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Aims Inadequate modification of the atrial fibrotic substrate necessary to sustain re-entrant drivers (RDs) may explain
atrial fibrillation (AF) recurrence following failed pulmonary vein isolation (PVI). Personalized computational models
of the fibrotic atrial substrate derived from late gadolinium enhanced (LGE)-magnetic resonance imaging (MRI) can
be used to non-invasively determine the presence of RDs. The objective of this study is to assess the changes of
the arrhythmogenic propensity of the fibrotic substrate after PVI.

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

Pre- and post-ablation individualized left atrial models were constructed from 12 AF patients who underwent
pre- and post-PVI LGE-MRI, in six of whom PVI failed. Pre-ablation AF sustained by RDs was induced in 10 mod-
els. RDs in the post-ablation models were classified as either preserved or emergent. Pre-ablation models de-
rived from patients for whom the procedure failed exhibited a higher number of RDs and larger areas defined as
promoting RD formation when compared with atrial models from patients who had successful ablation, 2.6 ± 0.9
vs. 1.8 ± 0.2 and 18.9 ± 1.6% vs. 13.8 ± 1.5%, respectively. In cases of successful ablation, PVI eliminated completely
the RDs sustaining AF. Preserved RDs unaffected by ablation were documented only in post-ablation models of
patients who experienced recurrent AF (2/5 models); all of these models had also one or more emergent RDs
at locations distinct from those of pre-ablation RDs. Emergent RDs occurred in regions that had the same
characteristics of the fibrosis spatial distribution (entropy and density) as regions that harboured RDs in pre-
ablation models.

....................................................................................................................................................................................................
Conclusion Recurrent AF after PVI in the fibrotic atria may be attributable to both preserved RDs that sustain AF pre- and

post-ablation, and the emergence of new RDs following ablation. The same levels of fibrosis entropy and density
underlie the pro-RD propensity in both pre- and post-ablation substrates.
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1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia, and a ma-
jor contributor to morbidity and mortality. Pulmonary vein (PV) isolation
(PVI) is an established cornerstone of treatment for patients with either
paroxysmal or persistent symptomatic AF.1,2 However, in patients with
significant atrial fibrosis, AF recurrence rates after PVI are high, resulting
in freedom from AF of only 40–50% 1-year post-procedure.3,4

Research has suggested that proliferation of fibrosis in the atria can es-
tablish a substrate for AF initiation and perpetuation.5,6 Regions of
arrhythmogenic fibrosis may extend beyond the borders of traditional
wide-area circumferential PVI, which could explain its relative ineffective-
ness of PVI in patients with substantial atrial fibrosis. Cardiac late gadolin-
ium enhancement (LGE)-magnetic resonance imaging (MRI) has been
used to detect fibrosis in the atria based on the differences between sig-
nal intensities of remodelled tissue relative to those of normal myocar-
dium.3,7 Fibrosis, as identified on the pre-ablation LGE-MRI, has been
used in clinical studies to guide catheter ablation of AF3 and to predict
the response to ablation.8 LGE-MRI has also been acquired in clinical
studies post-ablation, to investigate the link between ablation lesions,
amount of residual fibrosis, and AF recurrence.9

Atrial LGE-MRI scans acquired pre-ablation have been used to con-
struct patient-specific computational models of fibrotic atria.10–17 Such
models have revealed important insights regarding the fibrosis spatial dis-
tribution characteristics most conducive to AF perpetuation13,17; these
insights have been corroborated by clinical evidence.18 Personalized
atrial models of the fibrotic substrate have been also used to predict AF
ablation targets by identifying re-entrant drivers (RDs) sustaining AF.
Computational predictions of AF ablation targets have been compared
with those predicted by non-invasive electrocardiographic imaging11

(ECGI) and by invasive focal impulse and rotor mapping19 (FIRM), under-
scoring the utility of personalized atrial modelling.

In this study, we extend the application of atrial computational
modelling to provide insight into the differences in AF propensity of
atrial fibrotic substrates pre- and post-ablation. In a retrospective lon-
gitudinal study of 12 AF patients with pre- and post-ablation LGE-
MRIs, we aim to evaluate the post-ablation changes in pro-fibrillatory
mechanisms via simulations conducted in patient-specific models, and
to establish whether failure of AF ablation resulted from inadequate
termination of pre-ablation RDs or emergence of new RDs post-
ablation.

2. Methods

2.1 Study population
This retrospective study included 12 AF patients, seven paroxysmal and
five persistent, who received pre-procedural LGE-MRI scans between
February 2014 and March 2016. Post-ablation MRIs were taken within
3–11 months after AF ablation. The investigation conformed to the prin-
ciples outlined in the Declaration of Helsinki. Full patient characteristics
are detailed in Supplementary material online, Table S1.

MRI acquisition was performed using a 1.5 T Avanto MR system. LGE-
MRI scans were performed in the axial orientation 10–27 min following
0.2 mmol/kg of gadobenadimeglumine contrast agent using a fat-
saturated 3-dimensional (3D) IR-prepared fast spoiled gradient recalled
echo sequence, with electrocardiogram-triggered and respiratory navi-
gator gating. Resolution was at 1.25� 1.25� 2.5 mm.

All patients had PVI either with radiofrequency (RF) or cryo-balloon
ablation. Six patients underwent circumferential linear RF ablation
around the left and right PVs. In three of the six RF ablation patients, a
roof line had been created, connecting the circumferential lesions be-
tween the left and right superior PVs. The other six patients had cryo-
ablation performed with either a 23 or 28 mm cryo-balloon (Arctic

Figure 1 Overview of the study. Patient pre- and post-ablation cardiac LGE-MRI scans (A) were used to generate personalized pre- and post-ablation LA
models incorporating the individual’s atrial fibrosis distribution (B). The propensity of each model to sustain AF was assessed using rapid pacing from 30 uni-
formly distributed LA sites. The distribution of re-entrant drivers (RDs) sustaining AF in each pre-ablation model (C, top) was compared with that in the cor-
responding post-ablation model (C, bottom). (C) Represents schematically this comparison.
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Front and Arctic Front Advance, Medtronic Inc., Minneapolis, MN, USA).
Patient follow-up was performed at 3 and 6 months.

Of the nearly 30 patients that have both pre- and post-ablation LGE-
MRI scans, we chose 12 AF patients whose scans could be used for
model construction. The rest of the scans had breathing artefacts, mak-
ing them unusable for model construction.

2.2 Computational modelling
An overview of the simulation studies is presented in Figure 1. Pre- and
post-ablation LGE-MRIs (Figure 1A) of the same patient were used to
construct 3D pre- and post-ablation finite-element left atrial (LA) mod-
els, respectively (Figure 1B). Twenty-four 3D LA models were thus devel-
oped (12 model pairs). As in our previous publications,11,13 LA regions
were categorized as non-fibrotic or fibrotic myocardium based on the
level of enhancement, resulting in a 3D reconstruction of the distribution
of fibrosis in the left atrium. In both pre- and post-ablation models, the
propensity of the fibrotic substrate to sustain AF was assessed by rapid
pacing from 30 uniformly distributed LA locations (Figure 1B), as we have
done previously.11 This pacing protocol ensured that we capture all pos-
sible arrhythmias and enabled us to quantify the AF propensity of the
patient-specific substrate. If AF was induced from a given pacing site, we
determined the persistent RDs sustaining that AF episode; RDs have
been previously shown to perpetuate AF in the fibrotic atria.10,20 The
distribution of induced RDs resulting from sequential pacing at all sites in
each pre-ablation model (Figure 1C, top) was compared with that in the
corresponding post-ablation model (Figure 1C, bottom) to determine
the change in arrhythmogenesis in the fibrotic LA following ablation, in
both patients with and without recurrent AF.

The geometric model reconstruction workflow is presented in recent
publications.13,17,21 In brief, the LA epicardial walls were manually seg-
mented on the LGE-MRI using the software ITK-snap.22 The right atria
were excluded from this study as LGE-MRI quality there is low; further-
more, it has been previously shown that structural remodelling involves
predominantly the left atrium.23 The operator performing the segmenta-
tion was blinded as to whether the scan was pre- or post-ablation and to
the clinical outcome of ablation. Using LA wall intensities and the mean
blood pool intensity, fibrotic regions were identified as image voxels
with Image Intensity Ratio (IIR) of more than 1.22.13,24 Fibrosis burden
was quantified for each model. High-resolution tetrahedral finite-
element meshes were generated using an established approach.25

Realistic fibre orientations were incorporated into each LA model using
techniques and parameters described in our publications.13,17

Next, electrophysiological properties were assigned to non-fibrotic
and fibrotic myocardium in the 24 geometric models as described previ-
ously;17,21,26 these were the same in all models, as in our previous work
with fibrotic atrial substrates. A human chronic AF atrial action potential
model27 with modifications to fit clinical monophasic action potential
recordings from patients with AF28 was used to represent membrane ki-
netics in non-fibrotic myocardium in all models. In the fibrotic regions of
the atria, action potential modifications were additionally implemented,
as done previously,11,13,29,30 to represent the effect of elevated TGF-b1,
a key component of the fibrogenic signalling pathway, by reducing maxi-
mal IK1, ICaL, and INa channel conductances.13,17,27,28 Fibrotic regions
were also assigned a 30% reduction in tissue conductivities.31 This
modelling strategy has shown good correlation to clinical results in ret-
rospective patient studies.11,13,17,19

Propagation of electrical activity was simulated by solving the mono-
domain formulation coupled with the membrane model32,33; impulse
conduction was anisotropic and depended upon local fibre orientation.
The rapid pacing protocol for AF induction can be found in our previous
publications.13,17 Locations in the atria where RDs persisted were deter-
mined from RD phase singularity trajectories,13 which were identified us-
ing the dynamic wavefront tip analysis method.29 As these trajectories
do not repeat exactly for every rotation cycle, they cover a region in
each activation map. The activation maps were annotated by outlining
the region that encompassed the RD trajectories during a 1000 ms-long
analysis interval. The RD locations (i.e. the trajectory regions) in the
post-ablation models were classified as either (i) unchanged from the
pre-ablation model (preserved RDs) or (ii) unique to the post-ablation
model (emergent RDs).

The remainder of model generation and the execution of simulations
were automatic, except for the manually selected landmarks, which
were used as an input for mapping the atlas’ atrial fibres onto the atrial
model.

2.3 Analysis of the fibrotic substrate from
LGE-MRI
In our previous study,13 we established that the spatial distribution of fi-
brosis, rather than total fibrosis burden, had important implications for
promoting RD perpetuation. We found that areas of the fibrotic distri-
bution that exhibited high fibrosis entropy (FE) and high fibrosis density
(FD) were associated with high likelihood of RD localization. Areas with
such fibrosis characteristics were typically boundary zones between fi-
brotic and non-fibrotic tissue; these findings were confirmed by ECGI
clinical studies.13,18

Here, we used the same quantitative analysis as in our previous
study,13 constructing maps of FD and FE in all pre- and post-ablation LA
models. In these maps, the local FD value indicates the proportion of fi-
brotic elements among all elements surrounding the given location, while
the local FE value quantifies the level of disorganization between fibrotic
and non-fibrotic elements in the local neighbourhood. Three-dimen-
sional maps of calculated FD and FE values were then used to subdivide
each patient-specific LA model into regions that have high likelihood of
sustaining RDs (termed here pro-RD regions) and those that have low
likelihood, as done previously.13 To demarcate pro-RD regions, we used
the classification scheme based on machine learning devised and then
validated with clinical data in our previous study.13 The classification
polynomial used here, 0:4096FD2 þ 3:28 FDð Þ FEð Þ�
0:1036 FE2 � 0:7112ðFDÞ � FEþ 0:0429, was determined in that
study.

3. Results

3.1 Pre-ablation LA fibrosis burden in
patients with successful and failed AF
ablation
During the follow-up period, 6 of the 12 patients were free from AF, and
6 had AF recurrence.

Figure 2A presents a comparison of the pre-ablation fibrosis burden
(calculated as the number of finite elements as a percent of the total
number of finite elements in each atrial model) in patients who had suc-
cessful and in those that had failed PVI. The fibrosis burden was lower in
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patients with successful ablation than those with failed, 17.4 (13.2–
20.6)% and 21.3 (19.7–28.9)% [median (interquartile range)], respec-
tively. This relation between fibrosis burden and clinical outcome dem-
onstrates that our cohort is consistent with previous clinical
observations.23

3.2 Pro-arrhythmic propensity of LA fi-
brotic substrate pre- and post-ablation
In 10 of the 12 pre-ablation LA models, AF sustained by RDs (AF-RD)
was induced. In another pre-ablation model, AF was sustained by a
macro-reentrant circuit around the left inferior PV; fibrosis burden in
this model was low, 8.94%. In the remaining LA model, AF could not be
induced. In this model, atrial fibrosis burden was very low, 7.39%, indicat-
ing that mechanisms other than fibrosis could have potentially sustained
AF in this patient.

For the 10 AF-RD cases, Figure 2B compares the extent of tissue clas-
sified as pro-RD (based on FD and FE quantification from LGE-MRI, as
described in Section 2) in pre-ablation LA models from patients who had
successful vs. those who had failed ablation. The volume of pro-RD tis-
sue was lower in patients with successful that those with failed proce-
dure, 14.9 (10.5–16.4)% vs. 18.6 (16.1–21.8) % [median (interquartile
range)].

3.3 Pre-ablation RDs are fully eliminated in
LA models of patients with successful
ablation
For the five AF-RD patients with successful PVI, a total of nine RDs were
identified in the corresponding pre-ablation models: four were located
on the inferior LA, three near the left PVs, and one adjacent to the right
inferior PV. Importantly, in all five patients, none of these RDs were pre-
served in post-ablation models, as ablation completely eliminated them.
Table 1 presents detail regarding the RDs and their locations in the five
AF-RD pre-ablation models from patients with successful ablation.
Supplementary material online, Figure S1 presents the locations of all
RDs in these pre-ablation models.

3.4 RDs in LA models of patients with
failed ablation
Pre-ablation models derived from LAs of patients for whom the proce-
dure later failed exhibited a higher number of RDs sustaining AF, when
compared with those of patients who had successful ablation, 2 (1.5–2)
vs. 2 (2–4) [median (interquartile range)]. Additionally, the number of
pacing sites from which the RDs were induced in each of the pre-
ablation LA models from patients with failed ablation was larger than
that from patients with successful ablation 8 (3–14) vs. 4 (2.5–4.5) [me-
dian (interquartile range)], underscoring the higher pro-arrhythmic pro-
pensity of the fibrotic substrate in the former cases.

For the five AF-RD patients with failed ablation, a total of 13 RDs
were identified in pre-ablation models. These RDs were located in the
vicinity of the inferior posterior LA (5), anterior LA (1), left atrial append-
age (LAA, 4), left PVs (2), and the right PVs (1). Detail regarding these
RDs and their locations is presented in Table 2.

3.5 Preservation of RDs in LA models of
patients with failed ablation
In contrast to models from patients with successful ablation, preserved
RDs were seen in models from patients with failed ablation. In two of the
five patients with recurrent AF after PVI, RDs were at identical atrial
locations on pre- and post-ablation models (Figure 3), specifically, at the
mid-posterior in one pair of models (Figure 3A), while the other model
pair exhibited two preserved RDs, on the right and left inferior PVs
(Figure 3B). This indicates that the inability of PVI to eliminate existing
RDs is a potential mechanism for ablation failure.

To better illustrate the failure of ablation (via PVI or PVI plus roof line)
by preserving RDs, we used the pre-ablation models of the five failed ab-
lation patients and incorporated the corresponding ablation lesions (PVI
or PVI plus roof line) followed by AF induction (Figure 4). To model the
ablation lesions in each failed ablation patient, we used the correspond-
ing CARTO maps, and mapped the tips of catheter during each ablation
onto the model geometry (Figure 4A). The actual lesions were modelled
as non-conductive spheres of radius 3.5 mm around the catheter tip
points; the lesions were then made transmural and any gaps were filled.
We compared the induced RDs in the in silico ablated models to those
found in the corresponding pre-ablation models. Preservation of RD
locations was observed in all five of the in silico ablated models (Figure 4B;
four patient models are shown), despite the presence of PVI and roof
line lesions.

Figure 2 Characterization of the pre-ablation atrial substrate. (A)
Percentage of pre-ablation fibrotic burden in LA models of patients
with successful and failed ablation. (B) Percentage of pro-RD tissue (out
of total LV volume) in pre-ablation models of patients with successful
and failed ablation. Colours represent individual patients. Data are
expressed as median and interquartile range.

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

Table 1 RDs in pre-ablation atrial models of patients with
successful procedures

Patient

ID

Number

of RDs

RD locations Number of

pacing sites

P1 2 PLA, LIPV 4

P2 1 LIPV 2

P3 2 Right PLA, Left PLA 3

P4 2 Inf. LA, RIPV 4

P5 2 Inf. LA, LPV carina 5

Listed are number of RDs, total number of pacing sites that induced RDs in a
given model, and RD locations.
Inf., inferior; LIPV, left inferior PV; PLA, posterior LA; RIPV, right inferior PV.
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3.6 Emergent RDs in post-ablation LA
models
While there were preserved RDs in two of the five LA models from
patients with failed ablation, as described above, emergent RDs were
documented in all five post-ablation models derived from patients who
had failed ablation (Table 2). These results indicate that PVI lesions cre-
ate, in combination with unaffected fibrosis, a pro-arrhythmic substrate
that gives rise to new RDs. These emergent RDs sustain recurrent AF,
sometimes in combination with remaining RDs unaffected by ablation.

Emergent RDs were also inducible from a large number of pacing sites
(Table 2), underscoring the high AF propensity of the post-ablation sub-
strate. The maximum number of emergent RDs in a model was three;
the results from that model are presented in Figure 5, where the three
emergent RDs are at locations distinct from those in the corresponding
pre-ablation model (emergent RD locations: anterior to LAA, inferior to
LAA, and between the ostia of left veins). All emergent RDs in the
remaining models were also at locations different from those in pre-
ablation substrates (Table 2).

Finally, Figure 6 presents another important novel insight: the emer-
gent RDs phase singularity regions co-localized with pro-RD regions
(regions determined by the algorithm described in Section 2, as those of
high propensity for maintaining RDs). Of the eight emergent RDs in failed
ablation models, 90.3± 9.0% of the elements contained within the corre-
sponding RD trajectory regions were also classified as pro-RD. Figure 6
illustrates this in two post-ablation LA models. Thus, not only the RDs in
pre-ablation substrates (as found in our previous study13) but also the
ones that emerge post-ablation (as found here) perpetuate only in
regions with specific characteristics of fibrosis spatial distribution, those
of high FD and FE. We found that in LA models from patients with failed
PVI, the extent of pro-RD tissue post-ablation, 15.9 (15.6–25.2)%, was
fairly similar to than pre-ablation, 18.5 (16.1–21.81)% [median (inter-
quartile range)].

RDs in pre- and post-ablation models of patients with failed ablation
not shown in the figures above are presented in Supplementary material

online, Figure S2. Supplementary material online, Videos S1 and S2 of illus-
trative examples of AF in two models are also included.

4. Discussion

This retrospective study used personalized 3D atrial computational
modelling to understand the change in AF propensity following ablation
(PVI or PVI plus roof lines). To construct the models, we used LGE-MRIs
of 12 patients for whom both pre- and post-ablation scans were ac-
quired; in 10 of them AF sustained by RDs was inducible. LGE-MRI
allowed us to represent in the models not only the individual atria shape,
but also the patient-specific distribution of atrial fibrosis, as fibrosis archi-
tecture is highly variable from patient to patient, as well as from region
to region within the atria of a given patient.3,34 Comparison of RD dy-
namics in the fibrotic substrate prior to and after ablation in each patient
revealed why AF recurred in some cases. Specifically, we found that AF
success of PVI (or PVI plus roof lines) correlated with elimination of
existing RDs and the absence of emergent RDs in the MRI-based LA
models. Furthermore, AF recurrence correlated with the presence, in
some post-ablation models, of RDs unaffected by ablation, and with the
emergence of new RDs in all models, where these emergent RDs oc-
curred at locations distinctly different from those of the original RDs.

Atrial fibrosis is a significant contributor to AF pathophysiology, as
demonstrated by clinical and experimental research.5,35 Fibrotic remod-
elling results in conduction heterogeneity and propagation block, and in
the establishment of pro-fibrillatory substrate.5,6 AF patients exhibit an
increased expression of fibrosis components36 and advanced interstitial
fibrosis.37 Furthermore, in AF patients with extensive (>_30%) LA fibrosis,
AF ablation is more likely to fail.8 Our results are consistent with these
findings. Furthermore, the multicentre DECAAF study demonstrated
that atrial fibrosis, estimated by LGE-MRI, was associated with an in-
creased likelihood of AF recurrence following ablation.3 Recent studies
have also attempted to isolate the fibrotic regions38 as part of an AF abla-
tion strategy.

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

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

Table 2 Number of RDs and pro-RD% in pre- and post-ablation atrial models of patients with recurrent AF

Number of RDs RD locations Number of pacing sites

Patient

ID

Pre-ablation

RDs

Post-ablation RDs

(preserved RDs)

Pre-ablation Post-ablation Pre-ablation Post-ablation

P7 2 1 ALA, inf. PLA ALA 11 9

P8 2 1 ALA, LAA PLA 4 4

P9 1 2 (1) PLA PLA, Roof 2 8

P10 2 5 (2) PLA near RIPV,

PLA near LIPV

PLA near RIPV

PLA near LIPV

ALA near LSPV, LAA

LPV Carina

8 10

P11 6 2 LAA, PLA,

Inf. PLA,

PLA near LIPV,

LPV carina,

Inf. to the LAA

ALA near LSPV

PLA near LSPV

17 2

The table lists number of RDs, indicating whether they are preserved RDs (number in parentheses); RD locations; the total number of pacing sites that induced RDs in a given
model.
ALA, LA anterior wall; Ant., anterior; Inf., inferior; LIPV, left inferior PV; LPV, left PVs; LSPV, left superior PV; PLA, LA posterior wall; Pos., posterior; RIPV, right inferior PV.
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Rotational electrical activity (rotors or RDs) have been shown to un-
derlie human AF (see reviews39,40) Atrial fibrotic remodelling promotes
the initiation and perpetuation of re-entrant activity, as evidenced by ex-
perimental17,41–44 and clinical studies.18 Dual-sided optical mapping of
explanted human hearts has revealed that RDs are anchored to fibrosis-
insulated atrial bundles.43 Similar observations were made in sheep atria,
where re-entrant circuits anchored to large fibrous patches on the pos-
terior LA.42 Furthermore, patient-specific computational models of the
fibrotic atria of patients with persistent AF highlighted the role of fibrosis
in RD dynamic localization in the remodelled substrate, demonstrating
that fibrosis border zones with specific characteristics (those with high
FD and high FE) are most likely to sustain RDs13,45; these findings have
been corroborated by clinical evidence.18

Such computational modelling also revealed that not all potential RDs
are manifested during a given clinical AF episode, and that there are addi-
tional locations in the fibrotic substrate prone to sustaining RDs.13,17

Thus, recurrent AF could be due to RDs that arise at these latent loca-
tions. Accordingly, using longitudinal LGE-MRIs, the present study sheds
light on the arrhythmogenic propensity of the fibrotic substrate pre- and
post-ablation in patients with successful and failed ablation. Results

demonstrate that in patients with recurrent AF, the fibrotic substrate
prior to ablation has the capacity to harbour a higher number of RDs,
potentially elevating the probability of ablation failure. Furthermore, the
number of pacing sites from which the RDs were induced in each of the

Figure 4 In silico ablation in models constructed from pre-ablation
scans of patients with failed ablation. (A) Export of catheter ablation
points (red) from the CARTO LA electro-anatomical surface, left, and
their co-registration with the MRI model LA surface. For the patient
shown in this illustration, ablation included PVI plus a linear ablation
across LA roof. (B) Examples of in silico ablation in four pre-ablation
models of patients who had failed clinical ablation. AF activation maps
overlaid with RD phase singularity regions (green) are shown before (B,
left) and after (B, right) in silico ablation. Dark grey indicates tissue which
did not activate because of complete electrical isolation of the PVs fol-
lowing in silico ablation. LAT, local activation time.

Figure 3 Preservation of RDs in models of patients with failed abla-
tion. (A and B) Illustration of RD preservation in post-ablation models
of two patients with failed ablation. AF activation maps are overlaid
with RD phase singularity regions (green) to highlight the preserved RD
locations. In A, there is one preserved RD on the mid posterior wall,
while in B, there are two preserved RDs, on the left and right inferior
ostium. LAT, local activation time.
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pre-ablation models of patients with recurrent AF is typically larger than
those of patients with successful procedure, unmasking a more ‘irritable’
substrate.

In cases of successful ablation, PVI or PVI plus roof lines completely
eliminated the RDs sustaining AF, likely because RD locations over-
lapped with the lesions. In patients for whom AF recurred, RDs were
sometimes unaffected by PVI (or PVI plus roof lines), and in all cases new
RDs emerged at different locations. These results have important impli-
cations for PVI, the current standard-of-care and is corroborated with
evidence from FIRM studies,46 where de novo RDs were documented in
recurrent AF.

Our retrospective study analysed the characteristics of the spatial dis-
tribution of fibrosis in the pre- and post-ablation substrates from LGE-
MRI scans. The analysis implemented here is based on our previous
study,13 which demonstrated that RDs perpetuate at regions, typically at
the border between fibrotic and non-fibrotic areas, characterized with
high FD and FE (areas of intermingling of non-fibrotic and fibrotic tissue,
i.e. fibrosis disorganization). RDs were absent from both non-fibrotic
sites or low-density (speckled) fibrotic tissue, and from regions of deep
fibrosis (i.e. locations with high FD but low FE). The total fibrosis burden
is implicitly accounted for in this pro-RD region analysis, the latter
regions shown to have a direct mechanistic link to RD perpetuation. In
our previous study,13 we used machine learning to derive a general clas-
sification scheme separating the atria into pro-RD and non-pro-RD
regions; the classification was then validated with ECGI clinical data.13,18

We used the same approach here to demarcate pro-RD regions, and
found that the total volume of pro-RD regions in pre-ablation models
was smaller in patients with successful ablation that those with failed ab-
lation, indicating a pre-disposition to RD formation in the latter models.
Furthermore, we found that in all cases of emergent RDs in post-
ablation models, RD trajectories were contained predominantly in pro-
RD regions, suggesting that the presence of pro-RD characteristics of
the fibrotic substrate is a universal finding, and applies not only to pre-
ablation substrates, but also to fibrotic substrates modified by failed abla-
tion lesions. The presence of pro-RD tissue in post-ablation models
helps explain why PVI fails, moreover that the amount of pro-RD tissue
in post-ablation models of patients with failed PVI was higher than that
pre-ablation.

The longitudinal cohort used in our study is heterogeneous, as it
includes patients with paroxysmal and persistent AF pre-ablation, as well
as with PVI and PVI plus roof lines. However, a unifying feature of all
patients is that they have atrial LGE, i.e. fibrotic remodelling detectable
on LGE-MRI, which constitutes the arrhythmogenic atrial substrate. As
we analyse the presence of RDs in this fibrotic substrate and the distribu-
tion of pro-RD regions pre-ablation, cohort heterogeneity does not af-
fect, mechanistically, the assessment of the arrhythmogenic propensity
of the pre-ablation atrial substrate. Differences in amount of fibrosis be-
tween patients are also accounted for, inherently, in the pro-RD tissue
analysis. Post-ablation, the resulting fibrotic substrate is analysed in the
same way, regardless of how PVIs are isolated or whether roof lines
were also executed. On LGE-MRI, one cannot distinguish between na-
tive fibrosis and fibrosis/scar caused by ablation.47 Thus, overall, despite
the heterogeneous cohort, we have the same mechanistic underpinning
and the same analysis of the fibrotic substrate propensity to AF. Ablation
generates a lesion distribution which combines with the residual native fi-
brosis distribution to give rise to a new post-ablation fibrosis distribution,
which may or may not be arrhythmogenic (AF recurrence vs. successful
ablation). Thus, successful ablation lesions turn a ‘bad’ fibrosis

Figure 5 Emergent RDs in post-ablation models of patients with
failed ablation. An example of emergent RDs in a patient with failed ab-
lation (P10). RD trajectories (2) are shown in the pre-ablation (left) and
in the post-ablation model (right, three distinct emergent RDs).
Ablation failure in this patient is due to the emergence of new post-ab-
lation RDs. LAT, local activation time.

Figure 6 Spatial correlation of pro-RD regions with emergent RDs
in post-ablation models of patients with failed ablation. Examples of
emergent RD phase singularity regions in two post-ablation models (A
and B) shown overlaid with Pro-RD atrial regions to highlight that
emergent RD phase singularity regions exist predominantly in Pro-RD
regions.
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.
distribution (one characterized with high entropy and density) into a
‘good’ fibrosis distribution (characterized with low entropy). In success-
ful ablation, PVI lesions (plus roof lines sometimes) combine synergisti-
cally with residual native fibrosis, in such a way that the substrate is much
less likely to give rise to RDs—the entropy (heterogeneity) of the result-
ing scar/fibrosis becomes low and the substrate no longer promotes RD
formation and sustenance.

Finally, this study presents the largest number of patient-specific atrial
models to date, 24 generated, of which 20 were utilized in rapid pacing
simulations and RD analysis. It represents a significant computational un-
dertaking and is one of the first forays into applying personalized compu-
tational modelling to address clinically relevant questions.

4.1 Clinical implications
The fact that RDs may be harboured in the fibrotic substrate at locations
outside of standard PVI lesion set has clear clinical implications. Failure of
PVI to successfully eliminate recurrent AF may be due to inadequate iso-
lation of PV triggers. A different mechanism for recurrent AF after PVI is
the presence of an arrhythmogenic substrate either not completely elim-
inated by PVI, or generated by catheter ablation itself, as suggested here.
In the current investigation, we demonstrate that PVI failure is associated
with both failure to eliminate pre-ablation RDs and emergence of new
RDs following ablation. These observations suggest that personalization
of ablation to target potentially pro-arrhythmic regions in the fibrotic
substrate is worthy of broader investigation.

4.2 Limitations
As this study is longitudinal retrospective, with a heterogeneous cohort,
its findings will need to be validated in a more homogenous prospective
cohort of sufficient size. Prospective studies should be conducted to fully
evaluate how ablation alters the fibrotic substrate and its propensity to
AF. Additional limitation is that in post-ablation scans, no distinction can
be made between native fibrosis and ablated tissue. Finally, only the LAs
of patients were modelled here, as the quality of the LGE-MRI quality of
the RA was lower. While most RDs have been reported in the left
atrium,48 research has also indicated that RAs could harbour as much as
30% of the total RDs and thus play a role in sustaining AF in patients with
persistent form of the arrhythmia.39 Bi-atrial models might need to be
constructed to validate the mechanistic findings in this study.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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