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Abstract

Fiber structure governs the spread of excitation in the
heart; however, little is known about the effects of physiological variability in fiber orientation on epicardial activation. To investigate these effects, we implemented ventricular simulations of activation using rule-based fiber orientations, and robust uncertainty quantification algorithms
to capture detailed maps of model sensitivity. Specifically,
we implemented polynomial chaos expansion, which allows for robust exploration with reduced computational
demand through an emulator function to approximate the
underlying forward model. We applied these techniques to
examine the activation sequence of the heart in response
to both epicardial and endocardial stimuli within the left
ventricular free wall and variations in fiber orientation.
Our results showed that physiological variation in fiber
orientation does not significantly impact the location of
activation features, but it does impact the overall spread
of activation. Future studies will investigate under which
circumstances physiological changes in fiber orientation
might alter electrical propagation such that the resulting
simulations produce misleading outcomes.

1.

Introduction

The spread of excitation in the heart is influenced by the
underlying myocardial fiber structure, yet the role of variability in fiber orientation on the spread of excitation in
the heart is poorly understood. Previous studies have documented physiological variability in fiber orientation, up
to 20 degrees on the epicardial and endocardial surfaces,
but the impact of such variability on electrical propagation simulations remains largely unknown. [1] Muzikant
et al. and Franzone et al. have described the effects of
fiber orientation on myocardial activation sequences; how-
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ever, these studies lacked comprehensive statistical quantification. [2, 3] Knowledge of how physiological changes
in fiber orientation alter electrical propagation is necessary
to interpret epicardial activation patterns and torso surface
potentials in order to use them clinically to localize sources
of arrhythmias.
Many methods exist for simulation-based assessment of
sensitivity, such as Monte Carlo, brute force, or rangefinding techniques. A more sophisticated uncertainty
quantification (UQ) technique is known as polynomial
chaos expansion (PCE). PCE allows us to assess the
variability in our model outputs given assigned distributions of specific input parameters. PCE is an emulation
method that uses assumptions of the mathematical nature
of stochastic fields and allows for robust exploration of
model sensitivity with reduced computational demand.
In this study, we carried out UQ using PCE to predict the effects of myocardial fiber orientation on epicardial activation patterns. We evaluated these effects using
an image-based ventricular model derived from a single
porcine heart with applied rule-based fiber fields [4].

2.

Methods

Simulation Model: For our study, a biventricular geometric model was derived from MRI scans of an explanted
porcine heart and constructed into finite-element meshes
with an average edge length of 700 µm [5, 6]. A rulebased fiber algorithm was implemented within the mesh,
which assumed a linear rotation of the fiber angle α and helix angle β from the endocardium to the epicardium [4, 7].
The baseline myocardial fibers were set to -60◦ (αepi ) for
the epicardial fiber angle, 60◦ (αendo ) for the endocardial
fiber angle, 0◦ for the epicardial helix angle, and -35◦
for the endocardial helix angle. [1]. Various surfaces
required to impose Dirichlet boundary conditions within
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Figure 1. Activation sequence for an epicardial stimulation location. Column one shows the activation sequence for default fiber orientations. Column
two shows the mean activation sequence. Column three shows the standard deviation of the activation sequence due to both parameters. On the top row
we see the left ventricular surface and on the bottom row the right ventricular surface.

Figure 2. Parameter sensitivities for an epicardial stimulation location. Columns one and two show the standard deviation contributions of the
epicardial and endocardial fiber orientation, respectively. Column three shows the global sensitivities of the activation sequence due to both parameters.
On the top row we see the left ventricular surface and on the bottom row the right ventricular surface.
the mesh for fiber generation were automatically extracted
using meshtool, and subsequent solutions were computed
within the CARPentry simulator using a bi-Eikonal normalization method [7–9].
Uncertainty Quantification: We quantified uncertainty in
the myocardial fiber orientation using polynomial chaos
expansion as described above. Briefly, this technique uses
a polynomial function emulator to approximate the underlying forward model given input parameters. Statistical responses, such as the mean, standard deviation, and sensitivity, were computed. UQ was implemented via UncertainSCI, an open-source software [10]. For our application, we altered the orientation of the myocardial fibers,
focusing primarily on the α angle. Specifically, we varied
αepi and αendo to range between -35 to -85◦ and 35 to 85◦ ,
respectively [1]. We used uniform distributions and degree
five for all PCE evaluations.
Simulation Protocols: We examined the spread of activation in response to the uncertainty in fiber orientation
using two stimulation locations in the left ventricular free
wall. The first such location was on the epicardium, and
the second was on the endocardium, both prescribed automatically using universal ventricular coordinates [7, 11].
Eikonal activation patterns for each fiber variation were

computed using the Cardiac Arrhythmia Research Package (CARP) [8]. For the CARP simulations, the longitudinal conduction velocity was set to 97 cm/s, and the transverse and sheet conduction velocities were defined as 2/3
and 1/3 of the longitudinal value, respectively.

3.

Results

Figure 1 shows the epicardial projections of the activation sequence for default fiber orientations and the
mean and standard deviation from the UQ analysis for
an epicardial stimulation location. We see that the baseline and mean activation sequences have similar activation time patterns and ranges. Figure 2 shows the standard deviations associated with the epicardial and endocardial fiber orientations and the combined global sensitivity map. Variations in the epicardial fiber orientation produced higher standard deviations (< 9) than did variations
in the endocardial fiber orientation (< 2.7) on the left ventricle; also, the patterns of these standard deviations differed. The combined global sensitivity was generally low
but with higher regions of variability (0.6) on the right ventricle. Figure 3 shows the epicardial projections of the activation sequence for default fiber orientations and the mean
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Figure 3. Activation sequence for an endocardial stimulation location. Column one shows the activation sequence for default fiber orientations.
Column two shows the mean activation sequence. Column three shows the standard deviation of the activation sequence due to both parameters. On the
top row we see the left ventricular surface and on the bottom row the right ventricular surface.

Figure 4. Parameter sensitivities for an endocardial stimulation location. Columns one and two show the standard deviation contributions of the
epicardial and endocardial fiber orientation, respectively. Column three shows the global sensitivities of the activation sequence due to both parameters.
On the top row we see the left ventricular surface and on the bottom row the right ventricular surface.

and standard deviation from the UQ analysis for an endocardial stimulation location. As before, we see similar
activation patterns for the baseline and mean solutions and
standard deviations below than 4 ms on the right ventricle.
Figure 4 shows the standard deviations for the two parameters evaluated and the combined global sensitivity map.
Variability in the epicardial and endocardial fiber orientations resulted in a similar degree of standard deviation for
the epicardial activation times (< 3.6 ms), but presented
with different patterns. Again the global sensitivity was
overall low with slightly higher (0.2) regions of variability
on the basal right ventricle.

4.

Discussion

Myocardial fibers govern the spread of excitation in the
heart; however, the current understanding of the extent and
degree to which propagation varies in response to fluctuations in the fiber orientation is incomplete. The goal of
this study was to evaluate the role of myocardial fiber orientation in the setting of activation sequences through UQ.
We implemented ventricular heart simulations, rule-based
fibers, and robust UQ algorithms to capture detailed quan-

titative results. We found that physiological variation in
fiber orientation did not impact the locations of epicardial
activation features; however, variation in fiber orientation
did impact the overall spread of activation.
We observed that for epicardial stimulation locations,
the baseline solution and mean solution had similar activation patterns and ranges. Variability in the epicardial
fiber orientation produced much larger standard deviation
maps than did endocardial fiber direction. However, standard deviation associated with epicardial variation showed
minimal values (1 ms) near regions of earliest activation.
This result is unexpected because propagating wave fronts
follow closely the superficial epicardial fibers. In fact, it
is the later period of activation, when it has spread to the
base and apex of the heart, that corresponds with the higher
standard deviations. The regions of later activation are also
the most sensitive to variation in endocardial fiber orientation (Figure 2), suggesting that regions of later activation
are no longer just a function of the superficial fibers but
also of fibers deeper within the myocardium.
Endocardial stimulation also produced very similar
baseline and mean activation patterns and ranges. Standard deviations were smaller overall than from the epicar-

Page 3

dially paced beat and were larger on the right ventricle than
the left. The region of breakthrough showed some of the
smallest standard deviations, suggesting very little effect
of fiber orientation on transmural breakthrough locations.
Like before, the largest standard deviations (4 ms) arose
in areas on the right ventricle corresponding to regions of
latest activation. A mechanism for this behavior is that a
beat paced from the left ventricular endocardium circles
around the heart, leading to two distinct wave fronts in a
V-shape (Figure 3) that collide and terminate the activation
sequence. One can expect the location of this collision to
be very sensitive to fiber orientation, which is what all the
maps in Figure 4 suggest.
Our models used rule-based fiber orientations, which
can be seen as both a limitation and a strength. Rule-based
approaches have already shown their utility[4], but they are
not perfect. However, they represent the only parameterized description of fiber orientation, which allowed us to
impose a carefully controlled range of fiber orientations,
whereas subject-specific heart models lack such control.
A further limitation is that the simulations were based on
the Eikonal simplification rather than a full bidomain formulation, which reflects our focus on only the activation
sequence, for which the Eikonal and full bidomain performances have been shown to be comparable [12].
Overall, we observed that uncertainties in fiber orientation may have minimal impact on clinical procedures such
as the localization of premature ventricular contractions,
which rely primarily on the identification of sites of early
activation. We saw very small standard deviations in those
regions. Alternatively, we observed the largest degree of
variability late in the activation sequence in regions remote
from the stimulus. Such variability may have an impact
on modeling reentrant arrhythmias because changes in the
activation sequence based on fiber orientation may cause
differences in the site of reentry, or even the presence of
any reentry. Future studies will focus on exploring this
wider range of arrhythmias with the goal of understanding
the role of fiber orientation in predicting and localizing all
forms of abnormal electrical activity in the heart.

Acknowledgments
Support for this research came from the NIH /
NIGMS Center for Integrative Biomedical Computing (www.sci.utah.edu/cibc), NIH NIGMS grant R24
GM136986, the NSF GRFP, and the Nora Eccles Treadwell Foundation for Cardiovascular Research.

healthy population. IEEE Transactions on Medical Imaging
2012;31(7):1436–1447.
[2] Muzikant AL, Henriquez CS. Bipolar stimulation of
a three-dimensional bidomain incorporating rotational
anisotropy. IEEE Transactions on Biomedical Engineering
1998;45(4):449–462.
[3] Franzone PC, Guerri L, Pennacchio M, Taccardi B. Spread
of excitation in 3-d models of the anisotropic cardiac tissue. ii. effects of fiber architecture and ventricular geometry. Mathematical Biosciences 1998;147(2):131–171.
[4] Bayer JD, Blake RC, Plank G, Trayanova NA. A novel rulebased algorithm for assigning myocardial fiber orientation
to computational heart models. Annals of Biomedical Engineering 2012;40(10):2243–2254.
[5] Zenger B, Good WW, Bergquist JA, Burton BM, Tate JD,
Berkenbile L, Sharma V, MacLeod RS. Novel experimental model for studying the spatiotemporal electrical signature of acute myocardial ischemia: a translational platform.
Physiological Measurement 2020;41(1):15002. ISSN 13616579.
[6] CIBC, 2016.
Cleaver: A MultiMaterial Tetrahedral Meshing Library and Application. Scientific Computing and Imaging Institute (SCI), Download from:
http://www.sci.utah.edu/cibc/software.html.
[7] Gillette K, Gsell MA, Prassl AJ, Karabelas E, Reiter U, Reiter G, Grandits T, Darko v, Urschler M, Bayer J, Augustin
CA, Neic AV, Pock T, Vigmond EJ, Plank G. A framework
for the generation of digital twins of cardiac electrophysiology from clinical 12-leads ECGs. Accepted Medical Image
Analysis 2021;.
[8] Vigmond E, Dos Santos RW, Prassl A, Deo M, Plank G.
Solvers for the cardiac bidomain equations. Progress in
Biophysics and Molecular Biology 2008;96(1):3–18.
[9] Neic A, Gsell MA, Karabelas E, Prassl AJ, Plank G. Automating image-based mesh generation and manipulation
tasks in cardiac modeling workflows using meshtool. SoftwareX 2020;11:100454.
[10] Rupp LC, Liu Z, Bergquist JA, Rampersad S, White D, Tate
JD, Brooks DH, Narayan A, MacLeod RS. Using uncertainsci to quantify uncertainty in cardiac simulations. In 2020
Computing in Cardiology. IEEE, 2020; 1–4.
[11] Bayer J, Prassl AJ, Pashaei A, Gomez JF, Frontera A, Neic
A, Plank G, Vigmond EJ. Universal ventricular coordinates: A generic framework for describing position within
the heart and transferring data. Medical Image Analysis
2018;45:83–93.
[12] Neic A, Campos FO, Prassl AJ, Niederer SA, Bishop MJ,
Vigmond EJ, Plank G. Efficient computation of electrograms and ecgs in human whole heart simulations using a
reaction-eikonal model. Journal of Computational Physics
2017;346:191–211.
Address for correspondence:

References
[1]

Lombaert H, Peyrat JM, Croisille P, Rapacchi S, Fanton L,
Cheriet F, Clarysse P, Magnin I, Delingette H, Ayache N.
Human atlas of the cardiac fiber architecture: study on a

Name: Lindsay Cecala Rupp
Full postal address: SCI Institute, University of Utah, 72 Central
Campus Dr, Salt Lake City, UT 84112
E-mail address: lindsay.rupp@utah.edu

Page 4

