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Research has indicated that atrial fibrillation (AF) ablation failure is related to the presence
of atrial fibrosis. However it remains unclear whether this information can be successfully
used in predicting the optimal ablation targets for AF termination. We aimed to provide a
proof-of-concept that patient-specific virtual electrophysiological study that combines i) atrial structure and fibrosis distribution from clinical MRI and ii) modeling of atrial electrophysiology, could be used to predict: (1) how fibrosis distribution determines the locations from
which paced beats degrade into AF; (2) the dynamic behavior of persistent AF rotors; and
(3) the optimal ablation targets in each patient. Four MRI-based patient-specific models of fibrotic left atria were generated, ranging in fibrosis amount. Virtual electrophysiological studies were performed in these models, and where AF was inducible, the dynamics of AF were
used to determine the ablation locations that render AF non-inducible. In 2 of the 4 models
patient-specific models AF was induced; in these models the distance between a given pacing location and the closest fibrotic region determined whether AF was inducible from that
particular location, with only the mid-range distances resulting in arrhythmia. Phase singularities of persistent rotors were found to move within restricted regions of tissue, which
were independent of the pacing location from which AF was induced. Electrophysiological
sensitivity analysis demonstrated that these regions changed little with variations in
electrophysiological parameters. Patient-specific distribution of fibrosis was thus found to
be a critical component of AF initiation and maintenance. When the restricted regions encompassing the meander of the persistent phase singularities were modeled as ablation lesions, AF could no longer be induced. The study demonstrates that a patient-specific
modeling approach to identify non-invasively AF ablation targets prior to the clinical procedure is feasible.

PLOS ONE | DOI:10.1371/journal.pone.0117110 February 18, 2015

1 / 16

Virtual Electrophysiological Study in Human Atria

GM103545-14. The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.
Competing Interests: The authors have declared
that no competing interests exist.

Introduction
Atrial Fibrillation (AF), the most common arrhythmia, affects over 2 million people in the
United States alone, and data suggests that its prevalence will continue to increase as the population ages[1,2]. Ectopic beats originating from the pulmonary veins (PVs) in the left atrium
(LA) have been identified as a trigger that initiates AF[3]. Catheter-based ablation, the delivery
of heat to destroy the ability of cardiac tissue to generate and conduct electrical signals locally,
has emerged, over the last decade, as a promising treatment option; the procedure has successfully targeted the AF trigger via PV electrical isolation[4]. However, only a 70% success rate in
achieving freedom from AF has been reported with this approach[5].
In an attempt to increase the success rate of the therapy, recent ablation strategies have
begun to target atrial tissue in the LA wall as the substrate that perpetuates AF. These strategies
include substrate ablation guided by the spatial distribution of complex fractionated atrial electrograms[6] and/or dominant frequencies[7]. A different ablation strategy has recently
emerged[8], which involves identifying and ablating AF localized rotors. The variable success
rates of these strategies have highlighted the fact that identifying which components of the atrial substrate sustain AF is critical for the correct identification of the optimal targets
for ablation.
Clinical evidence has demonstrated that the extent of atrial fibrosis is correlated with both
AF incidence[9] and recurrence after ablation[10], indicating its critical role in AF pathogenesis. Recent studies have also shown that the spatial distribution of fibrosis impacts AF dynamics[11,12], suggesting that the unique distribution of atrial fibrosis in each patient may govern
the location of AF rotors, and could therefore potentially be used to identify critical targets for
AF ablation[8], using a patient-specific approach.
In this study we aimed to provide a proof-of-concept that patient-specific virtual
electrophysiological study that combines i) the anatomical structure and morphology of the patient atria and the unique distribution of atrial fibrosis as quantified from clinical MRI scans in
vivo, and ii) computer modeling of electrophysiology of the atria could be used to predict: (1)
how the unique patient-specific fibrosis distribution determines the locations from which pacing stimuli will degrade into reentrant activity in the fibrotic substrate; (2) the dynamic behavior of persistent AF rotors resulting from the presence of fibrosis in the individual atrial
models; and (3) the optimal locations of ablation of the fibrotic substrate in each patient. Our
study focuses exclusively on AF dynamics and ablation under the conditions of fibrotic remodeling, contributing both mechanistic insight and potential application in the clinical procedure
of ablation.

Methods
Contrast-enhanced 3D MRI and Patient Atria Geometry Reconstruction
Researchers at the University of Utah have pioneered MRI-LGE methodology[13] to quantify
the extent of atrial fibrotic remodeling. Our patient data were sourced from this clinical center.
While recent clinical studies [14] report such MRI-LGE patient image acquisition at an average
resolution of 1250×1250×1500μm3, such resolution is inadequate for constructing predictive
patient-specific atrial models. Since the present research aimed to explore the application of
the virtual electrophysiology approach in patients with different degrees of atrial fibrosis, navigating the constrains of MRI-LRE image acquisition for the goals of this study, four patient
atrial scans at average resolution of 667×667×1500μm3 that could be used for atrial model reconstruction were provided to us for the study. Each of these four patients had an amount of
left atrial (LA) wall enhancement (i.e. amount of atrial fibrosis) belonging to one of four groups
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Table 1. Patient data for the four atrial models.
Patient’s Age

Patient’s Gender

% Fibrosis

Utah I

46.4

Female

0.8%

Utah II

60.7

Female

18.0%

Utah III

55.2

Female

22.8%

Utah IV

73.8

Female

42.0%

doi:10.1371/journal.pone.0117110.t001

[13]: Utah I (5%), Utah II (>5% to 20), Utah III (>20% to 35), or Utah IV (>35); the
amount of LA fibrosis in the four chosen patients was quantified as 0.8%, 18.0%, 22.8%, and
42.0%. Patient ages and genders are included in Table 1.
To reconstruct atrial anatomy, epicardial and endocardial atrial borders were manually contoured using Corview (MARREK Inc., Salt Lake City, UT, USA). The relative extent of LA wall
enhancement was quantified with a threshold-based algorithm utilizing pixel intensities from
atrial tissues[15]. LGE-MRI image segmentation and interpolation was used to produce a highresolution image of the LA wall with accurate fibrotic lesion distribution for each of the four
patients (Fig. 1); previous research has demonstrated that LGE-MRI enhancement correlates
with regions of fibrosis identified by histological examination[16].

Modeling of Atrial Electrophysiology
A finite element tetrahedral mesh was generated from each of the segmented image stacks[17].
Ensuring computational tractability in this study with an extensive number of simulations, we
modeled only the LA; the latter choice was motivated by the fact that clinical evaluation of patients for AF ablation at the University of Utah center was based on MRI-LGE quantification
of fibrosis in the LA only[10].
The patient-specific fiber orientation was estimated as previously described in detail[15,18].
Specifically, the estimation involved the use of a human atrial atlas data; using over 100 atrial
geometrical landmarks, a 3D variant of the thin plate spline transformation was used in combination with large deformation diffeomorphic metric mapping to morph the atrial atlas geometry such that it closely matched the patient atria. Conductivities of 0.384 S/m in the primary

Fig 1. Patient-specific distributions of LA fibrosis for substrates Utah I—IV. Pacing locations in the left PVs (L1–L5) and right PVs (R1–R5) are
indicated for each substrate. Anatomical locations for the left superior PV (LSPV), left inferior PV (LIPV), right superior PV (RSPV), right inferior PV (RIPV),
and LA appendage (LAA) are indicated in the left-most substrate; all substrates are presented in identical orientations.
doi:10.1371/journal.pone.0117110.g001
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myofiber direction and 0.0474 S/m in the cross-fiber direction were assigned such that an effective conduction velocity (CV) of 55 cm/s was achieved; detailed description of the rationale for
this choice is presented in our previous publications[12,15].
Non-fibrotic regions of the tissue were represented with a model of the human atrial action
potential under AF conditions[19] developed by Krummen et al[20] on the basis of AF patients
electrophysiological data. Detailed description of the methodology for modeling fibrotic regions can be found in our previous publications[12,15]. This methodology is distinctly different from previous attempts to model fibrosis in patient-specific models, where fibrotic regions
were represented by higher conduction anisotropy ratios [21,22]; the present modeling approach is a more comprehensive representation of the structural remodeling that takes place in
the fibrotic myocardium. To briefly recap, gap junction remodeling due to connexin 43 protein
down-regulation and lateralization was incorporated, with values of conductivities derived
from experimental data. Diffuse and patchy collagen distributions were also included in the fibrotic lesions of the model. Diffuse collagen was modeled using 3D element decoupling to account for fine conduction barriers, where insulating sheets were randomly seeded and grown
along element faces parallel to fiber orientation in the fibrotic regions. Patchy collagen was represented as passive insulators interrupting both transverse and longitudinal connections between cells. Finally, myocytes in the fibrotic regions had altered action potential duration
(APD) resulting from myofibroblast proliferation[23–27] that leads to myocyte-fibroblast coupling, modeled as described previously in our single cell studies, including comparisons with
experimental data [28,29]. In the atrial models, myofibroblast properties were assigned to 1%
of the volume of the fibrotic regions, at random distribution, within the patient-specific fibrotic
regions. Experimental evidence, including very recent work [30], supports the notion that myofibroblasts can alter the APD of neighboring myocytes [31,32]; the resulting APD dispersion at
the tissue level increases the susceptibility of a substrate to arrhythmia [33]. We have previously
demonstrated that modeling myofibroblast influence via heterocellular coupling or via direct
changes in myocyte repolarization currents, as arising from paracrine factors [31], results in indistinguishable electrical consequences [12], thus our simulation methodology is general in
terms of representing the influence of myofibroblasts in adjacent myocardium.
Note that in our atrial models the size, location, and morphology of the fibrotic lesions were
patient specific, while the myofibroblasts and collagenous septa were randomly distributed
within the fibrotic lesion borders since such patient-specific data cannot be currently obtained
in the clinic.

Simulation Protocol and Data Analysis
Monodomain simulations were executed using the package CARP[34–36]. To investigate how
the distribution of fibrosis determines whether dynamic pacing will degrade into reentrant activity and initiate AF, initially ten pacing locations were chosen in each model. These initial
stimulus locations (Fig. 1) were distributed around the PVs (where most ectopic beats originate
[3]). For each pacing location, a dynamic pacing protocol was used to assess arrhythmia inducibility, as performed clinically[8]. The protocol consisted of pacing starting at 365ms cycle
length followed by several beats at decreasing cycle lengths until 260ms was reached. Sustained
AF was defined as fibrillatory activity lasting for 10s after the last stimulus. A number of additional pacing locations were used as necessitated by simulation results (see Results).

Identifying Rotors and Representing Ablation
In models in which AF resulted from PV pacing, the AF rotors behavior was examined by determining the dynamic locations of the phase singularities (rotor organizing centers)
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throughout the 3D atrial models over a period of 10s, and the phase singularity movement (i.e.
trajectory through the tissue, typically precession) was quantified for each rotor, using the approach we have previously published[37], based on methodology by Gray et al[38]. Based on
the analysis, ablation lesions were implemented to so that the lesions fully covered the confined
3D regions of precession of the persistent rotors phase singularities. Rotors were considered
persistent if they lasted for more than 5 rotations. Lesions were modeled as one or more transmural regions[39] of inexcitable tissue; they were cylindrical to account for catheter tip shape,
and 7mm in diameter (within the range of clinical ablation lesions[8]). Arrhythmia inducibility
was tested from numerous locations, both in the PVs and outside, after the implementation of
each ablation lesion.
All simulations were blinded to patient history.

Results
Arrhythmia Inducibility in Patient-Specific LA Models
Our virtual electrophysiology study demonstrated that neither the Utah I nor the Utah II models
resulted in arrhythmia following pacing from any of the initial ten PV locations. The Utah III
substrate developed a sustained AF following pacing from two of the initial ten PV locations;
those were pacing sites L2 and L4 (as marked in Fig. 1). Pacing from three of the ten PV locations (L1, L4, and R1, Fig. 1) resulted in sustained AF in Utah IV. Fig. 2 presents the events leading to the formation of the first cycle of sustained reentry resulting from dynamic pacing at
locations that initiated AF in models Utah III and IV. In each case, unidirectional conduction
block (red lines in Fig. 2) occurred resulting from either the stimulus-induced wavefront encountering refractory tissue (Utah IV: R1) or the collision of the stimulus-induced wavefront
with the wavefront elicited by the preceding stimulus (Utah III: L2 and L4; Utah IV: L1 and L4).
The latter case was possible because of the slow and discontinuous conduction that occurred in
the large fibrotic lesions in substrates Utah III and IV, resulting in the wave taking a propagation
direction different from that in non-fibrotic tissue. Following unidirectional conduction block in
substrates Utah III and IV, a reentrant circuit was formed, leading to the onset of sustained AF.
In all cases, simulation outcomes matched patient arrhythmia outcome. As it could be expected based on the amount of fibrosis in the patient atria, patients from which the Utah I and
II LA models were generated did not suffer from persistent AF, while the patients whose scans
were used to create the Utah III and IV LA models both did.

Distribution of Atrial Fibrosis Determines the Locations from which
Paced Beats Degrade into Persistent AF
Clinical findings indicate that not all atrial ectopic beats result in initiation of reentrant arrhythmia, even in patients in whom AF was previously documented[3]. This is consistent with
the results of our virtual electrophysiological study, where pacing from only a few of the 10 initial PV locations resulted in AF in substrates Utah III and IV. We aimed to understand why
ectopy from some sites triggers arrhythmia, while from others it does not.
The results from our simulations revealed that at all locations from which AF was initiated
in substrates Utah III and IV, AF initiation occurred following the entire pacing protocol (starting at cycle length of 365ms and proceeding down to 260ms). At locations from which AF was
not induced, only part of the pacing protocol was executed, since a stimulus from the pacing
train failed to elicit propagation before the pacing protocol was completed (that is, prior to
reaching 260ms cycle length). Given that repolarization dynamics throughout the fibrotic LA
are non-uniform, we sought to determine how a PV pacing location’s relation to the region of
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Fig 2. Transmembrane potential maps at five time instants, documenting AF initiation in substrates
Utah III (top two rows) and IV (bottom three rows) from different PV pacing locations (as noted at left).
Lines of block are marked in red. White arrows indicate direction of propagation. Red dots (left-most column)
indicate pacing location.
doi:10.1371/journal.pone.0117110.g002

fibrosis affects the ability of a stimulus from that location to elicit excitation in the Utah III and
IV models. The results were analyzed by plotting, in Fig. 3, the distance between each PV pacing site and its closest fibrotic lesion against the pacing cycle length at which excitation failed at
that pacing site. At PV locations where AF was initiated, the cycle length was 260ms, the shortest cycle length in the pacing protocol, as already mentioned above. Fig. 3 demonstrates a clustering of three groups of data points: Group 1, PV pacing locations for which there was a
fibrotic lesion in close proximity (<378μm) and for which stimuli with cycle lengths of 285–
290ms in the pacing protocol failed to excite the tissue; Group 2, PV pacing locations that were
between 378 and 1052μm from fibrotic lesions and for which sustained AF resulted following
the execution of the entire pacing protocol; and Group 3, stimulus locations that were far from
fibrotic lesions (>1052μm) and for which stimuli with cycle lengths of 260–280ms failed to excite the tissue. For each of these groups, we investigated the underlying mechanisms that created these distinctions in behavior:
Group 1. In Group 1 simulations, the PV pacing locations were either located within fibrotic
lesions or in an immediate proximity to fibrotic lesions. Partial sodium channel inactivation precipitated by the presence of myofibroblasts (seeded at a density of 1%) resulted in some post-
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Fig 3. Plot of the distance between each pacing site and its closest fibrotic lesion vs. the pacing cycle
length at which a stimulus either failed to excite the tissue or resulted in AF in substrates Utah III (red
squares) and Utah IV (blue triangles). Stimulus locations are labeled for each data point. Groups 1–3 are
indicated for discussion purposes. Distances between pacing site and fibrotic lesions cannot be inferred from
Figs. 1 or 2 due to the limitations in presenting 3D information in a 2D figure.
doi:10.1371/journal.pone.0117110.g003

repolarization refractoriness[12] in the fibrotic regions. Therefore, short pacing cycle lengths in
our pacing protocol (shorter than 285ms) were unable to full-blown propagating activations
(thus AF) from PV pacing locations within or in close proximity to the fibrotic lesions.
In Group 2, PV pacing locations were between 378 and 1052μm from fibrotic lesions (intermediate distances, which we term“prime tissue”); sustained AF resulted following the execution of the full pacing protocol from these pacing locations. At these locations, there is no
partial sodium channel inactivation (pacing locations are sufficiently far for that from the fibrotic regions). However, these regions are close enough to the fibrotic regions to be characterized with APD shortening stemming from electrotonic interactions with the fibrotic regions.
The spatial dispersion of APD that occurs throughout in Utah III and IV substrates as a result
of remodeling and fibroblast proliferation in the fibrotic lesions is shown in Fig. 4; these maps

Fig 4. Transmembrane potential maps at four time instants in substrates Utah III (top row) and Utah IV
(bottom row) following pacing from a “prime” region outside the PVs (pacing sites marked by red
arrows).
doi:10.1371/journal.pone.0117110.g004
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indicate significant APD shortening and dispersion within the fibrotic regions that descreased
with the distance away from the fibrotic regions. The average APD at Group 2 PV pacing locations was found to be 9.5ms shorter than the average APD of Group 3 PV pacing locations
since tissue that is closer to fibrotic lesions experienced a greater degree of APD shortening.
Thus, pacing stimuli at short cycle lengths from PV locations that fell within this mid-range of
distances to fibrotic lesions (378–1052μm) encountered tissue that was excitable, allowing for
propagation through it, so that the paced-induced activation could then encounter fully the
dispersion of APD within the fibrotic regions and degenerate into AF.
In Group 3 simulations, PV pacing locations were far from fibrotic lesions (> 1330μm) and
did not experience the same extent of APD shortening as those that were closer, as evidenced
by the average APD values presented above. Therefore, stimuli at short pacing cycle lengths encountered tissue in refractory state and could not elicit activation.
Based on the finding that stimuli that were located at a distance between 378 and 1052μm
from fibrotic lesions could initiate AF in models Utah III and IV, the distance between each
point in the non-fibrotic tissue and the closest fibrotic lesion was calculated to determine what
locations would fall within the range of these “sweet spot” distances to fibrotic lesions and
could therefore be considered “prime spots” for AF initiation. We found that “prime” locations
comprise 3.56% and 4.43% of LA volume (including the PVs) in the Utah III and IV models,
respectively. A disproportionately large amount of this “prime” tissue was localized in the PVs,
19.78% and 32.56% in the Utah III and IV substrates, respectively, although the PVs comprised
only 14.9% and 22.93% of total tissue volume, respectively, in these models. It is important to
note that it is unclear whether this finding will hold true in other patient atria with persistent
AF and fibrosis, or whether it is specific to the patient atria used here because of the particular
distribution of fibrosis in proximity of the PVs.
Building on this finding, we conducted 10 additional simulations for each of the two
atrial models, where pacing trains were delivered from 10 locations in “prime” tissue outside
of the PV regions in substrates Utah III and IV to test AF inducibility and the presence of
“sweet spot for AF induction”; consistent with our predictions above, sustained AF was initiated by pacing from all of these locations. Data from representative simulations are shown
in Fig. 5.

Fig 5. Maps of APD distribution for atrial models Utah III (left) and Utah IV (right).
doi:10.1371/journal.pone.0117110.g005
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Fig 6. Epicardial transmembrane potential maps at two time instants in atrial models Utah III (top row)
and Utah IV (bottom row) demonstrating an instant location (pink dot) of the phase singularity at the
time instant of the transmembrane potential map, as well as the outline of the confined region of
precession (red dashed line) of the persistent phase singularities. The persistent phase singularities
meandered only within (not around) the regions outlined with red dashed lines.
doi:10.1371/journal.pone.0117110.g006

Distribution of Atrial Fibrosis Determines Persistent AF Rotor Location
and Meander
Phase singularities were calculated throughout the volume of the atrial models in all of the
cases in which pacing resulted in persistent AF initiation. In both Utah III and Utah IV models
AF, was characterized with the formation of persistent rotors, which lasted for the duration of
the AF simulations, as well as other “breakoff” fibrillatory activity, the phase singularities of
which appeared and vanished fairly quickly. Importantly, once AF was initiated, the persistent
rotors moved (in a precession-like way) within the same confined regions in each model, regardless of the pacing location from which AF was induced, indicating that the patient-specific
distribution of fibrosis, rather than the location of atrial trigger, was the most important factor
governing AF persistent rotor location(s). In the Utah III substrate (Fig. 6, top row), as shown
in the epicardial surface map, one persistent rotor was found to move around within an approximately oval region of tissue with long and short diameters of 13.2mm and 6.7mm, respectively (calculated persistent phase singularities locations at the given instant of time are
presented in Fig. 6 by the pink dots on the epicardial surface; confined regions of precessions
are outlined by red dashed line). In the Utah IV substrate, there were two persistent rotors, one
moving cyclically within a larger oval region of tissue with long and short diameters of 13.7mm
and 6.2mm, respectively, and another, the movement of which took place in a smaller, approximately circular, region of tissue that was about 6.6mm in diameter (Fig. 6, bottom row). Note
that in the Utah III and IV models, where AF is maintained due to fibrotic remodeling only, we
did not find appreciable differences in the way the phase singularities associated with the same
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Fig 7. Transmembrane potential maps at five time instants in substrates Utah III (top two rows) and IV
(bottom three rows) from different pacing locations (as noted at left) with ablation lesions modeled.
Filled red circles (left-most column) represent the extent of the ablation lesions. White arrows indicate
direction of propagation. Time instances and pacing locations are identical to those in Fig. 2.
doi:10.1371/journal.pone.0117110.g007

rotor moved on the endocardial and epicardial surfaces. This is consistent with findings by
Arevalo et al [40] regarding reentrant wave filament behavior associated with infarct-related
ventricular tachycardia, and the anchoring of reentrant waves found in 2D models of atrial fibrosis [24].
Ablation was applied, as described in Methods, to the confined regions within which the
persistent phase singularities moved. Snapshots of transmembrane potential distributions at
time instants throughout simulations with ablation lesions modeled are shown in Fig. 7; the selected time instants are identical to those in Fig. 2 to allow for comparison. The implementation of ablation consisting of two overlapping circular lesions (indicated in red in the left-most
images in Fig. 7), fully covering the long diameter (13.2mm) of the region of mother rotor
phase singularity movement was necessary to result in AF non-inducibility in the Utah III substrate following pacing from both the L2 and L4 locations. In the Utah IV substrate, two separate ablations were implemented to render inexcitable the regions of movement of the two
persistent phase singularities. The smaller region was targeted with one circular ablation, while
the larger region was targeted with two overlapping circular lesions to again fully cover the
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long diameter of the region confining the persistent phase singularity movement (13.7mm).
The ablations (indicated in red in the left-most images in Fig. 7) resulted in AF non-inducibility. It was not possible to achieve AF non-inducibility with fewer ablation lesions.
Finally, we performed limited parameter sensitivity analysis (as to keep the simulation study
tractable) to determine how a change in electrophysiological parameters affected the dynamics
of phase singularities in the Utah III model. To examine the effect of conduction velocity on
the locations of persistent phase singularity, longitudinal and transverse conductivity values in
the atrial model were increased by 50%, and the simulations with this model repeated. As a result, the mean location of the persistent phase singularity changed by 0.5149 cm (the persistent
rotor average cycle length decreased by 14 ms). Additionally, we changed APD duration in the
fibrotic regions by increasing the density of the myofibroblasts by 20%, and repeating the simulations with several random distributions. This resulted in a mean phase singularity location
change of 0.44 cm (AF persistent rotor cycle length decreased by 15 ms). These simulations
demonstrated that the patient-specific distribution of fibrosis was the primary determinant of
the locations of the persistent AF rotors.
Note that in this study it was impossible to compare the predicted optimal ablation lesions
with clinical ones, the reason being that patients with significant fibrosis such as those in categories Utah III and IV are counter-indicated for atrial ablation because 1) PV isolation, the
standard approach, is insufficient to terminate AF and 2) it is currently unknown where to ablate in the fibrotic substrate in these patients. Indeed, it is our hope that further developments
of the patient-specific approach for predicting the optimal ablation targets presented here will
be translated to the clinic so that patients with fibrotic atria and persistent AF could be successfully ablated and rendered free of AF based on simulation predictions of rotor dynamics in the
specific fibrotic substrate.

Discussion
AF phase singularity dynamics and the optimal targets of AF ablation
In this study we developed the first time MRI-based patient-specific models of AF from patients with different burden of atrial fibrosis. The patient-specific aspects of the models were
atrial geometry and the specific fibrosis distribution, as reconstructed from clinical LGE-MRI
scans. Four models were developed for this study, each with fibrosis burden falling in one of
the four Utah fibrosis categories. In two of the models, with fibrosis burden categories Utah III
and Utah IV, AF was induced from numerous pacing locations in the simulations. The dynamics of the persistent phase singularities during AF induced from those pacing locations was
evaluated. In these two AF models, simulations demonstrated that the unique distribution of fibrosis in the patient atria plays an important role in the dynamics of the patient’s AF persistent
phase singularities. In all cases, the persistent phase singularities moved within confined regions in the atria, in a precession-like movement. This localization was independent of the pacing locations from which AF was induced, whether PVs or other locations in the atria outside
the fibrotic regions.
When “ablation” was performed in the patient-specific atrial models by rendering each of
the confined regions of persistent phase singularities movement non-conductive (i.e, making
them ablation lesions), AF became non-inducible from any of the tested pacing locations in the
atria. These results agree with clinical findings by Narayan and co-workers[8], where the region
of precession of the AF rotor’s organizing center was a successful ablation target. Also consistent with our finding that the implementation of 1 to 2 ablation lesions led to AF non-inducibility, Narayan et al. reported that an average of 2.1 ± 1.0 electrical rotors were observed in
patients with sustained AF.
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The findings could have an important implication: since the patient-specific fibrosis distribution was found here to be the main determinant of the spatial localization of the organizing
centers of persistent reentries in AF, then it is possible to envision that patient-specific models
of the fibrotic atria could be constructed to predict, non-invasively, the optimal AF ablation
targets using models reconstructed from clinical MRI-LGE scans.
To further demonstrate the important role of the specific fibrotic distribution in the localization of the persistent phase singularities in the patient-specific atrial model, a limited (as to
ensure computational tractability) electrophysiological parameter sensitivity analysis was conducted. While changes in electrophysiological parameters would be expected to alter the dynamics of AF, these changes translated into only a small change in the localization of the AF
persistent phase singularities. This change in the localization could be considered insignificant
if it would be at a distance covered by a clinical ablation lesion [41]. For instance, the simulations demonstrated that a change in CV by 50% resulted in close to 0.5cm change in the mean
location of the persistent phase singularity in Utah III model, well within the limits of a clinical
lesion. Thus, patient-specific variability in electrophysiological parameters might play a much
smaller role in determining the spatial localization of the organizing centers of persistent reentries in AF, and thus the optimal targets of persistent AF ablation in the fibrotic atria. These
findings are in agreement with results by Arevalo et al [40], where the simulated (in an imagebased ventricular model) infarct-related ventricular tachycardia organizing centers of reentry
were found to always be localized in the infarct gray (or border) zone, with the specific location
determined predominantly by the morphology of the border zone, as shown by the
electrophysiological parameter sensitivity analysis.
Should the present findings be repeated in a number of patient-specific models, they could
have important implications for the clinical translation of patient-specific atrial modeling. The
virtual electrophysiological study using patient-specific atrial models could provide a novel
way to identify regions of meander of persistent phase singularities based on the individual spatial distribution of fibrosis. This study therefore presents the proof-of-concept of a non-invasive approach to the identification of the optimal ablation targets for persistent AF in the
fibrotic atria. In its translation to the clinic, we envision that the approach will entail the use,
prior to the clinical procedure, of an MRI-based subject-specific multiscale electrophysiological
model of the fibrotic atria to analyze AF dynamics and rotor meander, and to determine the
optimal targets of ablation. Once the optimal targets of ablation are determined and visualized
by the present approach, we envision that ablation delivery for AF termination could be swift
and precise, eradicating, with a minimal number of lesions, all rotors in the fibrotic substrate.
This could dramatically improve the efficacy of ablation, increase the tolerance for the procedure, and reduce post-procedure complications and long-term deleterious effects resulting
from the lengthy invasive mapping and the numerous unnecessary ablation lesions.

Pacing locations and inducibility of AF
The present study also examined how the patient-specific fibrosis distribution determines
whether pacing stimuli result in persistent AF, and from which specific atrial locations. The
simulations demonstrated that: (1) The mechanisms, which determine whether pacing from a
given atrial site will degrade into AF, operate in a distance-to-fibrosis-dependent fashion, with
pacing from locations only in the mid-range of distances (378–1052μm) to fibrotic lesions resulting in sustained AF, and 2) A disproportionate amount of all non-fibrotic tissue that falls in
the mid-range (i.e arrhythmogenic “sweet spot”) distance to fibrotic lesions is located in the
PVs.
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In this study, two out of ten PV stimulus locations resulted in AF initiation in the Utah III
substrate (with 22.8% fibrosis), while three out of ten PV stimulus locations caused AF in the
Utah IV substrate (with 42.0% fibrosis); no PV stimuli caused AF in the Utah I and II models.
This finding demonstrates a correlation between the amount of fibrosis and the probability of a
trigger initiating AF; it is consistent with the correlation found between AF incidence and percent fibrosis in the LA[9], the underlying cause of which has remained unknown. Our study
findings suggest that AF incidence may be higher in patients with more fibrosis due to the fact
that larger degrees of fibrosis cause locations in the substrate to become “prime” for triggering
AF. Indeed, we demonstrated that “prime” trigger locations comprise 3.56% and 4.43% of the
Utah III and IV substrates by volume, respectively, of which disproportionate amounts were located in the PVs. The concept of “prime” tissue may help explain the clinical finding that triggered activity, which can remain frequent years after linear LA ablation, often does not initiate
AF[42]. Should ablation create an electrical barrier that prevents propagation from “prime tissue”, substrates could be rendered non-inducible to AF, despite the presence of
triggered activity.
Traditionally, AF treatments have either been aimed at suppressing atrial triggers that initiate AF[4], or at modifying the substrate that sustains it[6,7]. In this study, however, the spatial
distribution of atrial fibrosis was found both to determine whether ectopy initiates AF and to
govern the dynamics of the resulting AF rotors. The fact that the distribution of atrial fibrosis
modulates both AF initiation and its maintenance creates a new paradigm for AF treatment, in
which one treatment strategy could possibly target both AF-triggering andperpetuating mechanisms.
Study limitations. Because fibrosis was identified in the clinical images used here in LA
only, and because this study focused only on the role of fibrosis on AF reentrant activity, for
computational tractability simulations used only the LA to determine AF rotor dynamics and
perform ablation. The methodology would not change when modeling both atria; similarly, the
insights obtained here will remain valid if the RA is non-fibrotic. Should presence of fibrosis be
demonstrated clinically by LGE-MRI imaging in the RA as well, persistent rotors might also
occur in the RA, which would be consistent with findings by Narayan et al [43] that over 30%
of all rotors sustaining persistent AF are found in the RA; this will necessitate ablation lesions
there as well. Another limitation of the study is the small number of patient scans due to the
low resolution of the scans. However, image resolution is likely to improve with time and advances in MRI technology, which will improve the utility of our approach. Likewise, the fact
that an ionic model of chronic AF was used for all patient models is a limitation. Finally, consistent with the goals of this study, our model does not include intrinsic APD gradients that
might exist in the patient LA non-fibrotic regions; the latter have been the subject of numerous
experimental and simulation studies (see reviews, some very recent [44–46] as well as new
studies [47]). It is possible that different sets of mechanisms dominate AF dynamics under different conditions. Thus, the concept of “prime tissue” in our study may also be limited; while it
may control the minimum pacing cycle rate that can be obtained at a certain location, reentrant
activity may also depend on heterogeneous tissue properties elsewhere.

Author Contributions
Conceived and designed the experiments: KM NT. Performed the experiments: KM SZ. Analyzed the data: KM SZ. Contributed reagents/materials/analysis tools: FV JB RM. Wrote the
paper: KM NT.

PLOS ONE | DOI:10.1371/journal.pone.0117110 February 18, 2015

13 / 16

Virtual Electrophysiological Study in Human Atria

References
1.

Feinberg WM, Blackshear JL, Laupacis A, Kronmal R, Hart RG (1995) Prevalence, age distribution,
and gender of patients with atrial fibrillation. Analysis and implications. Arch Intern Med 155: 469–473.
PMID: 7864703

2.

Miyasaka Y, Barnes ME, Gersh BJ, Cha SS, Bailey KR, et al. (2006) Secular trends in incidence of atrial fibrillation in Olmsted County, Minnesota, 1980 to 2000, and implications on the projections for future
prevalence. Circulation 114: 119–125. PMID: 16818816

3.

Haissaguerre M, Jais P, Shah DC, Takahashi A, Hocini M, et al. (1998) Spontaneous initiation of atrial
fibrillation by ectopic beats originating in the pulmonary veins. N Engl J Med 339: 659–666. PMID:
9725923

4.

Haissaguerre M, Jais P, Shah DC, Garrigue S, Takahashi A, et al. (2000) Electrophysiological end
point for catheter ablation of atrial fibrillation initiated from multiple pulmonary venous foci. Circulation
101: 1409–1417. PMID: 10736285

5.

Cappato R, Calkins H, Chen SA, Davies W, Iesaka Y, et al. (2010) Updated worldwide survey on the
methods, efficacy, and safety of catheter ablation for human atrial fibrillation. Circ Arrhythm Electrophysiol 3: 32–38. doi: 10.1161/CIRCEP.109.859116 PMID: 19995881

6.

Nademanee K, McKenzie J, Kosar E, Schwab M, Sunsaneewitayakul B, et al. (2004) A new approach
for catheter ablation of atrial fibrillation: mapping of the electrophysiologic substrate. J Am Coll Cardiol
43: 2044–2053. PMID: 15172410

7.

Atienza F, Almendral J, Jalife J, Zlochiver S, Ploutz-Snyder R, et al. (2009) Real-time dominant frequency mapping and ablation of dominant frequency sites in atrial fibrillation with left-to-right frequency
gradients predicts long-term maintenance of sinus rhythm. Heart Rhythm 6: 33–40. doi: 10.1016/j.
hrthm.2008.10.024 PMID: 19121797

8.

Narayan SM, Krummen DE, Shivkumar K, Clopton P, Rappel WJ, et al. (2012) Treatment of atrial fibrillation by the ablation of localized sources: CONFIRM (Conventional Ablation for Atrial Fibrillation With
or Without Focal Impulse and Rotor Modulation) trial. J Am Coll Cardiol 60: 628–636. doi: 10.1016/j.
jacc.2012.05.022 PMID: 22818076

9.

Xu J, Cui G, Esmailian F, Plunkett M, Marelli D, et al. (2004) Atrial extracellular matrix remodeling and
the maintenance of atrial fibrillation. Circulation 109: 363–368. PMID: 14732752

10.

Mahnkopf C, Badger TJ, Burgon NS, Daccarett M, Haslam TS, et al. (2010) Evaluation of the left atrial
substrate in patients with lone atrial fibrillation using delayed-enhanced MRI: Implications for disease
progression and response to catheter ablation. Heart Rhythm 7: 1475–1481. doi: 10.1016/j.hrthm.
2010.06.030 PMID: 20601148

11.

Tanaka K, Zlochiver S, Vikstrom KL, Yamazaki M, Moreno J, et al. (2007) Spatial distribution of fibrosis
governs fibrillation wave dynamics in the posterior left atrium during heart failure. Circ Res 101: 839–
847. PMID: 17704207

12.

McDowell KS, Vadakkumpadan F, Blake R, Blauer J, Plank G, et al. (2013) Mechanistic Inquiry into the
Role of Tissue Remodeling in Fibrotic Lesions in Human Atrial Fibrillation. Biophys J 104: 2764–2773.
doi: 10.1016/j.bpj.2013.05.025 PMID: 23790385

13.

Akoum N, Daccarett M, McGann C, Segerson N, Vergara G, et al. (2011) Atrial fibrosis helps select the
appropriate patient and strategy in catheter ablation of atrial fibrillation: a DE-MRI guided approach. J
Cardiovasc Electrophysiol 22: 16–22. doi: 10.1111/j.1540-8167.2010.01876.x PMID: 20807271

14.

Marrouche N, Wilber D, Hindricks G, Jais P, Akoum N, et al. (2014) Association of atrial tissue fibrosis
identified by delayed enhancement MRI and atrial fibrillation catheter ablation: the DECAAF study. The
Journal of the American Medical Association 311: 498–506. doi: 10.1001/jama.2014.3 PMID:
24496537

15.

McDowell KS, Vadakkumpadan F, Blake R, Blauer J, Plank G, et al. (2012) Methodology for patientspecific modeling of atrial fibrosis as a substrate for atrial fibrillation. J Electrocardiol 45: 640–645. doi:
10.1016/j.jelectrocard.2012.08.005 PMID: 22999492

16.

McGann C, Akoum N, Patel A, Kholmovski E, Revelo P, et al. (2014) Atrial fibrillation ablation outcome
is predicted by left atrial remodeling on MRI. Circ Arrhythm Electrophysiol 7: 23–30. doi: 10.1161/
CIRCEP.113.000689 PMID: 24363354

17.

Prassl AJ, Kickinger F, Ahammer H, Grau V, Schneider JE, et al. (2009) Automatically generated, anatomically accurate meshes for cardiac electrophysiology problems. IEEE Trans Biomed Eng 56:
1318–1330. doi: 10.1109/TBME.2009.2014243 PMID: 19203877

18.

Vadakkumpadan F, Trayanova N, Younes L, Wu KC. Left-Ventricular Shape Analysis for Predicting
Sudden Cardiac Death Risk; 2012; San Diego. pp. 4067–4070. doi: 10.1109/EMBC.2012.6346860
PMID: 23366821

PLOS ONE | DOI:10.1371/journal.pone.0117110 February 18, 2015

14 / 16

Virtual Electrophysiological Study in Human Atria

19.

Courtemanche M, Ramirez RJ, Nattel S (1999) Ionic targets for drug therapy and atrial fibrillation-induced electrical remodeling: insights from a mathematical model. Cardiovasc Res 42: 477–489. PMID:
10533583

20.

Krummen DE, Bayer JD, Ho J, Ho G, Smetak MR, et al. (2012) Mechanisms of human atrial fibrillation
initiation: clinical and computational studies of repolarization restitution and activation latency. Circ
Arrhythm Electrophysiol 5: 1149–1159. doi: 10.1161/CIRCEP.111.969022 PMID: 23027797

21.

Plank G, Prassl A, Wang J, Seeman G, Scherr D, et al. (2008) Atrial fibrosis promotes the transition of
pulmonary vein ectopy into reentrant arrhythmias. Heart Rhythm. pp. 5:S78.

22.

Krueger MW, Rhode KS, O’Neill MD, Rinaldi CA, Gill J, et al. (2014) Patient-specific modeling of atrial fibrosis increases the accuracy of sinus rhythm simulations and may explain maintenance of atrial fibrillation. J Electrocardiol 47: 324–328. doi: 10.1016/j.jelectrocard.2013.11.003 PMID: 24529989

23.

McDowell KS, Arevalo HJ, Maleckar MM, Trayanova NA (2011) Susceptibility to arrhythmia in the infarcted heart depends on myofibroblast density. Biophys J 101: 1307–1315. doi: 10.1016/j.bpj.2011.
08.009 PMID: 21943411

24.

Ashihara T, Haraguchi R, Nakazawa K, Namba T, Ikeda T, et al. (2012) The role of fibroblasts in complex fractionated electrograms during persistent/permanent atrial fibrillation: implications for electrogram-based catheter ablation. Circ Res 110: 275–284. doi: 10.1161/CIRCRESAHA.111.255026
PMID: 22179057

25.

Pedrotty DM, Klinger RY, Kirkton RD, Bursac N (2009) Cardiac fibroblast paracrine factors alter impulse
conduction and ion channel expression of neonatal rat cardiomyocytes. Cardiovasc Res 83: 688–697.
doi: 10.1093/cvr/cvp164 PMID: 19477968

26.

Vasquez C, Mohandas P, Louie KL, Benamer N, Bapat AC, et al. (2010) Enhanced fibroblast-myocyte
interactions in response to cardiac injury. Circ Res 107: 1011–1020. doi: 10.1161/CIRCRESAHA.110.
227421 PMID: 20705922

27.

Miragoli M, Gaudesius G, Rohr S (2006) Electrotonic modulation of cardiac impulse conduction by myofibroblasts. Circ Res 98: 801–810. PMID: 16484613

28.

Maleckar MM, Greenstein JL, Trayanova NA, Giles WR (2008) Mathematical simulations of ligandgated and cell-type specific effects on the action potential of human atrium. Prog Biophys Mol Biol 98:
161–170. doi: 10.1016/j.pbiomolbio.2009.01.010 PMID: 19186188

29.

Maleckar MM, Greenstein JL, Giles WR, Trayanova NA (2009) Electrotonic coupling between human
atrial myocytes and fibroblasts alters myocyte excitability and repolarization. Biophys J 97: 2179–
2190. doi: 10.1016/j.bpj.2009.07.054 PMID: 19843450

30.

Quinn TA, Camelliti P, Siedlecka U, Poggioli T, Loew LM, et al. (2014) Cell-Specific Expression of Voltage-Sensitive Protein Confirms Cardiac Myocyte to Non-Myocyte Electrotonic Coupling in Healed Murine Infarct Border Tissue. Circulation 130: A11749.

31.

Pedrotty D, Klinger R, Kirkton R, N B (2009) Cardiac fibroblast paracrine factors alter impulse conduction and ion channel expression of neonatal rat cardiomyocytes. Cardiovascular research 83: 688–
697. doi: 10.1093/cvr/cvp164 PMID: 19477968

32.

Kohl P, Gourdie RG (2014) Fibroblast-myocyte electrotonic coupling: does it occur in native cardiac tissue? J Mol Cell Cardiol 70: 37–46. doi: 10.1016/j.yjmcc.2013.12.024 PMID: 24412581

33.

Kuo C, Munakata K, Reddy C, Surawicz B (1983) Characteristics and possible mechanism of ventricular arrhythmia dependent on the dispersion of action potential durations. Circulation 67: 1356–1367.
PMID: 6851031

34.

Vigmond EJ, Hughes M, Plank G, Leon LJ (2003) Computational tools for modeling electrical activity in
cardiac tissue. J Electrocardiol Suppl: 36: 69–74. PMID: 14716595

35.

Plank G, Zhou L, Greenstein JL, Cortassa S, Winslow RL, et al. (2008) From mitochondrial ion channels
to arrhythmias in the heart: computational techniques to bridge the spatio-temporal scales. Philosophical Transactions of the Royal Society a-Mathematical Physical and Engineering Sciences 366: 3381–
3409. doi: 10.1098/rsta.2008.0112 PMID: 18603526

36.

Vigmond EJ, Aguel F, Trayanova NA (2002) Computational techniques for solving the bidomain equations in three dimensions. IEEE Trans Biomed Eng 49: 1260–1269. PMID: 12450356

37.

Larson C, Dragnev L, Trayanova N (2003) Analysis of electrically induced reentrant circuits in a sheet
of myocardium. Ann Biomed Eng 31: 768–780. PMID: 12971610

38.

Gray RA, Pertsov AM, Jalife J (1998) Spatial and temporal organization during cardiac fibrillation. Nature 392: 75–78. PMID: 9510249

39.

Sanchez JE, Kay GN, Benser ME, Hall JA, Walcott GP, et al. (2003) Identification of transmural necrosis along a linear catheter ablation lesion during atrial fibrillation and sinus rhythm. J Interv Card Electrophysiol 8: 9–17. PMID: 12652172

PLOS ONE | DOI:10.1371/journal.pone.0117110 February 18, 2015

15 / 16

Virtual Electrophysiological Study in Human Atria

40.

Arevalo H, Plank G, Helm P, Halperin H, Trayanova N (2013) Tachycardia in post-infarction hearts: insights from 3D image-based ventricular models. PLoS One 8: e68872. doi: 10.1371/journal.pone.
0068872 PMID: 23844245

41.

Lardo A, McVeigh E, Jumrussirikul P, Berger R, Calkins H, et al. (2000) Visualization and temporal/spatial characterization of cardiac radiofrequency ablation lesions using magnetic resonance imaging. Circulation 102: 698–705. PMID: 10931812

42.

Tanner H, Hindricks G, Kobza R, Dorszewski A, Schirdewahn P, et al. (2005) Trigger activity more than
three years after left atrial linear ablation without pulmonary vein isolation in patients with atrial fibrillation. Journal of the American College of Cardiology 46: 338–343. PMID: 16022965

43.

Narayan SM, Krummen DE, Clopton P, Shivkumar K, Miller JM (2013) Direct or coincidental elimination
of stable rotors or focal sources may explain successful atrial fibrillation ablation: on-treatment analysis
of the CONFIRM trial (Conventional ablation for AF with or without focal impulse and rotor modulation).
J Am Coll Cardiol 62: 138–147. doi: 10.1016/j.jacc.2013.03.021 PMID: 23563126

44.

Trayanova NA (2014) Mathematical approaches to understanding and imaging atrial fibrillation: significance for mechanisms and management. Circ Res 114: 1516–1531. doi: 10.1161/CIRCRESAHA.114.
302240 PMID: 24763468

45.

Andrade J, Khairy P, Dobrev D, Nattel S (2014) The clinical profile and pathophysiology of atrial fibrillation: relationships among clinical features, epidemiology, and mechanisms. Circ Res 114: 1453–1468.
doi: 10.1161/CIRCRESAHA.114.303211 PMID: 24763464

46.

Nattel S, Burstein B, Dobrev D (2008) Atrial remodeling and atrial fibrillation: mechanisms and implications. Circ Arrhythm Electrophysiol 1: 62–73. doi: 10.1161/CIRCEP.107.754564 PMID: 19808395

47.

Colman MA, Varela M, Hancox JC, Zhang H, Aslanidi OV (2014) Evolution and pharmacological modulation of the arrhythmogenic wave dynamics in canine pulmonary vein model. Europace 16: 416–423.
doi: 10.1093/europace/eut349 PMID: 24569896

PLOS ONE | DOI:10.1371/journal.pone.0117110 February 18, 2015

16 / 16

