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ABSTRACT Cardiac electrical excitation-propagation is influenced by myocyte orientations (cellular organization). Quantita-
tively understanding this relationship presents a significant research challenge, especially during arrhythmias in which excitation
patterns become complex. Tissue-scale simulations of cardiac electrophysiology, incorporating both dynamic action potential
behavior and image-based myocardial architecture, provide an approach to investigate three-dimensional (3D) propagation
of excitation waves in the heart. In this study, we aimed to assess the importance of natural variation in myocyte orientations
on cardiac arrhythmogenesis using 3D tissue electrophysiology simulations. Three anatomical models (i.e., describing myocyte
orientations) of healthy rat ventricles—obtained using diffusion tensor imaging at 100 um resolution—were registered to a single
biventricular geometry (i.e., a single cardiac shape), in which the myocyte orientations could be represented by each of the diffu-
sion tensor imaging data sets or by an idealized rule-based description. The Fenton-Karma cellular excitation model was modi-
fied to reproduce rat ventricular action potential duration restitution to create reaction-diffusion cardiac electrophysiology
models. Over 250 3D simulations were performed to investigate the effects of myocyte orientations on the following: 1) ventric-
ular activation, 2) location-dependent arrhythmia induction via rapid pacing, and 3) dynamics of re-entry averaged over multiple
episodes. It was shown that 1) myocyte orientation differences manifested themselves in local activation times, but the influence
on total activation time was small; 2) differences in myocyte orientations could critically affect the inducibility and persistence of
arrhythmias for specific stimulus-location/cycle-length combinations; and 3) myocyte orientations alone could be an important
determinant of scroll wave break, although no significant differences were observed in averaged arrhythmia dynamics between
the four myocyte orientation scenarios considered. Our results show that myocyte orientations are an important determinant of
arrhythmia inducibility, persistence, and scroll wave break. These findings suggest that where specificity is desired (for example,
when predicting location-dependent, patient-specific arrhythmia inducibility), subject-specific myocyte orientations may be
important.

SIGNIFICANCE The pumping of the heart is coordinated by the rhythmic propagation of electrical impulses. Irregular
rhythms, or “arrhythmias,” occur when electrical activity becomes complex and overrides normal pacemaking, leading to
loss of cardiac output and, often, sudden death. Conduction patterns in the heart are critically influenced by cellular
“myocyte” orientations, yet the extent to which variation between subjects facilitates the development of arrhythmias
remains unresolved and is often overlooked. Using novel, high-resolution, image-based computational models of the
mammalian heart incorporating gross anatomy and myocyte orientations, we show that differences in myocyte
organization alone between subjects critically influences inducibility and the persistence of arrhythmias. Our findings
signify that myocyte orientations are an important consideration for arrhythmia inducibility risk quantification on a patient-
specific basis.

INTRODUCTION morbidity and mortality globally, yet remain incompletely
understood (1). Arrhythmias are complex, multiscale phe-
nomena dependent on cellular electrophysiology (i.e., ion
currents and homeostasis) yet emerging only in tissue, in
which electrical propagation is influenced by structural fea-
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which determine conduction pathways, respectively). A
detailed understanding of the interacting role of all of these
features is vital for a full dissection of arrhythmia mecha-
nisms and ideally requires direct visualization of excita-
tion-propagation within the three-dimensional (3D) in vivo
beating heart (2). This is not yet technically feasible, and
studying arrhythmias continues to present a significant
research challenge.

Mapping electrical activity during arrhythmias, using
techniques such as optical imaging, is one approach that
has been used to shed light on the mechanisms of VF
(3.4). Reaction-diffusion models of cardiac electrophysi-
ology, which incorporate both dynamic action potential
(AP) behavior and myocardial architecture from imaging
modalities such as diffusion tensor imaging (DTI) (5) and
contrast-enhanced micro-CT (6), offer an alternative
approach for studying the complex 3D organization of exci-
tation waves during arrhythmias (2,7). An integrative
computational approach offers the advantage of allowing
the investigator direct control of important factors that influ-
ence arrhythmia dynamics, such as ionic current properties
and tissue structure and anisotropy (8). Furthermore, study-
ing the filament dynamics of scroll waves offers an approach
to quantify the complex spatiotemporal activity that under-
lies arrhythmias such as VF (9).

Mathematical modeling of cardiac electrophysiology has
proven a useful tool for unraveling mechanisms of ventric-
ular arrhythmogenesis, including under pathophysiological
conditions and pharmacological modulation (10-14). How-
ever, the field of computational cardiac modeling, which is
now more than half a century old (15), is beginning to move
beyond the single virtual heart paradigm as the need to ac-
count for intersubject variability has begun to emerge
(16). Recent studies have focused in particular on cellular
electrophysiological variability, with an emphasis on how
this might influence proarrhythmic risk and pharmacolog-
ical response (17). The effects of intersubject variability in
the complex myocyte orientations of the heart (i.e., cellular
organization, typically termed “fiber orientation” in the
literature) on arrhythmia dynamics, however, have been
less extensively studied; such analysis would therefore pro-
vide an important insight into arrhythmia mechanisms and
patient variability.

A standard approximation in simulation studies, in the
absence of high-resolution sample-specific information, is
to assign myocyte orientations to models of the heart using
a set of rules (18,19) representing a “one size fits all”
approach. As computational cardiac models are being
used increasingly for safety-critical applications such as
arrhythmia risk quantification on a patient-specific basis
(20), however, there is also a growing need to understand
how important these features are for the specificity of repro-
ducing electrical patterns in individual patients. We sought
to characterize quantitatively how variability in myocyte
orientations influences ventricular activation and arrhythmia
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dynamics. Specifically, we aimed to assess if myocyte orga-
nization is an important factor determining intersubject vari-
ability in the following: 1) activation patterns and total
activation time; 2) specific arrhythmia dynamics; and 3)
overall vulnerability to arrhythmia; and therefore, its impor-
tance for predictive patient-specific models. To this end, we
created a single bi-ventricular geometry in which everything
but the myocyte orientations was fixed, eliminating all other
non-structural determinants of electrical activity. It was
hypothesized that intersubject variability in cardiac myocyte
orientations plays an important role in determining ventric-
ular arrhythmia dynamics.

MATERIALS AND METHODS
DTI reconstructions

Diffusion tensor magnetic resonance imaging (MRI) represents the state-of-
the-art in nondestructive determination of myocyte orientations in the heart
(21). This method is based on characterization of the diffusivity of water
molecules throughout the myocardium, which probe the tissue microstruc-
ture through revealing preferential directions of diffusion at the microscopic
scale (22). Previously, five healthy rat hearts were perfusion and immersion
fixed ex vivo using low osmolality Karnovsky’s fixative and then imaged
using a diffusion-weighted fast spin echo sequence at a resolution of
100 um isotropic (23). Myocyte and sheetlet orientation angles were subse-
quently reconstructed from these data sets using methods described in detail
elsewhere (23,24). Ventricular geometries were segmented out, and vari-
ability in ventricular myocyte orientations (helix, transverse, and sheetlet
angles) were quantified, as shown in Fig. S1. It can be seen from histograms
of the angles that whereas the overall morphology of the distributions was
consistent (e.g., a peak in the transverse angle at ~0°), a degree of vari-
ability in the organization of myocyte and sheetlet orientation angles ex-
isted between the five data sets (for a more detailed quantitative
characterization, see (23)).

In this study, three of these hearts with the most similar shapes
and volumes (Hearts 1, 3, and 5; Table S1) were used to create a single
bi-ventricular geometry (i.e., a single cardiac shape). Briefly, the left
ventricular apices of the three data sets were aligned, and only voxels
that were common to all three reconstructions were preserved. This
simple approach yielded a single hybrid bi-ventricular geometry within
which the myocyte orientations could be represented by each of the three
DTI-based anatomical data sets (referred to as DTI1, DTI2, and DTI3,
respectively) with no registration errors or interpolation involved. As my-
ocyte orientations in cardiac modeling studies are typically based on two
values of the diffusion coefficient (longitudinal and transverse), axially
symmetric anisotropy was assumed for all DTI-based myocyte orienta-
tion scenarios (i.e., based on the primary eigenvector alone). In a prelim-
inary study, we showed that simulated arrhythmia dynamics under
anisotropic and orthotropic conditions were quantitatively similar (24),
supporting the appropriateness of this simplification. Histograms of the
helix and transverse angles for the newly created DTI1, DTI2, and
DTI3 myocyte orientation scenarios are shown in Fig. S2, in which it
can be seen that variability observed in the unprocessed data was
preserved.

Rule-based myocyte orientations

As an additional comparator, a rule-based (RB) assignment of myocyte ori-
entations was performed on the ventricular geometry, based on methods
described previously (25,26). Briefly, an idealized bi-ventricular geometry,
wherein the left ventricle (LV) and right ventricle (RV) were modeled as
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thick- and thin-walled truncated ellipsoids, respectively, was overlain on to
the hybrid bi-ventricular geometry to assign myocyte orientation at each tis-
sue voxel. A value of the helix angle, «, was assigned by o = R(1 — 2d),
where R = 60° defines transmural myocyte rotation (varying from +R at
the endocardium to —R at the epicardium), and d is the normalized trans-
mural depth (varying from 0 at the endocardium to 1 at the epicardium).
The transverse angle was assumed to be 0° (26), consistent with the general
trend in DTI data (23). A comparison of the four myocyte orientation sce-
narios is shown in Fig. 1 A.

Ventricular tissue simulations

The Fenton-Karma three variable (FK3V) minimal AP model (27) was
modified to reproduce the short rat ventricular AP duration (APD) of
~50 ms and its restitution, using published data from optical mapping ex-
periments performed in our lab (Fig. 2, A and B; (28)). The model outputs a
normalized “membrane potential,” u, between 0 and 1, which can be scaled
to a physiological range of membrane potentials using V = Vi, + u(Vy — V),
where Vj and V¢, which correspond to the resting membrane potential and
Nernst potential of the fast inward current, respectively, are set to —85
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and +15 mV (27). The modified FK3V model parameter values are given
in Table 1 (see (27) for a full list of model equations). Whereas, in general,
we wanted to minimize non-structural determinants of model behavior, dur-
ing rapid pacing (see Protocol 2—re-entry inducibility), arrhythmia induc-
tion was not possible in homogeneous simulations because of uniform
conduction block (29), so it was necessary to introduce electrophysiological
heterogeneity (between the LV and RV and from apex to base). Briefly, the
7, parameter in the FK3V model was increased linearly by 20% from apex
to base and was reduced by 20% in the RV compared with LV. This pro-
duced a longer APD in the LV than RV and longer APD at the base
compared with apex (see Fig. S3 for regional restitution curves and AP pro-
files), consistent with experimental observations (30).

Propagation of APs in tissue was described using the monodomain equa-
tion as follows:

ov Lion
— = VY(DVV) — = (1)
ot ( )~ Cm

where Vis the transmembrane voltage, D is the global conductivity (“elec-
trical diffusion”) tensor, [;,, is the total ionic current, and C,, is the mem-
brane capacitance. Eq. 1 was solved using a finite difference partial

RB

(iv)

FIGURE 1 Variable myocyte orientation models.
(A) Shown is the single hybrid bi-ventricular geom-
etry used in this study, with variable myocyte orien-
tations based on three DTI data sets (i-iii) and
idealized RB myocyte orientations (iv). Streamlines
are colored using a custom cyclic scheme according
to the z component of the myocyte orientation,
/ ) which coincides with the apico-basal (long) axis,
s giggngor such that the color red indicates that the orientation
is pointing up toward the base, the color blue down

/ toward the apex, and the color white along the short
/ axis plane. (B) Coordinate system used to compute
myocyte orientation angles is shown. (i) A base-
apex axis is fitted to the center of the LV, normal

which (iii) the helix angle and transverse angle are

(iv) calculated from the primary eigenvector, and the

sheetlet angle (not considered in this study) is calcu-
lated from the secondary eigenvector (5). (C) Myo-
cyte orientation streamlines from the left ventricular
wedge are highlighted in red in panel (Bi) for the
three DTI-based myocyte orientation scenarios
(i-iii) and RB myocyte orientations (iv). (D) Shown
are corresponding maps of the average angle be-
tween the myocyte orientation at a given tissue voxel

(iv) and its neighbors (in which the maximum angle dif-

ference is 90°). Patches of green/yellow show areas
of high disorganization.
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differential equation solver based on the explicit forward Euler method with
time step 4¢ = 0.01 ms and a Strang splitting scheme, which ensured nu-
merical stability. The global conductivity tensor, D, from Eq. 1 is given
by the following:

D = DzI + (Dl — Dg)eleI, (2)

where D; and D, correspond to electrical diffusion in directions along and
axial to the local myocyte orientation, respectively, I is the identity matrix,
e; is the primary eigenvector obtained from DTI (corresponding to local
myocyte orientation), and the superscript T denotes the vector transpose.
D; was set to 0.15 mm*ms, corresponding to a conduction velocity of
0.6 m/s along the myocyte orientation axis (31), and D, was scaled using
the ratio Dy:D, = 4:1 (31) to give a conduction velocity perpendicular to
the local myocyte orientation of 0.3 m/s. In an isotropic two-dimensional
sheet with 200 x 200 grid points and spatial step 100 um (to match the

TABLE 1 Parameter Values for the Updated FK3V Model
Parameter BR Rat Ventricle Model
2 4 10%*
T, 33.33 33.33
Tsi 29 42.34%*
To 12.5 12.5
Th 3.33 3.33
T 1250 464.15%
T 19.6 54.32%
T 870 870
- 41 41
U 0.13 0.13
u, 0.04 0.04
us 0.85 0.85

c

A list of parameter values for the modified Fenton-Karma three variable
(FK3V) model, which recapitulates the rat ventricular APD and restitution
(28) compared with Beeler-Reuter (BR) (53) parameters from the original
publication (27), in which differences are marked with an asterisk. For cell
model equations, see (27).

10 mm

resolution of the 3D geometry as determined by DTI (23)), a spiral
wave initiated using an S1-S2 cross-shock protocol was shown to follow
a stable and stationary epicycloidal trajectory (Fig. 2 C). This ensured that
scroll wave break in the 3D model was due to structural effects rather than
membrane kinetics. The resulting reaction-diffusion model was used to
probe the effects of myocyte orientations on ventricular activation and ar-
rhythmogenesis, using three specially designed simulation protocols (next
sections). Unless stated otherwise, homogeneous electrophysiology was
assumed. The updated FK3V model and complete geometry files used
in this study are freely accessible at (https://github.com/DGWhittaker/
Rat-FK3V-files).

Protocol 1—paced activation and repolarization

Protocol 1 was designed to assess the effects of myocyte orientation vari-
ability on ventricular activation and repolarization times during paced acti-
vation at a normal rate. For each of the four myocyte orientation scenarios
(three from DTI, and one RB), the left ventricular apex was stimulated at
pacing rates of 2.5, 5, and 10 Hz (corresponding to cycle lengths of 400,
200, and 100 ms, respectively), giving 12 simulations in total. Local activa-
tion time was defined as the time taken for the membrane potential to
exceed a threshold value of 0.5 (corresponding to —35 mV) at each node,
and repolarization time was the time at which the membrane potential re-
turned to a threshold value of 0.1 (corresponding to —75 mV). Each of these
was measured during the final excitation from a train of 10 APs.

Protocol 2—re-entry inducibility

Protocol 2 was designed to assess the effects of myocyte orientation vari-
ability on re-entry inducibility at rapid pacing rates. Conduction velocity
was reduced for this protocol (by 50%) to facilitate sustenance of re-entry
while also simulating gap junction remodeling that can occur under patho-
logical conditions. Five locations on the ventricular geometry (LV and RV
apex, two locations on the LV free wall, and the RV base; illustrated in
Fig. S4) were stimulated across a range of rapid pacing cycle lengths
(from 50 to 70 ms in 2 ms intervals, corresponding to a range of 14.28—
20 Hz—consistent with VF rates in rat (32)) to attempt to induce sustained
re-entrant excitations (giving a total of 220 simulations). The resulting
behavior for each stimulus-location/cycle-length pair was classed as
either 1) normal propagation, 2) propagation block, 3) non-sustained
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arrhythmia, or 4) sustained arrhythmia (defined as lasting for the 5000 ms
duration of simulations). We defined propagation block as failure to capture
all stimuli. As re-entry could not be induced by rapid pacing using the rat
FK3V model under homogeneous conditions because of uniform conduc-
tion block (29), it was necessary to introduce heterogeneous electrophysi-
ology for this protocol, as described in Ventricular tissue simulations.

Protocol 3—long-term and average arrhythmia dynamics

Protocol 3 was designed to assess the effects of myocyte orientation vari-
ability on arrhythmia dynamics (as quantified by scroll wave filament anal-
ysis) averaged over multiple episodes to assess any overall differences in
the ability to sustain arrhythmia between the three anatomical models
and the one idealized model utilized. The phase distribution method
(33-35) was used to initiate a scroll wave, which developed into re-entry
at 10 different locations (two on each of the left ventricular apex, left ven-
tricular lateral, anterior, and posterior walls, and the right ventricular wall)
for each of the four myocyte orientation scenarios, giving 40 simulations in
total. As the focus of this protocol was on arrhythmia dynamics rather than
inducibility, conduction velocity was decreased by a factor of three (through
a ninefold reduction in the diffusion coefficient) to strongly facilitate suste-
nance of re-entry in the limited ventricular mass.

Scroll wave filaments, which act as “organizing centers” of scroll waves,
were tracked using the method of locating phase singularities (36). Briefly,
a transformation into phase space was established by point-wise time-delay
embedding of the transmembrane potential, wherein a phase angle about the
origin (V*,V*) was calculated, given by the following:

o(t) =atan 2(V(t) = V*,V(t—71) = V"), 3)

where atan? is a four-quadrant inverse tangent such that ¢(7) is returned in
the desired range [—m,m], V* is the activation threshold (set to 0.5 or
—35 mV), and 7 is the time delay, which was set to 10 ms (37). Detection
of filaments was based on locating lines of wave break about which scroll
waves rotate (9); at phase singularity points, which form these lines, or
“filaments,” the phase is undefined. Once phase singularities were located,
scroll wave filaments were counted using a grassfire algorithm (38). As
single filaments can be broken into multiple filaments by the intricate
myocardial structure (2), in addition to the mean number of filaments,
the total filament length was determined (the sum of the lengths of all in-
dividual filaments), in which we computed the mean (averaged over the
re-entry lifespan) and maximum (the maximal value registered in each
simulation) to quantify wave activity. These values were compared with
one-way analysis of variance followed by Bonferroni post hoc tests in
R. Results were deemed statistically significant if p < 0.05. An example
of arrhythmia initiation using the phase distribution method, along with
corresponding scroll wave filaments and measures of the filament dy-
namics, is shown in Fig. S5.

RESULTS

A comparison of the four myocyte orientation scenarios is
given in Fig. 1, which shows streamlines colored accord-
ing to the z component of the myocyte orientation (which
coincides with the apico-basal axis). It can be seen here
that whereas there was a predictable organization to the
DTI-based myocyte orientations (varying from red at the
endocardium to blue at the epicardium, corresponding to
transmural rotation of myocyte orientations), there were
also discontinuities and patches that were not captured
by the idealized RB myocyte orientations. Maps of the
mean angle between the myocyte orientation at a given
tissue voxel and its neighbors (in which the maximal
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angle difference is 90°) for each of the myocyte orienta-
tion scenarios in a left ventricular wedge provides quanti-
fication of these features (Fig. 1, B—D). Whereas this
angle was generally <10° throughout the ventricles for
the RB approximation, for the DTI-based scenarios, there
existed patches of myocyte disorientation with abrupt
changes of >30°.

Protocol 1—paced activation and repolarization

Total activation times (i.e., the time taken after the stimulus
is applied for all nodes in the tissue to become active) were
consistent between the four myocyte orientation scenarios
(Fig. 3, A and B), with maximal deviations of 1, 2, and
2 ms for pacing frequencies of 2.5, 5, and 10 Hz, respec-
tively. Total repolarization times were also quantitatively
similar, with a maximal divergence between myocyte
orientation scenarios of 1 ms across all pacing rates. In sup-
plementary simulations that included heterogeneous elec-
trophysiology, the maximal divergence in activation times
remained the same, whereas maximal repolarization hetero-
geneity increased to 4 ms (Fig. S6). Representative activa-
tions from the homogeneous case after left ventricular
apical stimulation from a normal (in rat) pacing rate of
5 Hz show that patterns were qualitatively similar between
the four myocyte orientation scenarios. Video S1 shows
these activations more clearly, in which it can be seen that
although total activation times were similar, wavefront cur-
vature differed between myocyte orientation scenarios, giv-
ing rise to differences in local activation time.

Analysis of differences between each myocyte orienta-
tion scenario showed that mean absolute differences in acti-
vation time were quantitatively similar (Table 2). Although
this value increased with the pacing rate, it remained in all
cases <3.73 ms. The biggest divergence in activation times
was between RB and DTI3, whereas the smallest divergence
in activation times was between DTI2 and DTI3. Relative
mean absolute differences in local activation times could
also, under some circumstances, depend on pacing rate;
for example, at 2.5 Hz, the difference between DTI1 and
RB was bigger than the difference between DTII and
DTI2, whereas at 10 Hz, the converse of this was true.

To see whether differences in local activation time corre-
sponded to regions of myocyte disorientation, we visualized
the myocyte orientations in the RB and DTI-based myocyte
orientation scenarios, along with the corresponding absolute
difference in local activation time in a wedge of the ventri-
cles, which showed the greatest difference (Fig. 3, C and D).
The RB scenario, which shows the most smooth and orderly
myocyte orientations, was chosen as a “control” to facilitate
comparison. It can be seen that differences in local activa-
tion time aligned well with areas of myocyte disorientation.
This is particularly evident for DTI2 and DTI3, where dif-
ferences in local activation time of up to 9 ms coincided
with areas of irregular, discontinuous myocyte organization.
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Arrhythmic conduction patterns could be induced at least
once within each of the myocyte orientation scenarios,
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series recorded from the LV apex show that DTI2 allowed
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activation time. (A) Activation patterns at 5 Hz for
(i) DTI, (ii) DTI2, (iii) DTI3, and (iv) RB myocyte
orientation scenarios are shown from a left ventricu-
lar posterior wall view and a cross-sectional view
into the RVand LV cavities. (B) Shown is a summary
of total (i) activation and (ii) repolarization times for
all myocyte orientation scenarios at pacing rates of
2.5, 5, and 10 Hz (corresponding to cycle lengths
of 400, 200, and 100 ms, respectively). (C) Shown
are myocyte orientation streamlines in a bi-ventricu-
lar wedge for RB and (i) DTII, (ii) DTI2, and (iii)
DTI3 myocyte orientation scenarios. (D) Shown
are corresponding absolute differences in local acti-
vation time, taken from the whole bi-ventricular
geometry simulations at 5 Hz.
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re-entrant activity to develop in the ventricles by capturing
the third stimulus in which others did not, which led to
non-uniform conduction block and subsequent re-entry.
Summarizing the stimulus-location/cycle-length pairs over
which one of the four classifications of dynamics emerged,
pertaining to 1) normal propagation, 2) propagation block,
3) non-sustained arrhythmia, or 4) sustained arrhythmia,
demonstrates the differences between the scenarios (Fig. 4
C). Although differences between myocyte orientation sce-
narios were apparent, the patterns showed some similarity
and consistency within each location investigated. For
example, there was agreement across all scenarios that the
RV base was an area of high arrhythmia inducibility,
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TABLE 2 A Summary of Absolute Differences in Activation
Time for Protocol 1

DTI1 DTI2 DTI3
DTI2 1.17/1.61/2.36 - -
DTI3 1.47/2.11/3.15 0.55/0.85/1.36 -

RB 1.30/1.62/2.19 1.89/2.49/3.46 1.98/2.68/3.73

A summary of mean absolute differences in local activation time between
myocyte orientation scenarios for different pacing rates. Data are presented
in order of increasing pacing rate (i.e., values of the mean absolute differ-
ence at 2.5/5/10 Hz).

whereas the LV free wall location 2 was an area of low/no
inducibility. The cycle length at which the transition from
normal propagation to propagation block occurred was
also highly similar in most cases, with a maximal diver-
gence of 4 ms (for one instance only at the RV apex).

Table S2 summarizes whether or not an arrhythmia was
inducible (i.e., category (3) or (4)). The RB scenario was
the only one for which an arrhythmia could be induced at
all locations. However, considering the total number of ar-
rhythmias inducible across all five locations, the RB sce-
nario was the second least prone to arrhythmia induction
(after DTI1). Table S2 highlights a large effect of natural
variability in myocyte orientations; there were three stim-
ulus-location/cycle-length pairs for which an arrhythmia
could be induced at the LV apex for DTI2 compared
with none for DTIl. This protocol demonstrates the
importance of myocyte orientations on specific arrhythmia
dynamics.

Protocol 3—long-term and average arrhythmia
dynamics

Finally, we sought to determine to what extent myocyte ori-
entations influence overall arrhythmia dynamics in the three
anatomical models, as quantified by scroll wave filament
analysis over multiple simulations. A representative
arrhythmia simulation, in which a re-entrant scroll wave
was initiated at the LV apex, is shown in Fig. 5 A. It can
be seen that, in this case, myocyte orientation differences
between simulations produced divergent behavior within a
short time frame (200-500 ms) and could account for
whether the initiated scroll wave self-terminated, remained
VT-like (single scroll wave filament), or degenerated into
VF-like activity (multiple scroll wave filaments). This is
further highlighted in Video S3, in which the dynamic evo-
lution of scroll waves and their organizing centers (fila-
ments) are shown over a 1000 ms time frame. However,
when averaging over 10 simulations (i.e., over the 10
different re-entry initiation sites), measures of the
arrhythmia dynamics (specifically, the mean number of fila-
ments, mean total filament length, and maximal total fila-
ment length) were quantitatively similar; for example, the
mean total filament length was in the range of 1.0-1.5 mm
for all four microstructure scenarios. Fig. 5 C shows a sum-

2402 Biophysical Journal 117, 2396-2408, December 17, 2019

mary of these measures; no statistically significant differ-
ences between values obtained from the four different
myocyte orientation scenarios were observed (one-way
analysis of variance p-values are shown in Table S3).

DISCUSSION
Main findings

In this study, the role of variability in cardiac myocyte ori-
entations in ventricular activation and arrhythmogenesis
was investigated using reaction-diffusion models of cardiac
electrophysiology with modified FK3V membrane kinetics
and a novel image-based myocardial geometry from high-
resolution DTI (23), in which the myocyte orientations
could be changed to one of four scenarios.

We initially hypothesized that intersubject variability in
myocyte orientations plays an important role in deter-
mining ventricular arrhythmogenic wave dynamics. Our
main findings in this regard were that myocyte orienta-
tions can have a large influence on local and specific dy-
namics: 1) differences in local activation time observed
between the four scenarios aligned with areas of myocyte
disorientation; and 2) myocyte orientations alone led to
crucial differences in the inducibility and persistence of
arrhythmias at different locations across the ventricles
and were able to account for important differences in
arrhythmia dynamics, such as whether simulated scroll
waves self-terminated, remained VT-like, or degenerated
into VF-like activity. However, in the context of global/
average behavior, our findings indicate that myocyte ori-
entations had only a small impact; total activation times
and overall susceptibility to arrhythmia were similar for
the four different scenarios.

Impact of myocyte orientation variability on
normal propagation

Our results from Protocol 1 suggest that variation in myo-
cyte orientations had a minimal influence on excitation-
propagation at normal pacing rates, in agreement with
previous human atrial simulations (39). The maximal
mean absolute difference in local activation times between
myocyte orientation scenarios was 2.68 ms at a pacing
rate of 5 Hz but could be as low as 0.85 ms (Table 2). How-
ever, an important rate dependence was observed wherein
differences were accentuated by pacing rate. This suggests
that the faster the electrical activity to be investigated, the
more important sample-specific myocyte orientations
become. This was supported by Protocol 2, in which signif-
icant, unpredictable discrepancies in arrhythmia inducibility
between the different myocyte orientation scenarios at rapid
pacing rates occurred because of enhanced repolarization
heterogeneity. This has implications for arrhythmogenesis
in cardiac pathologies, which are associated with the
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disorganization of myocyte orientations (28), suggesting
that altered cellular organization may become a critical sub-
strate for re-entry associated with fast pacing rates. Further-
more, conditions that promote discontinuities in myocyte
orientations may result in regions of higher vulnerability
to re-entry induction, which requires subject-specific myo-
cyte orientations to investigate on a patient-specific basis.
Interestingly, differences between different DTI-based
myocyte orientation scenarios could be larger than the dif-
ferences between DTI-based and idealized RB myocyte ori-

entations. For instance, the mean absolute difference in
local activation times between DTI1 and DTI3 was larger
than the difference between DTIl and RB. This calls
attention to the large degree of natural variability in myo-
cyte orientations (40,41), which can be patchy and discon-
tinuous or relatively smooth and organized like the
idealized scenario. Furthermore, this finding highlights the
ability of idealized approaches to capture the dynamics of
ventricular activation under conditions of relatively orga-
nized myocyte orientations.
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Impact of myocyte orientation variability on
arrhythmogenesis

Protocol 2 revealed that variation in myocyte orientations
led to critical differences in arrhythmia inducibility at
different locations across the ventricles. One reason for
this may be that pacing near discontinuities in myocyte or-
ganization can cause conduction block (7). Myocyte orien-
tation disorganization is clearly only one factor that
determines arrhythmogenicity, however. Another determi-
nant of arrhythmogenic wave dynamics is the interaction
of cellular organization with heterogeneous electrophysi-
ology, in which configurations at critical locations may be
favorable to the development of re-entry pathways. For
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example, it was shown previously using a high-resolution
(~70 wm) micro-CT-based computational model of the
canine left atrium and pulmonary veins that disorganized
myocyte orientations combined with electrophysiological
heterogeneity at this junction promoted conduction block
and subsequent re-entry (7). As we investigated behavior
only at a limited number of stimulus-location/cycle-length
pairs, we uncovered only a small fraction of the effects of
myocyte orientation variability, which was nonetheless
significant.

When taken as a whole, the vulnerability grids in Fig. 4
showed some consistency between the myocyte orientation
scenarios regarding whether each location was one of high
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or low arrhythmia inducibility and also the pacing rate at
which the transition to propagation block occurred. Howev-
er, important differences in arrhythmia inducibility arose
under certain conditions; for example, at a pacing rate of
60 ms at the LV apex, an arrhythmia could be induced for
all scenarios except DTI1, whereas at a pacing rate of
60 ms at the LV free wall location 1, an arrhythmia could
be induced for the DTII scenario only. Looking at this spe-
cific example in more detail, by comparing DTI1 and DTI2,
revealed a critical combination of myocyte organization and
electrophysiological heterogeneity that allowed the devel-
opment of significant asymmetry in the activation-recovery
cycle and subsequent development of re-entry in DTI1 but
not DTI2 (Fig. 6; Video S4). For comparison, under
isotropic conditions, no arrhythmias could be induced at
the RV base, the area of highest arrhythmia inducibility,
which confirms that myocyte orientations were an important
factor underlying arrhythmogenesis in the model (Fig. S7).

Protocol 3 highlighted the fact that in the absence of dif-
ferences in electrophysiology, myocyte orientations alone
could account for a large variation in arrhythmia dynamics,
critically determining whether scroll waves self-terminated,

remained VT-like, or degenerated into fibrillatory activity
from the same initial conditions. These findings suggest
that in structurally normal hearts, in which cellular organi-
zation is intact, it is difficult to predict the lifespan or loca-
tion of scroll waves from generic re-entry simulations (in
contrast to, for example, postinfarction hearts, in which
re-entrant circuits tend to anchor to scars (20)). This may
have important implications for safety-critical applications,
such as the prediction of re-entry pathways or optimal abla-
tion sites in patients in which the re-entrant substrate is due
to excitable microstructural discontinuities (rather than un-
excitable scar tissue) or is purely electrophysiological
(e.g., under genetic mutation or pharmacological modula-
tion (11,14)).

An assessment of arrhythmia dynamics arising from 10
different re-entry simulations (i.e., averaged over the 10
different re-entry initiation sites) revealed that, for these
three DTI-based data sets and the idealized RB case, scroll
wave filament dynamics were quantitatively similar under
conditions of different myocyte orientations, and no statisti-
cally significant differences in measures of the filament dy-
namics between the different scenarios were found. This is
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consistent with a preliminary work, in which we also
showed that measures of arrhythmia dynamics were not
significantly different between similar-sized hearts, each
with sample-specific myocyte orientations (24). Thus, in
the limited case of investigating three hearts and an ideal-
ized case only, no clear intersubject variability in overall
sustainability of arrhythmia was observed; such results,
however, cannot be extrapolated to general statements about
population variability nor to potential arrhythmia variability
in diseased conditions, in which intersubject variation of
myocyte orientations may be larger than in control condi-
tions. For example, remodeled hearts in diseases such as
heart failure may show greater heterogeneity of myocyte
disorganization and thus larger differences in global/average
behavior.

Nonetheless, our data do suggest that simulations at mul-
tiple locations should be performed for a thorough assess-
ment of cardiac arrhythmogenicity and further support the
value and validity of using idealized, RB approximations
for general mechanistic investigation. To probe overall ar-
rhythmogenicity associated with non-structural alterations
in the heart (e.g., drug- or genetic mutation-induced effects),
a similar-sized reference geometry with non-specific myo-
cyte orientations can provide useful predictions. This is
already a common approach in cardiac modeling
(10,12,34,37) and is often a necessity because of absent or
low-resolution patient data (21). However, where specificity
is desired (e.g., when predicting location-dependent
arrhythmia inducibility or re-entry pathways on a patient-
specific basis), the importance of subject-specific myocyte
orientations emerges.

Clinical relevance

Basic research remains fundamental to gaining mechanistic
insights into the role of cardiac architecture on the complex
spatiotemporal activity of arrhythmias (42-44). However,
models of cardiac activity are now also moving to applica-
tions in the clinic as the synergy between imaging and
computational models continues to enable novel investiga-
tions in cardiovascular research (21). Our results indicate
that sample-specific myocyte orientations may be necessary
to quantitatively predict arrhythmia inducibility on a sub-
ject-specific basis. This has implications for clinical-
modeling pipelines; attaining the highest possible resolution
microstructural information should be a priority for the pur-
poses of arrhythmia risk quantification. Whereas several
cardiac imaging modalities are available, such as echocardi-
ography, MRI, and computed tomography (CT), each with
associated advantages and disadvantages, none yet possess
the capability to obtain high-resolution myocyte orienta-
tions in vivo at the microscopic scale (21), although ad-
vances have been made in in vivo human data acquisition
using DTT (45,46). Continuing advances in obtaining myo-
cyte orientations in vivo will facilitate characterization of
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its role and proarrhythmic potential in cardiac pathologies.
Another relevant aspect of our study to consider here is
that activation patterns were quantitatively similar for all
myocyte orientation scenarios, suggesting that it is very
challenging or effectively impossible to infer myocyte ori-
entations from electrocardiogram or electrode mapping.
This further supports the use of DTT in the clinic as a means
of characterizing tissue microstructure.

As cardiac modeling is moving increasingly toward pa-
tient-specific evaluations (47), it is likely that advances in
preclinical and clinical imaging technologies providing
high-resolution anatomy and myocyte orientations and inte-
gration with computational models of cardiac electrophysi-
ology, fluid dynamics, and mechanics will drive the next
generation of predictive models (21). In particular, inte-
grating personalized myocardial structure, the importance
of which is demonstrated in our study, with patient-specific
electrophysiology will be a crucial step toward the future
translation of computational models of the heart to the
clinic.

Limitations

First, because the focus of the study was cardiac structure,
biophysically detailed models of rat ventricular electrophys-
iology (e.g., (48,49)) were not used. Instead, we opted to use
a modified FK3V model, which enabled simulation of the
rat APD and its restitution in a more computationally effi-
cient manner. It is well known that electrotonic interactions
in tissue influence the AP (31), the precise morphology of
which in rat ventricles was likely not captured by the mini-
mal model. As we aimed to eliminate all unnecessary non-
structural determinants of arrhythmia dynamics, however,
this simplification was deemed appropriate.

Second, in the absence of available multiple high-resolu-
tion data sets from humans or larger mammals for the study
of variability, we used rat ventricular data. Although the he-
lical arrangement of myocytes shows similarity between all
mammalian hearts (5), there are nonetheless differences in
myocyte organization and gross morphology between mam-
mals (50), including rats and humans.

Our method of generating the single bi-ventricular struc-
ture resulted in a geometry that was not faithful to any of
the individual DTI experiments on which the three DTI-
based myocyte orientation scenarios were based and may
have led to the loss of fine anatomical features (vasculature
and endocardial structures). Nonetheless, the role of such
fine structures in overall tachy- and fibrillatory-arrhythmia
dynamics has been suggested to be small (51), so this is un-
likely to affect fundamental conclusions drawn in our study.
Similarly, this method meant that the three most similar
hearts were selected; it is entirely possible that our results
indicating that myocyte orientation has only a small effect
on average dynamics would no longer hold if a larger set of
more differentiated geometries were used, and these



statements should be interpreted in this context. Conversely,
however, this limitation further supports our results regarding
specific differences as these critical differences were
observed even in three similar structural models and would
likely be accentuated in models with greater differences.
An alternative approach for our study would have been to
use a standardized ventricular coordinate system (e.g.,
(52)) to map the myocyte orientations onto a reference geom-
etry, although this approach does involve some small regis-
tration errors.

For the purposes of studying the effects of myocyte orienta-
tions on arrhythmic/fibrillatory behavior in the model, the
diffusion coefficient, D, was reduced to favor the sustenance
of such activity. It should be noted that this is equivalent to
“scaling” the heart by increasing the effective tissue size. Re-
scaling in 3D geometries is not a simple matter as the wall
thickness and heart size are both affected (4), and thus, use of
different values of D in the different protocols, which were de-
signed to address different hypotheses, somewhat limits com-
parison of results between protocols. Nonetheless, this does
not change the conclusions drawn from individual protocols.

Finally, the method used to assign RB myocyte orienta-
tions was based on overlaying an idealized bi-ventricle model
onto the real geometry. The conventional distance-map
approach (18) proved to be overly complicated and awkward
because of fine anatomical features, discontinuities, and
nontrivial delineation of endocardial surfaces due to regions
of contact between the LV and RV in rat (23). Our approach,
although simplistic, reproduced the important features of RB
myocyte orientations such as the smooth transmural rotation
in helix angle and gave quantitatively similar activation pat-
terns as the realistic myocyte orientations.

CONCLUSIONS

Through investigating the vulnerability to the induction of
arrhythmia and its long-term behavior, we have demonstrated
that myocyte organization can have a large influence on spe-
cific dynamics—to the extent to which this alone can deter-
mine whether arrhythmic conduction patterns can be
induced, and for how long they persist, at specific locations.
However, our results also demonstrated that overall arrhythmia
dynamics—averaged across multiple initiation sites and proto-
cols—were quantitatively similar, for the limited number of
cases we studied, when using “realistic” myocyte orientations
(measured using DTI) or RB assignment of myocyte orienta-
tions. We therefore highlight both the value of mechanistic
studies, which implement idealized, RB approximations, and
the importance of considering realistic myocyte orientations
for simulations in which specificity is desired.
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