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Abstract

Predictive models and simulations of cardiac function
require accurate representations of anatomy, often to the
scale of local myocardial fiber structure. However, acquir-
ing this information in a patient-specific manner is chal-
lenging. Moreover, the impact of physiological variabil-
ity in fiber orientation on simulations of cardiac activation
is poorly understood. To explore these effects, we imple-
mented bi-ventricular activation simulations using rule-
based fiber algorithms and robust uncertainty quantifica-
tion techniques to generate detailed maps of model vari-
ability. Specifically, we utilized polynomial chaos expan-
sion, enabling efficient exploration with reduced computa-
tional demand through an emulator function approximat-
ing the underlying forward model. Our study focused on
examining the epicardial activation sequences of the heart
in response to six stimuli locations and five metrics of acti-
vation. Our findings revealed that physiological variability
in fiber orientation does not significantly affect the location
of activation features, but it does impact the overall spread
of activation. We observed low variability near the earliest
activation sites, but high variability across the rest of the
epicardial surface. We conclude that the level of accuracy
of myocardial fiber orientation required for simulation de-
pends on the specific goals of the model and the related
research or clinical goals.

1. Introduction

Personalized computational models play an increasingly
important role as a reliable approach to studying the mech-
anisms of cardiac arrhythmias and treatment strategies. [1]
One crucial component of personalized modeling is ac-
curately representing cardiac anatomy and local myocar-
dial fiber orientation to create the digital twin. Common
approaches to capturing this information include image-

based acquisition and rule-based algorithms. [2, 3] In ei-
ther method, fiber directions contain errors, the impacts
of which are incompletely understood. Physiological vari-
ability of up to 20 ◦ also exists on the epicardial and endo-
cardial surfaces. [4] The impacts of such variability on the
predicted spread of electrical activation also remain largely
unknown.

The effect of variable fiber orientation on myocardial
activation sequences has been reported; however, these
studies lacked comprehensive statistical analysis. [5, 6]
Many methods exist for simulation-based uncertainty as-
sessment, such as Monte Carlo or range-finding tech-
niques. A more sophisticated uncertainty quantification
(UQ) technique is non-intrusive polynomial chaos expan-
sion (PCE) methods. Non-intrusive PCE methods use ad-
vanced sampling methods to exploit structure in stochastic
fields or processes of interest to reduce the requisite com-
putational demand for obtaining accurate statistics. [7]

In this study, we simulated cardiac activation from
ventricular-paced beats using an Eikonal model, rule-
based fiber orientations, and robust uncertainty quantifi-
cation algorithms to capture detailed maps of model sen-
sitivity. Overall, for all six stimuli locations, two trends
emerged: (1) epicardial stimuli generate activation se-
quences with higher levels of variability than endocar-
dial stimuli, and (2) endocardial stimuli produce sequences
with increased areas of variability. Furthermore, we ob-
served low variability for the earliest and latest activation
sites but high variability for the orientation and area of the
breakthrough site. In summary, the responses to uncer-
tainty in fiber direction depended on both stimulus param-
eters and the output metrics of interest.

2. Methods

Biventricular geometric models were generated from
magnetic resonance images of explanted porcine hearts in
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the form of finite-element meshes (edge length, 700 µm).
[8] Activation sequences were computed with CARPentry
using an Eikonal model. [9] We examined the spread of ac-
tivation in response to the uncertainty in fiber orientation
using six stimulation locations: epicardial and endocardial
apex, epicardial and endocardial left ventricular free wall,
and epicardial and endocardial right ventricular free wall.
All locations were prescribed automatically using univer-
sal ventricular coordinates. [10, 11]

The rule-based fiber algorithm assumed a linear rota-
tion of the fiber angle α and helix angle β from the endo-
cardium to the epicardium. [3] The baseline epicardial and
endocardial fibers were set to -60◦ (αepi) and 60◦ (αendo),
respectively, and the helix epicardial and endocardial fibers
were set to 0◦ (βepi) and -35◦ (βendo), respectively. [4] We
altered αepi and αendo uniformly between -35 to -85◦ and
35 to 85◦, respectively. [4]

We quantified the effects of uncertainty in the fiber ori-
entation using PCE via the open-source software Uncer-
tainSCI. [7] UncertainSCI used a polynomial function em-
ulator of degree five (31 samples) to approximate the un-
derlying forward model. The statistical response, mean,
and standard deviation (STD) were calculated for epicar-
dial projections of the activation sequence. In addition,
we analyzed five activation metrics: (1) the total activation
time, (2) the location of the earliest epicardial activation
(breakthrough) for the endocardial left and right ventricu-
lar free wall stimuli, (3) the location of the latest activa-
tion, (4) the orientation of the breakthrough site isochrone
(10% of epicardial total activation time) for the epicardial
and endocardial left ventricular free wall stimuli, and (5)
the area of the breakthrough site isochrone for all stimuli
except the endocardial apex. [12] To determine the ori-
entation of the breakthrough isochrone, we projected its
three-dimensional shape onto a plane, and used a set of
conic equations to fit an ellipse to these projected points.

3. Results

Figure 1A shows the mean and STD activation times for
epicardial and endocardial apex stimuli. For both stimuli,
the STD values were lower (≤ 0.8 ms) near the stimulus
and higher (≤ 6.4 ms) near the base of the heart. Fig-
ure 1B shows the equivalent results for the left ventricu-
lar free wall stimuli. For the epicardial stimulus, the STD
values were higher (≤ 8.3 ms) near flanking regions of the
breakthrough site and lower (' 0 ms) at the breakthrough
and termination sites. For the endocardial stimulus, the
STD patterns were more complex than the epicardial stim-
ulus. Specifically, the variability was higher (≤ 4.4 ms)
near flanking regions of the breakthrough site and lower
(≤ 0.1 ms) STD at the breakthrough. Figure 1C shows
the results for right ventricular free wall stimuli; the epi-
cardial stimulus showed similar patterns, relative to the

stimulation site, as the epicardial left ventricular free wall
stimuli. As before, the variability was higher (≤ 6.1 ms)
near flanking regions of the breakthrough site and lower
(≤ 0.3 ms) STD values near the breakthrough sites. How-
ever, the endocardial stimulus differed, such that the left
ventricular free wall had higher STD near the base of the
heart, and the right ventricular free wall had higher STD
near the apex of the heart.

The variability in fiber orientation produced high STDs
of activation time compared to the total activation time,
ranging between 3.2–8.8%. The location of the earliest ac-
tivation site changed only minimally in response to vari-
able fiber fields, with an STD range of 0.05–1.12 mm.
Similarly, the latest activation site had low STDs: 0.02–
9.33 mm. The orientation of the breakthrough site with
respect to the short axis of the heart following LV stim-
ulation was -51.2 ± 14.2◦for an epicardial stimulus and
27.0 ± 12.8◦for an endocardial. The minimum STD val-
ues for the area of the breakthrough site were 7.7 mm2 and
44.4 mm2 for epicardial and endocardial stimuli, respec-
tively. The equivalent maximum STDs were 27.2 mm2 and
75.5 mm2, respectively.

4. Discussion

Predictive models and simulations of cardiac function
require accurate representations of anatomy, often to the
scale of local myocardial fiber structure. This study aimed
to evaluate the role of fiber orientation on epicardial activa-
tion sequences using robust UQ. We implemented biven-
tricular Eikonal simulations, rule-based fiber algorithms,
and PCE techniques to capture detailed quantitative re-
sults. [3,7] Our findings suggest that fiber orientation has a
minimal role in the location of discrete activation features
but creates substantial variability in the overall spread of
activation.

We observed for all stimuli that the baseline and mean
activation sequences had similar activation time patterns
and ranges (not shown), indicative of an underlying lin-
ear relationship between fiber orientation and epicardial
activation. Overall, for all six stimulus sites, two trends
emerged: (1) epicardial stimuli generate beats with overall
higher STDs, and (2) endocardial stimuli produce overall
increased surface areas of higher STD.

For the activation sequence metrics, we observed overall
low variability in the locations of earliest and latest activa-
tion. However, the orientation of breakthrough isochrone
showed high variability; furthermore, the epicardial stim-
uli produced higher STD values than the endocardial stim-
uli. These results are not surprising because an epicar-
dial stimulus travels only a short distance before reach-
ing the epicardial surface, and the orientation of the break-
through region closely follows that of the superficial epi-
cardial fibers. However, waves from endocardial stimuli
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Figure 1: Uncertainty quantification of epicardial activation sequences. The top panel (A) shows the epicardial activation
times for epicardial (left) and endocardial (right) apex stimuli locations. The middle panel (B) shows the activation se-
quence for epicardial (left) and endocardial (right) left ventricular free wall stimuli locations. The bottom panel (C) shows
the activation sequence for epicardial (left) and endocardial (right) right ventricular free wall stimuli locations. For each
panel, row one shows the mean activation sequence and row two shows the standard deviation of the activation sequence.
Each panel shows views from three perspectives along the long axis of the heart: apical, left lateral, and right lateral side.
The orange line(s) in panel B are an approximation of the breakthrough site orientation.
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travel much further through a rotating fiber field before
reaching the epicardial surface, thus experiencing rotation
and smoothing. The longer pathway makes them more
susceptible to variations in fiber orientation than epicar-
dially paced beats. The area of breakthrough isochrones
showed high variability, and the endocardial stimuli pro-
duced higher STD values than the epicardial stimuli, the
opposite trend from the breakthrough site orientation. [12]

Because we focused on activation sequences, we se-
lected the Eikonal simplification, but such a model lacks
curvature effects [13]. A further limitation came from the
analysis being applied to a single geometry and polyno-
mial degree; however, we have explored both parameter
spaces and found them to yield similar results. Lastly, we
implemented rule-based fiber orientations, which can be
seen as both a limitation and a strength. Rule-based algo-
rithms are imperfect; however, they represent a parameter-
ized description of fiber orientation, allowing us to impose
a controlled range of fiber orientations; subject-specific
fiber orientations lack such control. [3]

Our findings suggest that uncertainties in fiber orienta-
tion are unlikely to significantly affect clinical procedures
that depend on identifying sites of early activation, such
as the localization of focal arrhythmias. However, we did
observe high variability throughout the spread of activa-
tion, which could potentially impact the modeling of re-
entrant arrhythmias, resulting in differences in the site or
even the existence of re-entry. The effects on computed
extracellular potentials and ECGs could also be substan-
tial, with profound impacts on ECG imaging and localiza-
tion of arrhythmias from the body surface. Future studies
will explore a broader range of arrhythmias to improve our
understanding of fiber orientation variability in predicting
and localizing abnormal electrical activity in the heart.
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