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Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, causing morbidity and
mortality in millions worldwide. The atria of patients with persistent AF (PsAF) are characterized
by the presence of extensive and distributed atrial fibrosis, which facilitates the formation of
persistent reentrant drivers (RDs, i.e., spiral waves), which promote fibrillatory activity. Targeted
catheter ablation of RD-harboring tissues has shown promise as a clinical treatment for PsAF, but
the outcomes remain sub-par. Personalized computational modeling has been proposed as a means
of non-invasively predicting optimal ablation targets in individual PsAF patients, but it remains
unclear how RD localization dynamics are influenced by inter-patient variability in the spatial
distribution of atrial fibrosis, action potential duration (APD), and conduction velocity (CV). Here,
we conduct simulations in computational models of fibrotic atria derived from the clinical imaging
of PSAF patients to characterize the sensitivity of RD locations to these three factors. We show that
RDs consistently anchor to boundaries between fibrotic and non-fibrotic tissues, as delineated by
late gadolinium-enhanced magnetic resonance imaging, but those changes in APD/CV can enhance
or attenuate the likelihood that an RD will anchor to a specific site. These findings show that the
level of uncertainty present in patient-specific atrial models reconstructed without any invasive
measurements (i.e., incorporating each individual’s unique distribution of fibrotic tissue from medi-
cal imaging alongside an average representation of AF-remodeled electrophysiology) is sufficiently
high that a personalized ablation strategy based on targeting simulation-predicted RD trajectories

alone may not produce the desired result. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.5003340]

Millions of people are affected by potentially lethal car-
diac arrhythmias, which are conditions that impair the
heart’s ability to regulate its own rhythm. Catheter abla-
tion, in which radiofrequency energy is used to destroy
specific areas of heart tissues responsible for arrhythmia
perpetuation, provides permanent relief from symptoms
in many patients. Success rates for these procedures
remain sub-optimal in individuals with persistent atrial
fibrillation (PsAF), because there is no consensus for
deciding exactly which tissue should be ablated.
Computational simulations conducted in atrial models
derived from medical imaging scans of patient hearts
have been proposed as a promising potential avenue for
non-invasively identifying the optimal ablation targets in
each individual, but many open questions regarding the
predictive value of this approach remain unanswered.
For example, it remains unclear how the locations of
arrhythmia drivers targeted for catheter ablation are
influenced by inter-patient differences in the spatial
pattern of a disease-remodeled tissue (which can be
ascertained by imaging) and variability in key electro-
physiological tissue properties (which can only be
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obtained by invasive measurements). The results pre-
sented in this study demonstrate that arrhythmia drivers
in personalized atrial models consistently localize to
boundaries between fibrotic and non-fibrotic tissues
regardless of variability in electrophysiological parame-
ters, but that the specific anchoring sites that manifest
are affected by the latter variability. Overall, our analysis
indicates that the level of uncertainty present in patient-
specific models generated solely from non-invasive imag-
ing does not make the targeting of simulated trajectories
of arrhythmia drivers only a reliable methodology for
planning catheter ablation of persistent atrial fibrillation.

I. INTRODUCTION

Proper cardiac function relies on the organized conduc-
tion of electrical impulses in heart tissues. During a normal
sinus thythm, waves of electrical excitation emanate from
the sinoatrial node and traverse the atria before propagating
through the atrioventricular node and Purkinje fibers to acti-
vate ventricular tissues.' During this excitation sequence,
atrial contraction ensures optimal filling of the ventricles.
Thus, orderly contraction of the atria is necessary for effi-
cient cardiac function. However, in some pathological cases,
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this sequence of electrical activation is disrupted, resulting in
irregular heartbeats, inefficient mechanical contraction, and
increased risk of stroke.'

Atrial fibrillation (AF), which is characterized by asyn-
chronous and chaotic beating of the atria, is the most preva-
lent sustained cardiac arrhythmia, causing morbidity and
mortality in over 3 x 10° people in the United States alone.”
This disease is further complicated by its progressive nature:
each year, 5% of AF patients develop persistent AF (PsAF)
due to electrophysiological and fibrogenic remodeling of
atrial tissues.” PSAF is characterized by arrhythmia episodes
that last >7 days, and treatment options are extremely lim-
ited.! Recent evidence suggests that PSAF is sustained partly
by persistent spiral waves [i.e., reentrant drivers (RDs)] that
promote fibrillatory activity.*® The underlying organizing
centers of RDs, which can be identified by tracking wavefront
tip trajectories or identifying phase singularities, meander
within tissue regions that are spatially compact (~1-2cm?,
~7 mm in length).>®

The fibrotic substrate in PSAF patients involves both
changes in the extracellular matrix and electrophysiological
remodeling in myocytes within the fibrotic tissue.*’
Improved understanding of how fibrotic substrate characteris-
tics influence RD localization dynamics would facilitate the
development of better treatments for PsAF, since organizing
centers have been proposed as targets for custom-tailored
catheter ablation.”® Unfortunately, such insights have proved
difficult to attain due to significant inter-patient variability in
the two distinct components of the fibrotic substrate: (1) spa-
tial distribution of the fibrotic tissue in the atria (i.e., struc-
tural component)'*'! and (2) electrophysiological properties
of the affected atrial tissue, such as action potential duration
(APD) and conduction velocity (CV) (i.e., functional compo-
nent).'?"'® No study to date has attempted to determine how
these sources of variability influence RD localization.

Thus, our objective was to systematically assess the rel-
ative influence of structural and electrophysiological compo-
nents of the atrial fibrotic substrate, as described above, on
RD localization dynamics in PsAF. Towards this goal, we
conducted simulations in computational models derived
from late gadolinium-enhanced magnetic resonance imaging
(LGE-MRI) scans of the fibrotic atria of PsAF patients. AF
was induced in models with either average human AF elec-
trophysiology or with variations in electrophysiological
properties, and differences in RD localization dynamics were
analyzed. Establishing how these dynamics are affected by
electrophysiological variability is important from a clinical
standpoint, since it will provide information about the level
of uncertainty inherent in atrial fibrosis models reconstructed
from non-invasive patient imaging data only. Specifically, it
will determine whether an ablation planning based solely on
targeting the trajectories of RDs predicted by simulations
conducted in such models would be a viable approach.

Il. METHODS
A. Patient specific atrial models

In this study, we used 12 biophysically realistic patient-
specific models derived from LGE-MRI scans acquired for
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individuals with PsAF, which is uninterrupted AF lasting
longer than seven days.'” Details regarding patient informa-
tion and model construction can be found in our previous
publications.”'®! Briefly, regions of fibrotic and non-
fibrotic myocardium were segmented out from clinical scans
using a validated algorithm based on the image intensity
ratio,”” and fiber orientations were assigned using an image-
based estimation approach.”'®?'"** We used the latter
approach since, although ex vivo MRI of human atria has
been performed,” no method currently exists that is capable
of non-invasively measuring coupling anisotropy in the
human heart.

B. Modeling cell- and tissue-scale variability of atrial
electrophysiology

The approach to represent the propagation of biophysical
excitation in the fibrotic atria of PsAF patients has been
described comprehensively in our earlier work.”'® Model
parameters controlling myocyte membrane kinetics and aniso-
tropic conduction velocities within fibrotic and non-fibrotic
regions were calibrated to match relevant experimental
recordings. In non-fibrotic regions, membrane kinetics were
represented with a human atrial model under chronic AF
conditions;%’27 in fibrotic regions, additional changes were
made to represent changes due to fibrogenic remodeling:
—50% Tx1, —50% Tca, —40% Ina.?*° Conductivity values
were calibrated to obtain a longitudinal CV of 43.39 cm/s in
non-fibrotic tissues, consistent with the CV observed via high-
density mapping of electrically-induced AF during open-heart
surgery in human patients;’' the conductivity in fibrotic
regions was reduced by 30% to represent changes in the
extracellular matrix composition, resulting in a longitudinal
CV of 20 cm/s.**? Finally, since fibrosis slows CV more dra-
matically in the direction transverse to cardiac fibers, the
longitudinal-to-transverse anisotropy ratio was increased from
5:1 in non-fibrotic to 8:1 in fibrotic regions.***>

To establish baseline RD localization dynamics in the
absence of variability in the electrophysiological component
of the fibrotic substrate, we first conducted simulations under
average human AF electrophysiology, as in previous stud-
ies.”!8 For brevity, these conditions are referred to as EP,.
We then ran simulations in atrial models with the same
geometric structure and fibrotic tissue distribution to assess
the effects of APD and CV variability. We focused exclu-
sively on these two properties because they are known to
affect multiple emergent phenomena relevant to arrhythmia
dynamics, including refractoriness periods, wavebreak
incidence, and RD stability.34*36 For simulations with APD
variability, specific ionic currents were modified to achieve
*10% APD [Figs. 1(a) and (b)], while minimally altering
other AP properties, including resting membrane potential
[Viu], AP amplitude, and restitution curve slope [Figs. 1(c)
and 1(d)]. Since we were concerned about variability in
intrinsic APD, these experiments were conducted in isolated
cell-scale models. For simulations with CV variability, the
longitudinal and transverse components of the conductivity
tensor were modified to achieve =10% CV. To avoid biasing
effects from the complex fibrous structure in atrial models,
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FIG. 1. (a) Action potential (AP) traces
for simulated non-fibrotic (left) and
fibrotic (right) atrial myocytes, paced
to steady-state (1000 stimuli at basic
cycle length=500ms) under average
human AF electrophysiology (EP,s)
conditions and with AP duration
(APD) variability (=10%). (b) APD
restitution relationships for the respec-
tive cell types shown in A. Fit lines
obtained via exponential regression.
(c) Plots showing APD restitution
curve slope values for different dia-
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CV values were calibrated by simulating the stimulation of
the center point of a slab model (6cm x 6cm X 2.7 mm)
with uniform fiber orientations, and conductivity tensor val-
ues were adjusted until the desired longitudinal and trans-
verse CVs were observed. In both cases (i.e., APD.yq and
CV .09 conditions), parameter changes required to achieve
the desired emergent property were different for non-fibrotic
and fibrotic tissues. Complete details about these changes
and the resulting variability in APD and CV are presented in
Tables I and II, respectively.

TABLE 1. Cell-scale electrophysiological model parameters modified to
achieve £10% action potential duration (APD) in non-fibrotic and fibrotic
atrial tissues. “...” indicates no change. EP,,,: average human AF electro-
physiology; APA: action potential amplitude; V . resting membrane poten-
tial; Ig;: inward rectifier potassium current; Iy,: rapid delayed rectifier
potassium current; and I, : L-type calcium current.

APD APA Viest
Parameters changed (ms) (mV) (mV)

Non-fibrotic  APD_j0q,  +20% I,  +10% Ix, 163.5 114.16 —82.03
EP,, 181.8 11345 —80.84
APD, g5, —20% I, 2000 112.09 —78.96
Fibrotic APD_ 100, —30% Icq +20%Lg; 1948 9554 —75.56
EP,, 2163 8876 —72.05
APD, 100, +60% Ica. —10% L, 238.1 77.82 —68.15

400 600 800

Diastolic Interval (ms)

Notably, the model systems used to calibrate parameter
changes for models with APD/CV variability had reduced
the scale and geometric complexity compared to the atrial
models used in subsequent simulations. As such, it should be
stressed that incorporation of these parameters in the latter
models does not guarantee the same degree of electrophysio-
logical changes, since organ-scale APD/CV are emergent
properties that depend on both the intrinsic properties we
directly manipulated and other factors, including atrial
shape, fiber orientations, and electrotonic coupling between
tissues within and between fibrotic and non-fibrotic regions.

C. Assessing the effects of APD and CV variability on
RD localization

First, the inducibility of PsAF-perpetuating RDs sus-
tained by the fibrotic substrate in each patient-specific atrial
model under EP,,, conditions was assessed by applying
rapid electrical pacing (with a clinically relevant pro-
grammed stimulation sequence®’) from 30 locations evenly
distributed in the left and right atria, as in our original study.’
The outcome of pacing was classified as arrhythmia if the
last pacing stimulus was followed by at least 2000 ms of
self-sustaining RD activity. Since our models do not include
sinoatrial node excitation or triggered activity, any activity
that persists during the latter interval must be reentry-driven
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TABLE II. Tissue-scale electrophysiological model parameters modified to
achieve =10% longitudinal and transverse conduction velocities (CVy and
CVr, respectively) in non-fibrotic and fibrotic atrial tissues. ““...” indicates
no change. g;. and o;7: longitudinal and transverse conductivity tensor val-
ues. EP,,,: average human AF electrophysiology.

CV. CVy CV.

Parameters changed (cm/s) (cm/s) CVryp

Non-fibrotic CV_oq, —17% 0. —16% oir  41.5 12.6 3.29
EP,, 46.3 14.8 3.13
CV.iow +18% oy, +20% oir 509 17.1 2.98
CV_ 000 —16% 0y, —15%0ir 194 33 5.88
EP,,, 21.7 4.1 5.29

CVig +15% 0 +16% oir  23.8 4.8 4.96

Fibrotic

by definition. Cases in which macro-reentry around non-
conductive orifices (e.g., pulmonary vein borders, mitral/tri-
cuspid valves, etc.) were classified as atrial tachycardia and
not included in our analysis of RD-perpetuated AF.
Subsequently, to probe the effect of APD/CV variability on
RD localization, the subset of pacing sequences that induced
RDs under EP,,, conditions was repeated in the same atrial
models under APD- yq and CV . g conditions. Finally, in
all atrial models, under all electrophysiological conditions
(EP,yg, APD/CV . 0g,), we repeated the above protocol for a
new set of 15 biatrial pacing sites, distinct from the original
pacing locations, to account for the possibility that some pac-
ing sites might induce AF in APD/CV . o¢, simulations, but
not under EP,,, conditions.

In all cases of induced AF, the tissue region within which
the organizing centers of the AF-perpetuating RD meandered
was identified using an approach based on the analysis of
dynamic wavefront tip trajectory. First, the extrema of the tip
trajectory (i.e., the “pivot points” of the RD wavefront) were
identified during a 1000 ms analysis interval at the end of
each AF simulation; this temporal window ensured that
multiple RD rotations were analyzed and that any transient
instability observed shortly after AF initiation was ignored.
Then, RD location was defined as the midpoint between the
extrema. We used this empirical approach because we found
it as faster and less sensitive to false positives (i.e., transient
non-RD activity incorrectly classified as RD) compared to
the phase singularity-based method we have used previ-
ously.” The ablation target corresponding to each observed
RD trajectory was defined by identifying the surrounding
tissue volume within 3.5 mm (i.e., the ablation lesion radius
for standard irrigated-tip catheters).®

Two approaches were used to quantitatively compare
RD targets from APD. g and CV.gg simulations with
those observed under EP,,, conditions. First, we calculated
the degree of volumetric overlap between RD targets induced
under variable APD/CV conditions and all of the RD targets
observed during EP,,, simulations in the same atrial model.
Second, we identified the centroid of each RD target volume
defined drp as the distance between the centroids of the
APD/CV .94 RD target, the nearest target observed during
EP,,, simulations. To put our findings in a clinical perspec-
tive, dgp values were compared to the typical ablation lesion
diameter (~7 mm).°
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All electrophysiological simulations were conducted
using the CARP software package (Cardiosolv, LLC)*** on
a high performance parallel computing system. Each second
of simulated activity required ~30 min of computing time in
24 Intel Xeon CPU cores (2.80 GHz) in parallel. The total
computational burden for all simulations discussed in this
paper was >60 000 h of CPU time.

lll. RESULTS

For simulations conducted under EP,,, conditions, rapid
pacing induced AF sustained by stable RDs in all 12 patient-
specific atrial models; data for these cases are summarized in
Table III. There were between 1 and 14 total RDs (6.3 = 4.1)
induced in each model, and these RDs were located in
between 2 and 8 (4.1 = 2.3) spatially distinct locations (i.e.,
with non-overlapping RD trajectories). The extent of simu-
lated ablation required to surround all RD trajectories
(3.5 mm lesion radius) was 1.85 = 0.95% of the total atrial
volume (min: 0.36%, max: 3.31%). For all cases observed in
EP,,, simulations, the RD cycle length was 278.6 = 50.6 ms.

Comprehensive summary data for RDs observed in simu-
lations conducted in all 12 atrial models under APD/CV + ¢,
conditions are provided in the supplementary material,
Tables S1-S4. RD cycle lengths observed in these simula-
tions were as follows: 283.5 *53.2ms (APD_¢; mean
+1.8% compared to EP,,), 262.9 =44.4ms (APD_yq;
—5.6%), 265.3£46.6ms (CVjo4; —4.8%), and 278.8
+58.4ms (CV_;p; +0.1%). RDs were induced for all four
EP parameter variants in 9/12 patient models. For P9, RD initi-
ation was only observed under the APD, ;o¢, condition, while
for P11 and P12, there was a single condition (APD, (¢, and
APD_ o9, respectively) in which AF could not be initiated.
Notably, for the latter three models, the number of distinct
RDs initiated under EP,,, conditions was also low (see Table
III). Under the APD, ;o4 condition, 35% (18/52) of observed
RD trajectories had an ablation target that partially coincided
with an EP,,, target. For this subset of cases, the rate of over-
lap was 57.3 =26.0% [Fig. 2(a)] and dgrp was 5.2 = 4.4 mm
[Fig. 2(b)]. For the remaining (non-overlapping) RD trajecto-
ries, dgp was 42.9 = 14.3 mm [Fig. 2(c)]. For the other three

TABLE III. Summary of results for simulations conducted in EP,,, models.
RDs were classified as being part of the same distinct RD site if their trajec-
tories overlapped.

ID # RDs # distinct RD sites Extent of ablated tissue (%)
PO1 14 8 33
P02 9 5 2.7
P03 7 5 1.7
P04 9 8 2.8
P05 6 4 2.3
P06 3 2 1.0
P07 2 2 1.3
P08 9 5 2.6
P09 1 1 0.4
P10 10 4 24
P11 3 1.0
P12 2 2 0.7
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FIG. 2. Summary of quantitative reentrant driver (RD) analysis. (a) Each point represents the degree of overlap between an ablation target associated with an
RD observed in simulations with EP parameter variation and the nearest target from EP,,, cases. Points with exactly zero overlap are omitted for ease of visu-
alization. n= 18, 39, 33, and 44 from left to right. (b) For the same subset of RDs considered in (a), dgrp distance metric values (see text) are plotted. Dashed
line indicates dgp =7 (i.e., distance corresponding to a typical ablation lesion diameter). (c) Same as (b), but for RD targets observed in APD/CV . (g, simula-
tions where there was no overlap with any EP,,, target. n =34, 22, 9, and 18 from left to right. Horizontal lines show mean *SD.

EP variants (data also shown in Fig. 2), the values were as fol-
lows: APD_gq,: 64% (39/61) with 43.8 = 29.9% overlap and
drp =5.7 = 3.4mm, non-overlapping dgp=30.1 = 14.2 mm;
CV. 0% 79% (33/42) with 63.0*=29.7% overlap and
drp=4.5 £3.9mm, non-overlapping dgp=22.2*7.0mm;
and, CV_ygq: 70% (43/61) with 53.6 =26.3% overlap and
drp=4.9 = 3.8mm, dgrp=232.0 £ 15.1 mm. Overall, for the
subset of overlapping RD targets observed in APD/CV (g,
simulations, 48.2% had dgrp <7mm [dashed line in Fig.
2(b)], indicating that the RD trajectories were within the
diameter of a single ablation lesion (breakdown by variability
type: APD, 199 26.9%, APD_1gq,: 42.6%, CV ;199 68.8%,
CV_10%: 55.7%). In contrast, among non-overlapping RDs,
no dgp values less than 7mm were observed at all [Fig. 2(c)].

Schematics showing the distribution of fibrotic tissues
and the degree of overlap between RD targets from simula-
tions with APD/CV. ¢ and EP,,, are shown for all 12
models in Fig. 3 and Figs. S1-S11. Consistent with the quan-
titative results summarized in the preceding paragraph, in
each patient model, under each variable EP condition, some
RDs had associated targets that overlapped considerably
with EP,,, RD targets, while others were observed in
completely different locations. Interestingly, regardless of
the EP conditions used to conduct simulations, we observed
that RD trajectories were always within or near boundary
regions between fibrotic and non-fibrotic tissues (i.e., solid
black outlines in Fig. 3 and Figs. S1-S11). This behavior
was observed in our previous study,” which was conducted
exclusively in EP,,, models.

For the specific example shown in Fig. 3, all four panels
show 14 EP,,, targets in 8 regions: two in the posterior left
atrium (LA), two near the right pulmonary veins (PVs), one
in the superior atrium (RA) on the superior vena cava
(SVC); and three in inferior RA near the inferior vena cava
(IVC). The APD, 99 panel (A) shows two overlapping RD
targets (gold highlighted regions) in the right PVs and two
emergent RD targets that were never seen in EP,,, simula-
tions, one on the other side of the right PVs and the other in
the lateral RA. The APD_;yq panel (B) shows overlapping
RD targets in the posterior RA, right PVs, inferior RA (mul-
tiple targets) along with emergent RDs in the left PVs and

the SVC. The CV g9, panel (C) shows three RD targets that
were of extremely close match to EP,,, cases (posterior LA,
IVC, and inferior RA; ~100% overlap in all cases); how-
ever, emergent RD targets were also seen in the infero-
posterior LA, the lateral RA, and the right PVs. Intriguingly,
the latter case (marked by *) was nearly identical to an emer-
gent RD target observed in the APD , ;g¢, and CV_;qq, cases,
indicating that some atrial regions with a robust propensity
for RD localization did not give rise to RDs in EP,,

A APD, g0,

RD target legend: [JEP,,, only [Z] APD/CV,4qy, only [Joverlap
Tissue legend: . non-fibrotic |:] fibrotic

FIG. 3. Schematic showing the distribution of fibrotic tissues and the degree
of overlap between RD targets from simulations with EP parameter variation
and EP,,, cases for one atrial model (PO1). Similar schematics for all 11
other atrial models can be found in the supplementary material (Figs.
S1-S11). RD targets are defined as the volume within 3.5 mm surrounding
each observed RD trajectory. Fibrotic tissue regions (green) are shown, with
boundaries (black lines) superimposed on RD targets to facilitate the visuali-
zation of RD trajectories with respect to patient-specific spatial pattern of
remodeling. * indicates the ablation target for an RD in the right pulmonary
vein area that emerged under 3/4 variable EP conditions, but never in simu-
lations with EP,,,.
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simulations under the current protocol. Finally, the CV_;q,
panel (D) shows multiple overlapping RD targets in three
regions (posterior LA, left PVs, IVC) along with emergent
RDs in the left and right PVs, the latter of which was in the
same area noted in the preceding analysis of CV_gq
cases ().

Figure 4 presents activation maps corresponding to spe-
cific examples in which applying the same electrical stimuli
under EP,,, and variable APD/CV conditions resulted in the
initiation of AF sustained by RDs in very similar locations
(within the radius of a single ablation lesion, i.e.,
drp < 3.5 mm6). In the first case [Fig. 4(a)], the distance
between RD locations observed in the EP,,, and APD_ 4q
simulations was dgrp = 3.21 mm. Both RDs were located on
the anterior side of the LA with a clockwise wavefront prop-
agation pattern and a tip trajectory that ran parallel to the
base of the LA appendage. In the second case [Fig. 4(b)], the
RD locations observed in the EP,,, and APD_ (¢, simula-
tions were essentially identical (i.e., drp =~ 0), with counter-
clockwise wavefront propagation on the postero-lateral LA
and a tip trajectory that ran parallel to the ridge running
beneath the left superior and inferior pulmonary veins. In the
third case [Fig. 4(c)], the distance between RD locations
observed in the EP,, and CV, g simulations was drp
=0.89 mm. In both cases, the RD was located in the postero-
inferior LA with a counterclockwise rotation and a tip trajec-
tory that ran parallel to the annulus of the mitral valve. In the
fourth example [Fig. 4(d)], the distance between RDs observed
in the EP,, and CV_,yq simulations was dgp=2.27 mm.

i _APD+10%

CL = 300 ms (+28.8%)
C+10%

CL = 220 ms CL = 208 ms (-5.5%)

7R tocatons (P
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Both RDs were located in the posterior LA between the left
and right inferior pulmonary veins, with clockwise wavefront
propagation and a relatively compact tip trajectory.

Interestingly, although all four of the cases shown in Fig.
4 highlighted examples where RD localization dynamics were
insensitive to variability in APD and CV, we observed differ-
ences in macroscopic arrhythmia characteristics in models
under different electrophysiological conditions. These differ-
ences were assessed in qualitative terms by examining cases in
which RD trajectories in EP,,, and APD/CV .. ¢, were at least
partially overlapping, but the activation sequence in the periph-
ery (i.e., distal to the RD trajectory) was distinct. For example,
the APD_ 4, panel of Fig. 4(b) shows a clear example of a
transient conduction block near the left inferior pulmonary
vein that is conspicuously absent from the corresponding EP,,
panel. In the other three cases shown in Fig. 4, the size and the
extent of regions of block were variable between EP,,, and
variable APD/CV simulations. This observation was reflective
of a common trend in the subset of cases where APD/CV vari-
ability had only minor effects on RD localization (35%—79%
depending on the EP variant): despite the fact that RD trajecto-
ries overlapped considerably, there were consistent differences
in the peripheral activation sequence outside the AF driver
region.

Figure 5 highlights two cases in which the same stimulus
induced AF under all five electrophysiological conditions
tested (EP,,e, APD. g, and CV.g4). In the first example
[Fig. 5(a)], all five panels show AF episodes driven by an RD
located in the posterior LA, near the left inferior pulmonary

CL = 308 ms CL = 328 ms (+6.5%)

Y% RD locations (APD/CV variability)

FIG. 4. 3-dimensional maps of activation time (t,) showing locations of RDs induced by the same rapid pacing stimuli applied in the same patient-specific
models under average human AF electrophysiology (EP,,,) (left) and variable APD/CV (right) conditions. Spacing between isochrones is 20 ms in all cases.
Cycle length (CL) values are provided under each map and the relative change (%) between APD/CV . o4, and EP,,, models are shown. (a) and (b) RDs
located in region 1 (left pulmonary veins and atrial appendage) of PO3 and PO6 models, respectively. (c) RDs located in region 3 (inferior left atrium) of P10

model. (d) RDs located in region 2 (right pulmonary veins) of PO8 model.
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FIG. 5. Activation maps, following the same convention as Fig. 4, highlighting two cases in which the same pacing sequence applied in the same model led to
the initiation of AF driven by an RD in the same atrial region, regardless of the variability in APD/CV. (a) RDs located in region 1 (left pulmonary veins) of

P02 model. (b) RDs located in region 5 (inferior right atrium) of PO4 model.

vein. Distances between RDs induced under variable APD/
CV and EP,,, conditions were relatively small: APD_ g
dRD: 15.2 mim; APD,lO%: dRD =164 mim; CV+10%: dRD
=5.78mm; and CV_ g¢: dgp=17.39mm. The second
example, shown in Fig. 5(b), features five RDs induced under
different conditions, all located in the infero-lateral RA. All
of these RDs had a relatively long tip trajectory (>1 cm) that
ran parallel to the annulus of the tricuspid valve. As in the
previous case [i.e., Fig. 5(a)], the RD distances for variable
APD/CV cases were relatively small: APD,gq: drp
=4.02 mm; APD_ 10%- dRD =4.09 mm; CV+10%: dRD
=11.8 mm; and CV_gg: dgp = 9.45 mm.

Similar to cases discussed above, differences between
activation sequences distal to RD locations in Figs. 5(a) and
5(b) show aspects of organ-scale excitation distal to the RD,
and in these cases, they were affected by EP parameter
modulation [e.g., transient reentry inferior to left inferior
pulmonary vein in the APD, 1o, panel of Fig. 5(a); regions
of block near RA appendage in the APD o4 panel of Fig.
5(b); heterogeneous excitation patterns, including conduc-
tion block and transient reentry, in APD_;oq and CV_ygq,
panels of Fig. 5(b)]. Moreover, in these cases, we observed
examples where RD locations were the same as in simulations
with EP,,,, but RD chirality was reversed [e.g., APD_ ¢4 in
Flg S(a); APD_I()%, CV+10%, and CV_IO% in Flg 5(b)]

One final example shows an interesting case (Fig. 6), in
which the same rapid pacing stimulus applied in simulations
conducted under EP,,, and CV_j¢¢, conditions initiated RDs
in completely different atrial regions (EP,,,: antero-inferior
wall of RA; CV_ g lateral LA, near ridge below left pul-
monary veins). Interestingly, in the EP,,, case, we observed
transient instances of conduction block and wavefront colli-
sion (highlighted by yellow arrows in the left panel of Fig. 6)
in the location where the AF-sustaining RD was induced
under CV_ ¢, conditions. This suggests that under different
circumstances (e.g., following modification of the existing
substrate via catheter ablation), that site might have emerged

as a new potential RD location in EP,,, simulations, even
though it was not identified during the initial round of simu-
lations. Notably, even though the RD locations shown in this
example were quite far apart (~80 mm), the corresponding
drp value was 33.96 mm because the RD induced under the
CV_ 04 condition was closest to an RD induced under EP,,,
conditions (marked by a white asterisk in the right panel of
Fig. 6).

IV. DISCUSSION

In this study, we used computational models recon-
structed from LGE-MRI scans of the fibrotic atria of individ-
uals with PsAF to assess the sensitivity of AF-sustaining RD
localization to variability in cell- and tissue-scale electro-
physiological parameters and to patient-specific spatial

o i o
wavefront propagation

FIG. 6. Activation maps, following the same convention as Fig. 4, highlight-
ing an example observed in the P02 model in which pacing induced RDs
located in completely different atrial regions in simulations conducted under
average human AF electrophysiology (EP,,,) conditions (region 5: inferior
right atrium, near tricuspid valve annulus) and with —10% CV (region 1:
left pulmonary veins). The latter RD was 33.96 mm from the location of the
nearest RD from EP,,, simulations (marked by asterisk), which was induced
by a different pacing sequence than the one shown in the left-hand panel.
See text for discussion of noteworthy features of wavefront propagation in
EP,,, model.
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distribution of fibrotic tissues. To the best of our knowledge,
this was the first attempt to systematically compare the con-
tributions of the main structural and electrophysiological
components of the fibrotic substrate in PsAF with respect to
their influence on RD locations. We showed that: (1) in sim-
ulations conducted with £10% APD/CV, a subset of RDs
(~35%-80%, depending on the EP variant) was observed in
approximately the same locations as RDs observed in EP,,,
cases; (2) for the latter subset, the degree of overlap between
RD targets in APD/CV . ¢, and EP,,, simulations was mod-
erate (~40%—-60%) and approximately half of the inter-RD
distances (dgp) were within the diameter of one clinical abla-
tion lesion (7 mm); (3) in many cases, where RD locations
were robust to APD/CV variability, there were nonetheless
differences in macroscopic arrhythmia features; and, (4) RDs
induced in APD/CV . (¢ models (~20%—65%, depending
on the EP variant) were sometimes observed in emergent
locations (i.e., not observed in EP,,, simulations), with aver-
age drp ranging from ~20—40 mm.

A. Sensitivity of RD Localization to Variability in EP
Parameters

Broadly speaking, the results presented in this study add
depth to our growing understanding of how fibrotic remodel-
ing in PsAF patients gives rise to a pro-arrhythmic substrate.
Previously, we identified a particular spatial pattern of
fibrotic tissues that strongly favored dynamic localization of
RDs in patient-specific models.” Regions with this specific
pattern corresponded to a subset of boundaries between
fibrotic and non-fibrotic myocardium. This was consistent
with the clinical descriptions of RD behavior observed in
PsAF patients using non-invasive electrocardiographic imag-
ing (ECGI), which indicated that organizing centers tend to
cluster near boundaries between fibrotic and non-fibrotic tis-
sues.® Our new findings present compelling evidence that
these properties of RD localization are robust to electrophys-
iological variability, but with a very important caveat.
Namely, RDs initiated in models with =10% APD/CV still
localize to boundaries between fibrotic and non-fibrotic tis-
sues, but the particular distribution of preferential anchoring
sites is sensitive to imposed electrophysiological variability.
While some distinct RD sites are highly attractive (i.e., pre-
served across all EP parameter variants), others are observed
only in EP,,, simulations. Moreover, in nearly all atrial mod-
els considered, some RD sites only emerged upon modula-
tion of APD and/or CV, suggesting that some potential RD
ablation targets cannot be revealed using the current simula-
tion protocol, i.e., applying burst pacing to the quiescent,
non-ablated atrial model from a large (30—45) set of sites
distributed evenly throughout the atria.

For many cases, in the subset of simulations, where RD
localization was insensitive to EP variation and predominantly
influenced by the spatial distribution of fibrotic tissues, APD/
CV perturbations cause macroscopic changes in arrhythmia
dynamics. We assessed these changes qualitatively by (A)
identifying cases where RDs of opposite chirality had overlap-
ping trajectories and (B) differences in activation sequence in
regions distal to the RD trajectory (e.g., size and extent of
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conduction block areas, presence or absence of transient reen-
tries, etc.) This is a key observation, since it suggests that
changes in AF dynamics caused by APD/CV variability are
not always consequential in terms of RD location, meaning
that two episodes of AF that macroscopically appear
completely different (i.e., via surface ECG inspection) may
be driven by RDs in nearly identical locations.

Although the imposed EP parameter variations had the
expected effects on the RD cycle length in general terms
(i.e., a longer APD and a slower CV led to slower rotation,
and abbreviated APD and accelerated CV led to faster rota-
tion), the magnitude of those changes at the population level
were smaller, particularly for APD_ o¢ and CV_ g, models
(4+1.8% and +-0.1%, respectively). There is no simple expla-
nation for the latter observation, since the cycle length of a
particular RD can be affected by several factors in addition
to intrinsic APD/CV. Notably, relative changes in the cycle
length were much more pronounced for specific examples
where RD trajectories were very similar between EP,,, and
APD/CV +9q, models (see annotations in Fig. 4). This sug-
gests that in the absence of confounding factors (geometric
structure, heterogeneity of fibrotic substrate, etc.) the effects
of cell/tissue-scale changes in APD/CV on the RD cycle
length are much more prominent.

Overall, our observations indicate that the structural
component of the fibrotic substrate in PsAF patients remains
a key factor in influencing RD localization dynamics, since
trajectories are consistently observed in the vicinity of
fibrotic tissue cluster boundaries, but the specific anchoring
sites that emerge during AF simulations are sensitive to mod-
ulation in EP parameters. From a general clinical standpoint,
this also reinforces the value of using LGE-MRI to acquire a
detailed 3-dimensional description of each PsAF patient’s
fibrotic tissue distribution within the atrial anatomy prior to
catheter ablation procedures, but stresses the importance of
understanding how inter-patient differences in APD and CV
may enhance or attenuate the arrhythmogenic propensity of
certain fibrotic boundary regions observed via this approach.

B. Implications for Simulation-Based Planning of
Catheter Ablation Procedures

Patient-specific computational modeling of PsAF has
been proposed as a new approach to non-invasively develop
personalized RD ablation strategies.'®'?***! Previous stud-
ies have shown that such models are reconstructed from
LGE-MRI scans that reveal the fibrotic tissue distribution in
each individual’s atria** and provide a non-invasive platform
for analyzing the mechanistic underpinnings of RD dynam-
ics.”?*72*% The present study demonstrates that the level of
uncertainty intrinsic to this type of atrial model is large
enough that targeting simulation-predicted RD trajectories
alone is not a reliable methodology for planning catheter
ablation of PsAF. Although our results suggest that simula-
tions conducted under EP,,, conditions identified a subset of
RD targets that were consistently observed under multiple
different EP conditions, it is clear that the approach do not
identify all possible targets. Instead, it may be necessary to
combine direct targeting of RDs with other strategies based
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on targeting a specific subset of boundaries between non-
fibrotic and fibrotic tissues, which may prove more robust to
uncertainty.

C. Limitations

Our findings must be interpreted in the context of sev-
eral noteworthy limitations. First, in order to assess the sensi-
tivity of RD localization to EP parameter variation in a large
population of atrial models with diverse spatial patterns of
fibrotic tissues, we opted to consider a relatively limited sub-
set of the parameter space of four discrete changes (*=10%
APD and =10% CV). However, given the fact that our find-
ings suggest that the specifics of RD localization behavior
are sensitive to these changes, it is reasonable to assume that
more dramatic changes would have a similar effect.

Second, our models do not incorporate intra-patient vari-
ability in CV due to specialized atrial structures, such as
Bachmann’s bundle, the crista terminals, and the pectinate
muscles. Although our models include realistic atrial fiber
orientations in the approximate vicinity of these structures,
they cannot be delineated by clinical LGE-MRI and, as such,
they are not modeled with distinct electrophysiology from
other parts of the atria.

Third, as discussed in Methods, the parameter selection
approach used in our study is limited by the fact that varia-
tions resulting in a certain APD/CV adjustment in a reduced
scale and/or geometrically simplified models cannot be
expected to result in emergent effects of the same magnitude
at the organ scale. Future attempts to extend this work should
include a detailed assessment of how cell- and tissue-scale
parameter changes impact the dispersion of EP properties in
image-based models of the fibrotic atria.

Finally, the mean RD cycle length observed in our EP,,,
models was 278.6 = 50.6 ms, and some RDs observed in our
models had very long cycle lengths [e.g., ~400ms in Fig.
4(d)] compared to the clinically observed AF cycle length
(AFCL), which is typically on the order of 180-250ms.
However, because AFCL is characterized electrocardio-
graphically, it integrates effects from many different under-
lying factors including RD(s), sources of focal activation,
and sinoatrial excitation. In contrast, our simulations are con-
cerned exclusively with arrhythmias perpetuated by one RD
at a time, which are induced by burst pacing electrically qui-
escent models in the absence of any other stimuli (including
sinus thythm). While this affords us the advantage of study-
ing RD localization dynamics in the absence of all other
confounding factors, in some cases, it results in an apparent
discrepancy in between RD rotation rate and AFCL, which
must be interpreted carefully.

D. Conclusions

In conclusion, we showed that RD localization in
patient-specific computational models of PsAF is influenced
by the morphology of each patient’s unique spatial distribu-
tion of fibrotic atrial tissue and that changes in APD or CV
can enhance or attenuate the likelihood that an RD will
anchor to a specific site along the boundary between fibrotic
and non-fibrotic tissues. In some cases, perturbing APD and
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CV by =10% caused relatively little variation in RD trajec-
tories, but in others, completely new RD sites that had never
been seen under average EP conditions emerged.

As such, the level of uncertainty present in atrial models
as constructed in the present study is sufficiently high that a
personalized ablation strategy based on targeting simulation-
predicted RD trajectories alone may not produce the desired
result. More work is needed to determine whether this uncer-
tainty can be overcome to facilitate simulation-based plan-
ning of catheter ablation procedures for PsAF patients.

SUPPLEMENTARY MATERIAL

The supplementary material contains 4 supplementary
tables, which present comprehensive summary data for RDs
observed in simulations conducted in all 12 atrial models
under APD/CV .yq, conditions. It also contains 11 supple-
mentary figures, which show the distribution of the fibrotic
tissue and the degree of overlap between RD targets from
APD/CV. o4 and EP,,, simulations for the 11 patient-
specific atrial models not included in Fig. 3.
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