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Aims Efforts to improve ablation success rates in persistent atrial fibrillation (AF) patients by targeting re-entrant driver
(RD) sites have been hindered by weak mechanistic understanding regarding emergent RDs localization following
initial fibrotic substrate modification. This study aimed to systematically assess arrhythmia dynamics after virtual ab-
lation of RD sites in computational models.

...................................................................................................................................................................................................
Methods
and results

Simulations were conducted in 12 patient-specific atrial models reconstructed from pre-procedure late gadolinium-
enhanced magnetic resonance imaging scans. In a previous study involving these same models, we comprehensively
characterized pre-ablation RDs in simulations conducted with either ‘average human AF’-based electrophysiology
(i.e. EPavg) or ±10% action potential duration or conduction velocity (i.e. EPvar). Re-entrant drivers seen under the
EPavg condition were virtually ablated and the AF initiation protocol was re-applied. Twenty-one emergent RDs
were observed in 9/12 atrial models (1.75 ± 1.35 emergent RDs per model); these dynamically localized to bound-
ary regions between fibrotic and non-fibrotic tissue. Most emergent RD locations (15/21, 71.4%) were within
0.1 cm of sites where RDs were seen pre-ablation in simulations under EPvar conditions. Importantly, this suggests
that the level of uncertainty in our models’ ability to predict patient-specific ablation targets can be substantially
mitigated by running additional simulations that include virtual ablation of RDs. In 7/12 atrial models, at least one
episode of macro-reentry around ablation lesion(s) was observed.

...................................................................................................................................................................................................
Conclusion Arrhythmia episodes after virtual RD ablation are perpetuated by both emergent RDs and by macro-reentrant cir-

cuits formed around lesions. Custom-tailoring of ablation procedures based on models should take steps to miti-
gate these sources of AF recurrence.
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Introduction

Atrial fibrillation (AF) is the most prevalent sustained cardiac arrhyth-
mia, causing morbidity and mortality in 3–5 million individuals in the
United States alone.1 The severity of AF is exacerbated by its pro-
gressive nature. Each year, electrophysiological and fibrogenic
remodelling of atrial tissue lead to the development of persistent AF
(PsAF) in approximately 5% of AF patients,2 resulting in prolonged ar-
rhythmia episodes (>_7 days) and extremely limited treatment

options.3 Success rates for the standard-of-care treatment option,
pulmonary vein isolation (PVI) via catheter ablation, are sub-optimal
(�50%) in patients with PsAF.4 This is partly attributed to disease-
related remodelling of the atria, which creates a substrate for the ini-
tiation and perpetuation of spiral waves [i.e. re-entrant drivers (RDs)]
that promote fibrillatory activity.5,6

Despite promising preliminary results,7,8 attempts to improve
PsAF ablation success rates by ablating RD sites identified by intracar-
diac mapping [i.e. focal impulse and rotor mapping (FIRM)] have yet
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to show therapeutic benefit over PVI alone.9 Modest success rates
(�80%) have been reported for targeted ablation of RDs based on
non-invasive electrocardiographic imaging (ECGI),6 but long-term
follow-up and multi-centre validation of this approach are lacking.
Overall, no definitive approach has emerged for effective catheter ab-
lation of the fibrotic substrate in PsAF. One explanation for the high
rate of AF recurrence in patients who undergo treatment is the
emergence of post-ablation RDs in the modified fibrotic substrate.
There is a lack of mechanistic understanding of the dynamic localiza-
tion of such emergent RDs in the substrate. An attempt to
uncover these mechanisms has been made in simple computational
models (i.e. two-dimensional sheets of simulated atrial tissue)10 but
never in realistic organ-scale models including detailed representa-
tions of atrial geometry and patient-specific patterns of structural
remodelling.

We have recently developed an atrial modelling approach that has
provided a valuable platform for understanding AF mechanisms and
developing new treatment strategies including personalized ablation
planning based on analysis of simulation results.11–18 In these models,
the personalized element is limited to information that can be
extracted from non-invasive late gadolinium-enhanced magnetic res-
onance imaging (LGE-MRI) scans (i.e. patient-specific atrial geometry
and the spatial distribution of fibrotic tissue) but cell- and tissue-scale
electrophysiology are represented using an ‘average human AF’-
based model (i.e. EPavg). This is because relevant patient-specific elec-
trophysiological properties cannot be obtained non-invasively.
Recently, we showed that this lack of electrophysiological personali-
zation leads to a level of uncertainty in the locations of calculated AF
ablation targets.14 Specifically, RDs induced in atrial models with
±10% APD/CV variability (i.e. EPvar) were sometimes observed in
locations that had never been observed in EPavg simulations. Due to
the lack of knowledge regarding post-ablation arrhythmia dynamics,
it remains unclear whether virtual ablation of RDs originally observed
under EPavg conditions might be able to unmask emergent RD loca-
tions that were previously only seen under EPvar conditions in pre-
ablation models.

Thus, the goal of this study is to systematically assess arrhythmia
dynamics, and in particular, emergent RDs, in atrial models following

virtual ablation of RDs identified pre-ablation. We hypothesize that if
all RDs observed in a particular model under EPavg conditions are vir-
tually ablated and then AF initiation is attempted a second time, new
AF episodes will be perpetuated by emergent RDs. We further hy-
pothesize that the locations unmasked by this process will corre-
spond to RD sites that were previously only seen under EPvar

conditions in pre-ablation models.

Methods

Reconstruction of patient-specific atrial

models
We used 12 patient-specific atrial models; these have been used in our
earlier work.14 As described previously,12 these models were derived
from LGE-MRI scans acquired for individuals with PsAF, which was de-
fined as uninterrupted AF lasting longer than 7 days.19 Detailed informa-
tion about the atrial model reconstruction pipeline can be found in
previous published work.12–16 Briefly, regions of fibrotic and non-fibrotic
myocardium were delineated using a validated algorithm based on image
intensity ratio,20 and fibre orientations were assigned using an image-
based estimation approach.12,21–24 We used this approach because no
method currently exists that is capable of non-invasively measuring cou-
pling anisotropy in the human heart. The resulting distributions of fibre
orientations are qualitatively similar to those reported from ex vivo analy-
sis of human atria.25,26

Modelling electrophysiology of the fibrotic

atria
The approach used here to represent excitation propagation in fibrotic
atrial tissue of PsAF patients is described in our earlier published
articles.12–16 All relevant cell- and tissue-scale parameters controlling
myocyte membrane kinetics and conduction velocities within fibrotic and
non-fibrotic regions were calibrated to match relevant clinical and/or ex-
perimental recordings. In non-fibrotic tissue, membrane kinetics were
represented with a human atrial model under chronic AF conditions.27,28

Conductivity tensor values were calibrated by conducting simulations in a
test geometry (4.5 cm� 4.5 cm� 0.5 cm slab, uniform left-to-right fibre
orientation) under tachypacing conditions (2 Hz) to obtain longitudinal
conduction velocity (CV) of 43.39 cm/s, consistent with CV observed via
high-density mapping of induced AF in humans (between 38 and 54 cm/s).29

When the same conductivity tensor values were used in tachypacing
simulations conducted in a wedge model of atrial tissue with realistic
fibre orientations and regions of fibrotic remodelling, we observed CV
values consistent with the target range [min: 15.18; max: 47.81 cm/s;
median (interquartile range): 31.46 (28.38–36.32) cm/s].

In fibrotic tissue, further cell-scale changes were made to represent
changes due to remodelling: �50% IK1, �50% ICaL, �40% INa.

30–32

Moreover, conductivity in fibrotic tissue regions was reduced by 30%
(resulting in longitudinal CV of 20 cm/s) to represent changes in extracel-
lular matrix composition and the anisotropy ratio was increased from 5:1
in non-fibrotic to 8:1 to account for the fact that fibrosis slows CV more
dramatically in the direction transverse to cardiac fibres.33,34

Notably, the cell- and tissue-scale electrophysiological modelling ap-
proach used in this article and other recent studies12–16 is distinct from an
early work on AF published by our group, in which fibrotic tissue regions
were represented as consisting of coupled myocytes and fibroblasts
based on in vitro observations.22–24 We opted to abandon this method in
favour of our more recently-developed approach because no evidence
has emerged in support of the notion that fibroblasts couple electrically

What’s new?
• Our computational simulations of atrial fibrillation induced af-

ter virtual ablation of an initial set of re-entrant drivers (RDs)
indicate that post-ablation arrhythmias can be perpetuated by
emergent RDs at new locations in the fibrotic substrate or by
macro-reentrant circuits that form around lesions.

• Similar to pre-ablation RDs, emergent RDs dynamically localize
to atrial regions at boundaries between fibrotic and non-fi-
brotic tissue.

• Emergent RDs observed in post-ablation simulations occurred
in the same atrial regions where RDs were seen in pre-abla-
tion simulations conducted under different electrophysiological
conditions (±10% action potential duration, conduction veloc-
ity), suggesting that model uncertainty can be substantially miti-
gated by conducting virtual RD ablations to determine the
optimal personalized set of ablation targets.
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to myocytes in intact tissue in vivo. A systematic comparison of the many
possible ways in which fibrotic remodelling can be represented in compu-
tational models can be found elsewhere.35

Simulations conducted for this study were performed in models with
EPavg, as described in the paragraph above and elsewhere.12–16 However,
we compare the results of these simulations to previously-published find-
ings from our analysis from atrial models with ±10% APD or CV (i.e. vari-
able EP—EPvar).

14 Complete details regarding those simulations, including
the parameter changes used to produce ±10% APD/CV, can be found in
that article.14

Initiation of atrial fibrillation in post-ablation

models
In our previous study,14 we provided a comprehensive assessment of all
AF-perpetuating RDs observed in all 12 patient-specific atrial models,
under both EPavg and EPvar conditions. These data, which are presented
in the original study14 (see Figure 3 and Supplementary Figures S1-S11 of
that paper), serve as the starting point for the present study. In all 12
models, we simulated ablation of all EPavg RD trajectories, as shown in
Figure 1. Virtual ablation lesions consisted of the tissue volumes within
0.35 cm (i.e. the ablation lesion radius for standard irrigated-tip cathe-
ters)7 of each RD trajectory; as in previous work,13,15,36 the contained
tissue volume was modelled as non-conductive.

Then, inducibility of re-entrant arrhythmias in each patient-specific
model under EPavg conditions was assessed by applying a clinically rele-
vant rapid electrical pacing sequence37 from 15 locations evenly distrib-
uted in the left and right atria, as in previous studies.12–16 The outcome of
pacing was classified as arrhythmia if the last pacing stimulus was followed
by at least 2000 ms of self-sustaining activity. Each induced episode of ar-
rhythmia was then further sub-classified, either as macro-reentry, in cases
where uninterrupted propagation was observed around a non-
conductive anatomical obstacle (e.g. mitral/tricuspid valve annuli, ostia of
pulmonary veins), or as an emergent AF-perpetuating RD sustained by
the fibrotic substrate.

In all cases of RD-perpetuated AF, RDs were identified using the
previously-described dynamic wavefront tip trajectory approach,14 which
is faster and less sensitive to false positives than the phase singularity-

based method we have used previously.12 Briefly, RD wavefront ‘pivot
points’ were manually identified during the last 1000 ms of each simula-
tion. This ensured that multiple RD rotations were analysed and that
transient instability immediately following AF initiation was disregarded.
In all cases, RDs persisted for at least two rotations and lasted at
>200 ms, which is consistent with clinical definitions for RD persis-
tence.6,37 Re-entrant driver location was defined as the midpoint be-
tween extrema.

To test our mechanistic hypothesis regarding arrhythmia dynamics in
post-ablation models, we compared the locations of emergent RDs in
EPavg models and pre-ablation RDs in EPvar models from our previous
study, as illustrated by the schematic in Figure 2. To facilitate pair-wise
comparison of RD locations, we defined an ablation lesion volume
around each RD trajectory, as described above. Inter-RD distance (d)
was defined by identifying the shortest path between the boundaries of
the two volumes of interest; for overlapping volumes, d = 0 by definition.

All electrophysiological simulations were conducted using the CARP
software package (Cardiosolv, LLC)38,39 on a high-performance comput-
ing system. Each second of simulated activity required �30 min of com-
puting time on 24 Intel Xeon CPU cores (2.80 GHz) in parallel.

Statistics
Continuous variables were expressed as mean ± standard deviation and
compared using the Wilcoxon signed-rank test (for paired data) or the
Mann–Whitney test (unpaired data). Categorical variables were
expressed as percentages. All tests were two-tailed; P < 0.05 indicated
statistical significance.

Results

Post-ablation rapid pacing induced re-entrant arrhythmia in 9 of 12
patient-specific atrial models. In three cases (Patients 9, 11, and 12),
the virtual ablation lesion sets (i.e. locations of RDs in pre-ablation
simulations conducted under EPavg conditions) shown in Figure 1 ren-
dered arrhythmia completely non-inducible; in the remaining nine
models, at least one episode of AF perpetuated by emergent RD was

Figure 1 Distribution of fibrotic tissue and locations of ablated RDs in all 12 patient-specific atrial models. Ablated tissue regions correspond to
RD trajectories observed under EPavg condition in previous study by Deng et al.14 EPavg, average AF electrophysiology; RD, re-entrant driver.
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observed. Data for all 12 cases are presented in Table 1. Emergent
RDs dynamically localized to between 1 and 4 (1.75 ± 1.35) spatially
distinct sites (i.e. with non-overlapping RD trajectories), which was
significantly fewer than the number of distinct RD sites in pre-

ablation models (4.08± 2.27, P < 0.01). Notably, for the three models
that were completely non-inducible, the number of pre-ablation RD
sites was relatively low (range 1–3). Among the nine patient-specific
models in which arrhythmia episodes were induced post-ablation,
the number of pacing sites that induced each type of arrhythmia was
as follows: RD-perpetuated AF, 3.33 ± 1.8 of 15 (range 1–6); macro-
reentry around ablation lesion(s), 2.33 ± 1.73 of 15 (range 0–5); and,
macro-reentry around anatomical obstacle, 2.77± 1.3 of 15 (range
1–5).

Cycle lengths for pre- and post-ablation RDs as well as episodes of
post-ablation macro-reentry are presented in Table 2. Post-ablation
RDs were significantly faster (i.e. shorter cycle length) than pre-
ablation RDs (251.9± 44 ms vs. 278.6 ± 50.63 ms; P < 0.05). In con-
trast, post-ablation macro-reentry consistently had a longer cycle
length than post-ablation RDs, both at the level of individual patient-
specific models (i.e. row-by-row comparisons) and overall
(293.9± 72.49 ms; P < 0.05 vs. post-ablation RDs).

Figure 3 presents activation maps corresponding to specific exam-
ples in which rapid pacing resulted in macro-reentry around ablation
lesion(s). In all four cases, the highlighted re-entrant circuit was the
sole driver perpetuating arrhythmic activity for the duration of the
simulation after the end of rapid pacing. Interestingly, there was no
obvious relationship between the number of ablation lesions (i.e.
‘pre-ablation’ column in Table 1) and the frequency with which rapid
pacing led to the initiation of this type of re-entry. For example, in the
two patient-specific models with the largest number of ablation
lesions (n = 8, Patients 1 and 4), only two episodes each were
observed.

Figure 4 also presents a series of activation maps, but in this case
for induced episodes of RD-perpetuated AF. Each panel shows a
paired set of maps: on the left, an RD observed in the pre-ablation
model in simulations performed under EPvar conditions as part of the
previous study by Deng et al.14; on the right, an emergent RD seen in

................................................ ............................................................................................................................................

....................................................................................................................................................................................................................

Table 1 Dynamics of arrhythmia induced by rapid pacing in all 12 patient-specific atrial models

Number of distinct RD sites Number of sites (n/15) from which rapid pacing resulted in each type of arrhythmia

Patients Pre-ablation Post-ablation AF perpetuated by RD Macro-reentry around lesion Macro-reentry around vein

1 8 2 5 2 3

2 5 3 5 4 3

3 5 4 6 0 1

4 8 2 4 2 1

5 4 3 3 5 5

6 2 2 2 2 2

7 2 3 3 2 3

8 5 1 1 4 3

9 1 0 – – –

10 4 1 1 0 4

11 3 0 – – –

12 2 0 – – –

Summary 4.08 ± 2.27 1.75 ± 1.35 3.33 ± 1.8 2.33 ± 1.73 2.77 ± 1.3

(n = 12) (n = 12) (n = 9) (n = 9) (n = 9)

Results in the ‘pre-ablation’ column are from Deng et al.14

AF, atrial fibrillation; RD, re-entrant driver.

Figure 2 Schematic illustrating the mechanistic hypothesis tested
in this study. Sites of pre-ablation RDs for both simulations con-
ducted under both EPavg and EPvar conditions were established in a
previous study.14 In some cases, RD sites observed under EPvar con-
ditions were never observed in EPavg simulations (left panel). We
hypothesized that if virtual ablation was used to destroy the sub-
strate for all EPavg RDs, reapplying the AF induction protocol would
result in initiation of emergent RDs (right panel) in locations that
were previously only observed under EPvar conditions. AF, atrial fi-
brillation; EPavg, average AF electrophysiology; EPvar, variable elec-
trophysiology; RD, re-entrant driver.
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the post-ablation model under EPavg conditions. In all cases, the ar-
rhythmia morphology seen in the right-hand panel was never ob-
served in EPavg simulations conducted pre-ablation. For the example
shown in Patient 1 (Figure 4A), the distance between the RD trajec-
tory and the nearest region of ablated tissue in the EPavg model was
0.48 cm; for the other three examples shown, this value was
0.096 cm (Patient 2; Figure 4B), 0.61 cm (Patient 7; Figure 4C), and
2.8 cm (Patient 10; Figure 4D). Conduction velocity values were com-
puted at all non-ablated points in both atrial chambers for all four epi-
sodes of post-ablation RD-perpetuated AF shown in Figure 4;
measured CV values were within the range of values derived from
clinical mapping of patient hearts with induced AF29 (4A: min.

10.59 cm/s, max. 47.31 cm/s, mean 31.72± 7.99 cm/s; 4B: min.
10.51 cm/s, max. 46.44 cm/s, mean 28.63± 8.34 cm/s; 4C: min.
10.22 cm/s, max. 45.06 cm/s, mean 30.05± 6.89 cm/s; 4D: min.
11.96 cm/s, max. 42.44 cm/s, mean 26.89 ± 6.75 cm/s).

For all four cases shown here, the RD location in the post-ablation
EPavg model was an excellent match for the RD site observed in the
pre-ablation EPvar model (d = 0; i.e. overlapping trajectories). This
supports the mechanistic hypothesis articulated in the Introduction
section and illustrated schematically in Figure 2. Interestingly, for one
of the examples (Patients 7; Figure 4C), the RDs observed in the EPvar

and EPavg cases had opposite chirality (i.e. clockwise vs. counter-
clockwise), suggesting that the properties of the underlying fibrotic

....................................................................................................................................................................................................................

Table 2 Cycle lengths in milliseconds (mean 6 SD) for pre- and post-ablation RDs and for post-ablation macro-
reentry

Patients Pre-ablation RD cycle lengths Post-ablation RD cycle lengths Post-ablation macro-reentry

cycle lengths

1 280.71 ± 54.24 285 ± 35.36 322.5 ± 95.7

2 345 ± 23.18 276.67 ± 58.59 332.5 ± 91.79

3 245.86 ± 23.95 235 ± 33.17 220

4 263.33 ± 30.72 245 ± 21.21 263.33 ± 49.33

5 295.71 ± 69.19 273.33 ± 76.38 290 ± 27.08

6 248.33 ± 28.43 230 ± 14.14 240 ± 40

7 242.5 ± 3.54 230 ± 30 275 ± 17.32

8 305.89 ± 57.42 290 352.5 ± 99.12

9 250 na na

10 257.07 ± 32.21 200 210

11 276.67 ± 40.41 na na

12 225 ± 7.07 na na

Summary 278.6 ± 50.63 ms 251.9 ± 44 ms 293.9 ± 72.49 ms

(n = 81) (n = 21) (n = 28)

Differences P < 0.05 P < 0.05

Results in ‘pre-ablation RDs’ column are from Deng et al.14

P-values in row labelled ‘Differences’ are derived from the Mann–Whitney test comparing adjacent columns (i.e. pre-ablation vs. post-ablation RDs and post-ablation RDs vs.
post-ablation macro-reentry).
na, no RDs inducible; RD, re-entrant driver; SD, standard deviation.

Figure 3 Examples of macro-reentrant arrhythmia anchored to an ablation lesion. Each case shows activation times rendered on the atrial model.
Locations of macro-reentrant circuits are as follows: postero-inferior LA (Patient 4); carina between right pulmonary veins (Patient 5); posterior LA
(Patient 6); and anterior LA, between LA appendage and left superior pulmonary vein (Patient 8). Isochrone lines are 25 ms apart. Regions of grey tis-
sue did not undergo an activation during the interval shown. LA, left atrium; tact, local activation time.
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substrate strongly favour RD initiation and perpetuation regardless of
exact nature and timing of the excitation wavefronts that enter that
region during rapid pacing. Notably, while the examples shown here
were all RDs located in the right atria, overlapping RDs were also
seen in the LA; likewise, while 3/4 examples shown here involve
results from �10% APD simulations, overlapping RDs were found
for all four EPvar conditions (±10% APD/CV).

Comprehensive summary data for all 21 emergent RDs observed
in all post-ablation simulations are presented in joint schematic and
tabular form in Figure 5 and Table 3, respectively. In Figure 5, each
emergent RD location in the atrial model corresponding to Patient X
is marked by a purple or yellow circle containing a number Y; detailed
information about each RD can be found by referring to the row of
Table 3 with X in column 1 and Y in column 2. For 13/21 (62%) emer-
gent RDs observed in post-ablation simulations conducted under
EPavg conditions, the trajectory overlapped spatially (i.e. d = 0, as de-
scribed in Methods section) with an RD that was observed pre-
ablation in the same atrial model for simulations conducted under at
least one EPvar condition, as described by Deng et al.14; these cases
are indicated by the purple circles. For the remaining 8/21 emergent
RDs (yellow circles), there was no overlapping trajectory from EPvar

simulations (i.e. d > 0); however, 2/8 cases were very close to being
classified as overlapping (d <_ 0.1 cm) and the overall distance
between non-overlapping emergent RD targets and the nearest
RDs in pre-ablation EPvar simulations was relatively small
(d = 1.44 ± 1.29 cm). Interestingly, 5/8 non-overlapping emergent

RDs were located in completely distinct locations where RDs were
not seen pre-ablation regardless of the electrophysiological condition
used in the model (i.e. EPavg or EPvar). Consistent with previous com-
putational and clinical studies by our group, the organizing centres of
all observed emergent RDs localized to boundaries between fibrotic
and non-fibrotic tissue regions.12,15,16,35,40

Discussion

In this study, we used computational models reconstructed from
LGE-MRI scans of the fibrotic atria of individuals with PsAF to assess
the dynamics of arrhythmia following virtual ablation of an initial set
of RDs. To the best of our knowledge, this was the first attempt to
characterize this behaviour in realistic organ-scale models including
detailed representations of atrial geometry and patient-specific pat-
terns of structural remodelling. We showed that: (i) a majority of
emergent RDs (15/21, 71.4%) that manifested in post-ablation simula-
tions conducted under EPavg conditions dynamically localized to the
same atrial regions (within <0.1 cm) where RDs were previously
found under EPvar conditions in pre-ablation models; (ii) emergent
RDs occurred in regions at boundaries between fibrotic and non-
fibrotic atrial tissue; and (iii) in a majority of post-ablation models in
which virtual ablation did not render arrhythmia non-inducible (7/9,
77.8%), at least one episode of macro-reentry around ablation
lesion(s) was observed.

Figure 4 Examples of RD-perpetuated AF in pre- and post-ablation atrial models. Each panel shows a side-by-side comparison of an RD that was
induced in the pre-ablation model under one of the EPvar conditions (left) and an RD in the same location that was induced in the post-ablation model
under EPavg conditions (right). In all four cases shown, the pre- and post-ablation RD trajectories overlap (d = 0). (A) RDs located in infero-lateral RA,
near IVC. (B) RDs located on lateral RA. (C) RDs located on posterior RA, near SVC. Note difference in chirality (left: clockwise, right: counter-clock-
wise). (D) RDs located between IVC and SVC. LA is shown in silhouette for ease of visualization. Same colour scale as Figure 3. AF, atrial fibrillation;
EPavg, average AF electrophysiology; EPvar, variable electrophysiology; LA/RA, left/right atrium; RD, re-entrant driver; SVC/IVC, superior/inferior vena
cava.
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The results presented here expand our growing understanding
that each PsAF patient’s unique pattern of fibrotic remodelling needs
to be considered when planning ablation procedures that aim to
modify the substrate and thus abolish its pro-arrhythmic properties.
Previous computational and clinical work from our group has shown
that pre-ablation RDs localize to a specific subset of boundaries be-
tween fibrotic and non-fibrotic myocardium12,15,16,35,40 and we have
thus speculated that computational simulations could be used to gen-
erate a comprehensive list of ablation targets for each individual.18

However, we have also shown that the feasibility of such an approach
might be limited by the fact that RD localization dynamics in pre-
ablation atrial models reconstructed with non-invasive measures
alone (i.e. conducted under EPavg conditions) could be sensitive to
variations in APD and CV.14

In this study, we show that the level of uncertainty in our models’
ability to predict patient-specific ablation targets can be substantially
mitigated by running additional simulations that include virtual abla-
tion of RDs. Specifically, our findings reveal that many potential
RD-harbouring locations, previously observed only in simulations
conducted under EPvar conditions, can be unmasked by re-applying
the same AF-initiating rapid pacing protocol to the post-ablation
model under EPavg conditions (13/21 overlapped; 15/21, d <_ 0.1 cm).
This strongly supports our mechanistic hypothesis and suggests that
any efforts towards simulation-based planning of clinical catheter ab-
lation procedures must include an iterative process of RD identifica-
tion, virtual ablation, and AF re-induction to locate emergent RDs.

Interestingly, five emergent RDs were observed in areas that were
completely distinct from any RDs observed in any pre-ablation simu-
lations, regardless of whether they were conducted under EPavg or

EPvar conditions. This suggests that some regions within the fibrotic
substrate, despite having the intrinsic capacity to sustain RDs, may be
completely latent in pre-ablation atrial models, even when APD/CV
values are changed to represent inter-patient variability in EP proper-
ties. It follows that it may also be impossible to map RD activity in
some atrial regions prior to clinical ablation, which suggests a poten-
tial explanation for why efforts to improve PsAF ablation outcomes
by targeting mapped RDs have yet to yield satisfactory results. This
lends further support to the iterative induce/ablate/re-induce con-
cept outlined above. If properly validated, this approach could poten-
tially be used prior to each PsAF ablation procedure to generate a
comprehensive list of potential RD targets in each individual.

Results in this study are consistent with the findings of a simulation
study of ablation targeting RDs in two-dimensional atrial sheets,10

and in particular, that ablating the RD trajectory alone creates a new
substrate for the initiation and perpetuation of macro-reentry around
the lesion. This suggests that when RD sites are identified (by FIRM,
ECGI, analysis of patient-specific simulations, or any other means)
and targeted for ablation, additional linear lesions must also be cre-
ated between the RD region and a non-conductive barrier (e.g. mitral
or tricuspid valve annuli, sleeves of pulmonary veins, existing PVI
lines). This is a crucial step to eliminate the possibility of post-ablation
atrial tachycardia or flutter, which is difficult to treat and has deleteri-
ous consequences similar to AF.41–43

Limitations
Our findings must be interpreted in the context of a few noteworthy
limitations. First, our approach for parameterizing conductivity tensor

Figure 5 Locations of all 21 emergent RDs simulations conducted post-ablation in models under EPavg conditions. In 3/12 patients, no RDs were
induced (Patients 9, 11, and 12). Purple circles indicate emergent RDs that overlapped with pre-ablation RDs observed in simulations conducted un-
der EPvar conditions (13/12); yellow circles indicate emergent RDs that did not overlap (8/21). See Table 3 for detailed information, including distance
(d) values corresponding to all yellow points. Some RD sites shown correspond to activation maps shown in EPavg panels of Figure 4: Patient 1,
RD2 = 4A; Patient 2, RD1 = 4B; Patient 7, RD2 = 4C; Patient 10, RD1 = 4D. EPavg, average AF electrophysiology; EPvar, variable electrophysiology; RD,
re-entrant driver.
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parameters used simulations of non-re-entrant wave propagation in a
rapidly paced slab tissue model to achieve CV values consistent with
those measured during AF in humans (38–54 cm/s).29 The same study
reported higher CV values for sinus rhythm (73 cm/s) and paced acti-
vation (68 cm/s). We used this approach for conductivity parameteri-
zation because models with different intrinsic CVs would necessitate
different rapid pacing sequences in order to induce AF, so it would
be extremely computationally burdensome to perform the necessary
calibration experiments to use CV during AF as the target parameter.
Despite this limitation, measured values of CV during simulated AF
episodes are within the physiological range (�30 ± 8 cm/s), suggest-
ing that our representation of tissue-scale electrophysiological prop-
erties is reasonable.

Because effective CV observed during our simulated AF episodes
is somewhat lower than what has been measured clinically (�38 to
54 cm/s),29 cardiac wavelength (i.e. CV � APD) is also reduced,
which leads to increased likelihood of RD initiation. Indeed, in our
earlier paper,14 we observed a trend towards lower RD inducibility
in simulations with þ10% CV compared with those with �10% CV
(3.5 ± 3.849 vs. 5.083 ± 3.423; P = 0.0781). Lower CV would also be
expected to increase the likelihood of spiral wave breakup and de-
generation into more chaotic behaviour; despite this fact, we almost

never observe concomitant RDs in our simulations. We attribute this
to the strong propensity for RD anchoring that exists at some bound-
aries between fibrotic and non-fibrotic tissue, which has been charac-
terized and discussed at length in our previous studies of AF.12,15,16,40

Only particular boundary regions of fibrotic remodelling anchor per-
sistent RDs, and it is these persistent RDs (and not any transient
ones) that drive the activity in the atria. Importantly, these are the
RDs that are the targets of ablation in PsAF in atria with fibrotic
remodelling.

We found that post-ablation RD cycle lengths were significantly
shorter than those observed pre-ablation. This is an intriguing obser-
vation, since acute AF cycle length prolongation in the clinical context
implies a higher degree of organization and, as such, is classified as a
positive response to ablation.6 However, as we discussed in our pre-
vious study,14 RD cycle lengths from our simulations should not be
compared directly to clinical measurements of AF cycle length, since
the latter measurements integrate effects from many different under-
lying factors (RDs, ectopic foci, sinus beats, etc.), while the former
are derived from RDs that persist in the absence of other factors.

Finally, several studies recent studies have reported that other
structural factors, such as heterogeneity of atrial wall thickness44 and
the complex micro-structure of the atrial endocardium45 can

....................................................................................................................................................................................................................

Table 3 Detailed information about all 21 emergent RDs shown in Figure 5

Patients RD# in

Figure 5

Qualitative description of

emergent RD location

Distance to nearest

EPvar site (cm)

Distance to nearest

EPavg RD ablation (cm)

1 1 Posterior LA, near LIPV – 0.709

2a Infero-lateral RA – 0.484

2 1a Lateral RA – 0.096

2b Near SVC 2.86 1.71

3b Anterior LA 1.56 2.47

3 1 Infero-lateral RA – 0.700

2 Lateral RA 0.138 –

3 Base of RAA – 0.818

4 Anterior LA, near mitral valve annulus – –

4 1b Posterior LA, near RIPV 2.57 1.10

2 Lateral RA 0.0688 –

5 1 Posterior LA, near LSPV – –

2 Posterior LA, near RIPV 0.699 –

3b Anterior RA, near RAA (not visible in Figure 5) 3.4 5.33

6 1 Carina between RSPV and RIPV – –

2 Lateral RA – 5.75

7 1 Anterior LA, near RSPV – 0.733

2a Lateral RA – 0.606

3b Anterior RA, near RAA (not visible in Figure 5) 1.38 0.973

8 1 Posterior LA, inferior to LIPV – 0.0370

10 1a Posterior RA, superior to IVC – 2.76

Distances to EPvar sites are only provided for emergent RDs that did not correspond to an RD observed in the same location in pre-ablation simulations under EPvar conditions,
as described by Deng et al.14

EPavg, average AF electrophysiology; EPvar, variable electrophysiology; IVC, inferior vena cava; LA, left atrium; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary
vein; RA, right atrium; RAA, right atrial appendage; RD, re-entrant driver; RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein; SVC superior vena cava.
aRDs for which activation maps are shown in Figure 4.
bEmergent RDs that were completely distinct from any RDs observed in any pre-ablation simulations, regardless of whether they were conducted under either EPavg or EPvar

conditions.
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influence the dynamics of AF perpetuation, including re-entrant
source localization. In contrast, this study is concerned specifically
with the relationship between the macroscopic patient-specific distri-
bution of fibrotic tissue and the emergent dynamics of RD localiza-
tion pre- and post-ablation. Although our computational models
include a realistic representation of the complex transmural pattern
of fibre orientations, they are based on an image reconstruction
methodology that assumes a uniform atrial wall thickness. Moreover,
the resolution of the clinical scans from which models are recon-
structed is insufficient to resolve sub-millimetre structural features
on the endocardium. As such, we emphasize that the mechanisms
revealed by our analysis may in reality interact with other potential
factors to give rise to the complex behaviour of AF-perpetuating
RDs and sources of triggered excitation.

Conclusion

Following virtual ablation of RDs in computational models of the
atria, new episodes of arrhythmia can be perpetuated by emergent
RDs or by macro-reentrant circuits that form around lesions. As
such, efforts to custom-tailor clinical PsAF ablation procedures based
on analysis of simulations conducted in patient-specific models
reconstructed from LGE-MRI must both include steps to identify
post-ablation emergent RDs and linear lesions between ablated RD
regions and non-conductive barriers to prevent macro-reentry.
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