, e.g., the area increased,
the shape became more circular, and the orientation ro-
tated counterclockwise, regardless of the fiber orientation.
Furthermore, the maximal differences in epicardial activa-
tion from a single pacing site for location, area, axis ratio,
and orientation were 1.2 mm, 74 mm2, 0.16, and 26◦, re-
spectively. Our results suggest that variability in fiber ori-
entation has a negligible effect on the location, area, and
shape of the BKT, while fluctuations were observed in the
BKT orientation in response to the fiber fields, especially
for epicardial stimulation sites. Our results suggest the
fiber field orientation plays only a minor role in activation
simulations of ectopic beats.

1. Introduction

The spread of excitation in the heart is influenced by the
underlying myocardial fiber structure [1] but the impact of
variability in fiber orientation remains unknown. Although
previous studies have shown physiological variability in
fiber orientation up to 15◦on the epicardial and endocar-
dial surfaces, the impact of such variability on electrical
propagation is not well understood. [2] Previous reports
have investigated only nonphysiological fiber fields, such

as a constant fiber orientation throughout the myocardium.
[3] Knowledge of how physiological changes in fiber ori-
entation alter electrical propagation is necessary to inter-
pret epicardial and torso surface activation patterns and use
them clinically to localize sources of arrhythmias.

We hypothesized that physiological changes in myocar-
dial fiber orientation could directly affect characteristics of
the primary breakthrough (BKT) on the epicardium. To
explore this hypothesis, we created an image-based ven-
tricular model derived from a single canine heart and then
applied seven rule-based fiber fields that were varied to
have transmural fiber ranges from 90 to 150◦. [4] Eikonal
activation simulations were implemented using the Car-
diac Arrhythmia Research Package (CARP) [5] via a sin-
gle point stimulus and nine pacing depths in the left ven-
tricle free wall. To characterize the relation between my-
ocardial fiber orientation, stimulation depth, and epicardial
activation, we investigated the location, size, shape, and
orientation of the BKT. Our results showed that physiolog-
ical variations in fiber orientation have only a negligible
effect on the location, size, and shape of the BKT, but do
produce responses in the BKT orientation.

2. Methods

2.1. Simulation Model

For our study, an anatomical bi-ventricular geometric
model was derived from MRI scans of an explanted ca-
nine heart and represented using the Uniform Ventricular
Coordinates (UVC). [6, 7] The resulting mesh had an av-
erage edge length of 660 µm. Within the mesh, we used
the Python-based framework carputils [4] to implement a
rule-based fiber algorithm, which assumed a linear rotation
of the fiber angle α and imbrication angle β from the en-
docardium to the epicardium. The computed myocardial
fibers were varied to encompass a large range of physio-

Computing in Cardiology 2020; Vol 47 Page 1 ISSN: 2325-887X DOI: 10.22489/CinC.2020.399



logical values with symmetric bounds (Table 1), resulting
in a total of seven fiber fields. These fields were also de-
fined using an imbrication fiber orientation of -65◦on the
endocardium and 25◦on the epicardium. Various surfaces
required to impose Dirichlet boundary conditions within
the mesh were automatically extracted using meshtool, and
subsequent Laplacian-Dirichlet solutions were computed
within the CARPentry simulator [5, 8].

Table 1. The seven combinations of fiber fields. The fields had en-
docardial fibers that ranged from 45◦to 75◦in increments of 5◦, with a
corresponding set of epicardial fiber orientations that had symmetrical
orientations, resulting in a variable range of fiber directions from 90 to
150◦. All angles were relative to a horizontal at 0◦.

Fiber Field Endo. Orientation Epi. Orientation
A 45◦ -45◦

B 50◦ -50◦

C 55◦ -55◦

D 60◦ -60◦

E 65◦ -65◦

F 70◦ -70◦

G 75◦ -75◦

We performed simulations of the spread of activation
for every fiber model constructed and a set of pacing sites
spaced equally along a virtual transmural needle. For effi-
ciency, we used an Eikonal-based depolarization sequence
with the Cardiac Arrhythmia Research Package (CARP).
The virtual pacing needle was placed within the left ven-
tricle free wall and pacing was induced from nine depths
spaced at approximately 1.4 mm. The conduction veloc-
ities of the model were tuned to achieve total activation
times similar to those from our experiments. The longitu-
dinal conduction velocities were determined for epicardial,
mid-myocardial, and endocardial stimulation sites as 96,
102, and 97 cm/s, respectively. The transverse and sheet
conduction velocities were defined as 2/3 and 1/3 of the
longitudinal value, respectively.

2.2. Characterization Metrics

Four metrics were implemented to characterize changes
of the BKT pattern in response to different pacing depths
and fiber fields: (1) location of earliest activation, (2) area
within the BKT isochrone, and (3) shape and (4) orien-
tation of BKT isochrone. The BKT was defined as the
isochrone corresponding to 10% of the epicardial total ac-
tivation time. To determine the shape and orientation of
the BKT isochrone, its three-dimensional points were pro-
jected onto a plane fit to the region. A set of conic equa-
tions was used to fit an ellipse to these projected points.
The BKT shape was then determined via the ratio of the
major and minor axes of the fitted ellipse. In order to cal-
culate the BKT orientation, a reference axis was calculated

as follows: the long axis of the heart was approximated via
the global gradient of the UVC Z coordinate. Relative to
this coordinate systems, we selected an orthogonal plane to
contain the short axis of the heart and the orientation of the
BKT was calculated by determining the angle between the
major axis of the fitted ellipse and the short axis (Figure 1).

Figure 1. Characterization metrics of the BKT site. The location, area,
shape and orientation of the BKT site were calcualted. An ellipse was fit
to the BKT site and the ratio of the resulting major and minor axes was
used to describe the shape of the BKT. The angle (θ) between the major
axis and the short axis of the heart was its orientation.

2.3. Variability Quantification

We computed the area, shape, and orientation of the
BKT for each stimulation site and fiber orientation. To
quantify variability in the location of the BKT site, pair-
wise distances were calculated for all fiber field combina-
tions within the same stimulation site, resulting in 21 val-
ues for each stimulation site, from which we computed the
average distance.

3. Results

The location of the BKT changed in response to the im-
plemented fiber fields, with an average pairwise distance
of 0.1 ± 0.3 mm and a maximum pairwise distance of
1.2 mm. The epicardial BKT area increased as a func-
tion of pacing depth (Figure 2), increasing from 140 ±
2 mm2 for an epicardial pacing site to 650 ± 20 mm2 for
an endocardial pacing site (Figure 3A). Similarly, the ratio
of the major and minor axes of the fitted ellipse increased
with increasing pacing depth, indicating that the BKT be-
came more circular than elliptical. The axis ratio increased
from 0.49 ± 0.02 for an epicardial pacing site to 0.74 ±
0.06 for an endocardial pacing site (Figure 3B). Fiber field
G, which had the largest fiber range, consistently had the
largest area and axis ratio at each pacing site while fiber
field A, the smallest fiber range, consistently had the small-
est area and axis ratio. The orientation of the BKT pro-
gressively rotated counter-clockwise with increasing pac-
ing depth. For example, the orientation of the BKT with
respect to the short axis of the heart rotated from -51 ±
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9◦for an epicardial pacing site to 4 ± 2◦ for an endocardial
pacing site (Figure 3C). The maximum standard deviation
observed at a single pacing site across fibers was 31 mm 2

for the area of the BKT at a pacing depth of 10.8 mm, 0.06
for the axis ratio of the BKT at a pacing depth of 12.3 mm,
and 9◦for the orientation of the BKT at a pacing depth of
0.8 mm.

Figure 2. Activation time maps for increasing pacing depth and vari-
able fibers. The darkest blue region is the selected BKT isocontour and
the dashed black line is the orientation of the respective breakthrough
sites. Top. Activation maps for an endocardial stimulation at a depth of
12.3 mm for endocardial to epicardial fiber ranges of 45 to -45◦(left), 60
to -60◦(middle) and 75 to -75◦(right). Bottom. Activation maps for an
epicardial stimulation at a depth of 0.8 mm for the same fiber fields listed
previously.

4. Discussion

Cardiac electrical propagation is affected by myocardial
fiber orientation, and the resulting shape of the epicardial
breakthrough site is indicative of such influence. How-
ever, understanding the extent and degree of propagation
changes in response to fluctuations within the fiber orienta-
tion is incomplete. Using ventricular heart simulations and
rule-based fiber orientations, we captured breakthrough
features after modeling variations in the fiber orientation
to match broadly physiological ranges (Table 1). The sim-
ulations were based on the Eikonal simplification, rather
than a full bidomain formulation; however, we were con-
cerned only with the activation sequence, for which their
performances have been shown to be comparable [9]. To
understand the effects of fiber field variations, four char-
acteristics of the BKT were evaluated: the location, area,
shape, and orientation. Our results match previous find-
ings,[1] which suggested that as pacing depth increases,
the area of the BKT increases, the shape becomes more
circular, and the orientation rotates counterclockwise. We
evaluated for the first time the response of these metrics

Figure 3. Variation in the calculated BKT site (A) area, (B) axis ratio,
and (C) orientation with respect to the seven implemented fiber fields.
The legend depicted at the bottom denotes the different fiber field ranges
implemented for each stimulation depth.

with respect to the fiber variations and found that the lo-
cation, area, and shape of breakthroughs were minimally
impacted. We also noted a similar lack of response for
the BKT orientation following endocardial pacing. How-
ever, we noted that the different fiber fields had an effect on
the BKT orientation following epicardial stimulation (Fig-
ure 3).

This response to epicardial or subepicardial pacing we
hypothesize arises because the propagating wavefront trav-
els through such a small number of fibers before reach-
ing the epicardium. Therefore, the orientation of the
BKT follows that of the superficial epicardial fibers so
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closely. However, endocardial pacing sites produce acti-
vations that must travel through the majority of the fiber
field prior to reaching the epicardial surface, thus experi-
encing what appears to be a smoothing or averaging effect.
Ultimately, endocardial pacing sites resulted in BKT ori-
entations showing minimal variation with fiber orientation
due to this smoothing.

We saw very little change in the location, area, and
shape of the BKT in response to variation in fiber orien-
tation. We hypothesize that the lack of change is because
these metrics rely mostly on the transverse speed of propa-
gation, which remains constant across variations in the lon-
gitudinal orientation of the fiber fields. Perhaps as a result
of this behavior, current clinical techniques can determine
the location of the site of origin of a premature ventricu-
lar beat, only to within a region of the heart greater than
10 mm2 in surface area, and thus our location variability
of 0.2 mm is not a clinically relevant change. [10] Ad-
ditionally, the maximum variability of the area and axis
which we found to be ± 5% and ± 8%, respectively, also
do not present clinically relevant changes. A limitation
of the study is that the results were generated from pac-
ing within a small region in the left ventricular free wall.
However, such a site has no apparent bias and is at least
a promising starting point to build further results. Never-
theless, additional stimulation sites that encompass a broad
range of effects will be evaluated in the future.

The fact that our models were based on rule-based fiber
orientations represents both a potential limitation and a
strength in terms of applications. While rule-based ap-
proaches have already shown their utility[4], they are not
perfect. However, they represent the only means to impose
a carefully controlled range of fiber orientations—subject-
specific heart models can never be so controlled. Even
more relevant to the use of rule-based fibers is the find-
ing that fiber orientation appears to be a very non-critical
parameter of the models. Such findings provide even more
confidence that rule-based approaches are easily accurate
enough for simulation purposes and for clinical applica-
tions.

Future studies will focus on broadening the scope of this
project to have a greater electrocardiographic impact. The
simulations will be further applied to determine whether
the small, but visible fluctuations in orientations on the
epicardial activation isochrones fade when propagated to
the torso. Such answers are critical to setting realistic lim-
its to standard electrocardiography and to the potentially
more accurate and elaborate electrocardiographic imaging
(ECGI).
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